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SUMMARY
Chronic exposure to benzodiazepines can result in an “uncou-
pling” of ‘y-aminobutyric acid (GABA) receptors and benzodiaze-
pine receptors (BzR) both in primary neuronal cell cultures and
in vivo. The effect of chronic exposure to BzR ligands was
examined in an engineered cell line (WSS-1) stably expressing
“type I” GABAA receptors. Chronic exposure to flurazepam pro-
duced a concentration- (EC�, -1 .1 � after a 48-hr exposure)
and time-dependent (t#{189},��-3 hr at 100 ��M) reduction in the efficacy
(Emax) of GABA to enhance [3H]flunitrazepam binding to BzR, a
characteristic of uncoupling in native GABAA receptor isoforms.
Uncoupling of GABAA receptors and BzR without concomitant
changes in BzR density was also produced by chronic exposure

to other, structurally diverse, BzR ligands, including Ro 1 5-1 788
and methyl-6,7-dimethoxy-4-ethyl-f�!-carboline-3-carboxylate, but
was not manifested after exposure to the 5-hydroxytryptamine
reuptake blocker fluoxetine. Chronic (1 2-48-hr) exposure to
flurazepam did not remarkably alter levels of al and �y2 mRNAs,
which constitute GABAA receptors in this cell line. Based on
these findings, it is hypothesized that uncoupling of GABAA
receptors and BzR in this engineered cell line can proceed
without the elaboration of additional novel subunits and could
involve either post-translational modification of GABAA receptor
proteins or changes in subunit stoichiometry.

The GABAA receptors are a heterogeneous group of multi-

meric, ligand-gated, chloride ion channels (1, 2). GABAA recep-

tors that possess many of the pharmacological properties of

native receptors (including responsiveness to BzR ligands) can

be formed by the expression of at least two of three different
(a, f3, and “y) subunits (2-4). Expression of cloned GABAA
receptor subunits indicates that the functional heterogeneity of

GABAA receptors is produced by various combinations of the
multiple a, f3, and �y subunits (as well as several splice variants)

that have so far been identified in the mammalian central

nervous system (1, 5).

Tolerance to many of the pharmacological actions of Bz can

be observed in both experimental animals and humans after
chronic administration (reviewed in Ref. 6). Although the mo-
lecular mechanisms responsible for this phenomenon remain

unknown, chronic exposure to Bz has been reported to decrease

GABAergic function, and a disruption of the allosteric inter-
actions between GABA receptors and BzR has been described

both in primary neuronal cell cultures (7, 8) and in vivo (9-14).
This latter effect has been termed “uncoupling” (8, 1 1) and can
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be demonstrated by both neurochemical (8, 11, 13, 14) and

electrophysiological (7, 13) measures. The phenomenon of un-

coupling has been proposed to underlie the clinical tolerance
associated with chronic use of Bz (8, 11, 13, 14).

The WSS-1 cell line stably expresses “type I” GABAA recep-

tors composed of al and “y2 subunits (3). The ability of Bz to

augment GABA-gated chloride currents (an action blocked by
Ro 15-1788) and of GABA to enhance [3H]flunitrazepam bind-
ing indicates an appropriate allosteric coupling between GABA

receptors and BzR in this and other cell lines expressing al

and �y2 subunits (3, 4). The present study examined the effects

ofchronic exposure to BzR ligands on the allosteric interactions

between GABA receptors and BzR in WSS-1 cells, to determine

the suitability of this engineered cell line for examining the

molecular mechanisms responsible for uncoupling of GABAA

receptors.

Materials and Methods

Cell culture. WSS-1 cells (CRL 2029; American Type Culture
Collection, Rockville, MD) were cultured as described previously (3).

Cells were grown in Dulbecco’s modified Eagle’s medium (Quality
Biologicals, Gaithersburg, MD) with 4.5 g/liter glucose, 2 mM gluta-
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mine, 100 Mg/ml penicillin, 100 mg/ml streptomycin, and 10% heat-

inactivated fetal bovine serum (Hyclone, Logan, UT). Cells were main-

tamed at 37’ in 5% CO2 and were treated with drug or vehicle 24 hr

after division. Drugs were dissolved in the minimum amount of water

(flurazepam, GABA, and fluoxetine) or dimethylsulfoxide (diazepam,

DMCM, Ro 15-1788, and Ro 16-6028). Control cultures were treated

with the appropriate vehicle. No consistent differences in GABA-

enhanced [3H]flunitrazepam binding were observed between untreated

cells and those treated with either water or dimethylsulfoxide (data not

shown). In experiments to determine the reversibility of flurazepam-
induced changes in GABA-enhanced [3H]flunitrazepam binding, flur-

azepam-containing medium was removed from the cells, the culture

dishes (10 cm, round; Falcon, Lincoln Park, NJ) were gently washed
twice with 10 ml of serum-containing medium, and the original medium
(minus flurazepam) was replaced.

Cell membrane preparation. Culture medium was removed from

the dishes, and the cells were washed once with phosphate-buffered
saline. Cells were scraped from the dishes, centrifuged at 1500 x g for

10 mm, and resuspended in assay buffer (50 mM Tris-citrate buffer,

pH 7.8) (-3 x 106 cells/10-cm dish). Each experiment routinely con-

tamed cells from five or six plates washed in 7 ml of buffer. The cells

were disrupted with a Brinkmann Polytron (setting 6, 10 sec), followed
by centrifugation for 20 mm at 20,000 x g. The buffer was decanted

and the resulting pellet was resuspended in -7 ml of assay buffer/15-

18 x 106 cells. This washing procedure was repeated four more times.

Cell membranes were resuspended in assay buffer at an initial concen-
tration of -3 x 106 cells/ml.

Radioligand binding assays. Saturation studies were performed

in a total volume of 500-1000 Ml� consisting of tissue (-200 Mg of

protein), 0.2 M NaCl, [3H]flunitrazepam (-0.4-24 nM; specific activity,

74.1-85.8 Ci/mmol), and assay buffer to volume. Nonspecific binding

was determined by the addition of 10 MM diazepam. Determination of

total binding was performed in duplicate, with one nonspecific deter-

mination per data point. GABA enhancement of [3H]flunitrazepam
binding was assayed in a final volume of 500 Ml� consisting of tissue

(-.200 �g of protein), 0.2 M NaCl, [3H]flunitrazepam (-5 nM), GABA

(10 nM to 1 mM or 50 MM, as specified), and assay buffer to volume.
Nonspecific binding was determined by the addition of diazepam (10

MM) and was typically <20% of total binding. Determinations were
performed in triplicate, with nonspecific binding measured in duplicate.

Incubations (0-4’) were terminated after 60 mm by rapid filtration

through no. 32 glass filters (Schleicher and Schuell, Keene, NH) and

two 5-ml assay buffer washes with a M24R cell harvester (Brandel,

Gaithersburg, MD). The radioactivity retained on the filters was meas-

ured in a Beckman LS5801 liquid scintillation counter. Data were
analyzed using GraphPAD Inplot 4.0 (Intuitive Software, San Diego,

CA).

Northern blot analysis. After incubation with drugs or vehicle,

cells were washed once in phosphate-buffered saline and the mRNA
was extracted by guanidinium isothiocyanate denaturation followed by

oligo(dT) affinity chromatography, using a commercially available kit
(Invitrogen, San Diego, CA). mRNAs from five 10-cm dishes were

pooled and 1 �g was electrophoresed on a 0.8% agarose/7% formalde-
hyde gel. The RNAs were transferred to Nytran (Scheicher and

Schuell), cross-linked by UV irradiation, and hybridized to the respec-

tive probes as described (15). Full length, “P-labeled, cDNA probes for

rat GABAA receptor al and �y2 subunits and human fl-actin were

prepared by random priming (Strategene, San Diego, CA) to specific

activities of >5 x i0� cpm/Mg. Radiolabeled cDNAs were hybridized to

the Nytran filter in 0.5 M sodium phosphate, pH 7.0, 7% SDS, 0.5%

bovine serum albumin, 2 mM EDTA, at 68’ for 16-20 hr. The filters

were washed once in 2x SSC (sodium chloride, 3 M; sodium citrate, 0.3

M)/0.1% SDS at 25#{176}for 20 mm and once in 0.lx SSC/0.1% SDS at

55* for 20 mm. The filter was air dried and exposed to X-OMAT film

(Kodak, Rochester, NY) for the indicated times (al, 24 hr; -y2, 24 hr;

�3-actin, 48 hr). The -y2 probe was hybridized initially to the filter. After
exposure, the filter was stripped by two washes for 10 mm in 0.lx

SSC/0.1% SDS at 95’ and was rehybridized with al followed by �9-

actin radiolabeled probes. This experiment was repeated three times.
Film densities were quantitated with an M4 image analyzer (Image

Research, St. Catherines, Ontario, Canada), and values were standard-
ized to $-actin.

Statistics. Data were analyzed by ANOVA with Dunnett’s post hoc

comparions. In experiments examining the effects of chronic drug

exposure on GABA-enhanced [3H]flunitrazepam binding (Table 1),
comparisons were made with the percentage increase in [3H]flunitra-

zepam binding produced by GABA, defined as (specific binding in the
presence of GABA/specific binding in the absence of GABA) x 100.

Materials. Ro 15-1788, Ro 16-6028, Ro 5-4864, and other Bz were
donated by Hoffmann-LaRoche (Nutley, NJ). DMCM was purchased
from Research Biochemicals (Natick, MA). [3H]Flunitrazepam was

obtained from DuPont-NEN (Boston, MA) and [“PjdCTP from Amer-
sham (Arlington Heights, IL). Other materials were purchased from

standard commerical sources.

Results

Consistent with observations with native GABAA receptors,

GABA enhanced [‘H]flunitrazepam binding to WSS-1 cells
through a reduction in the apparent Kd, with no apparent effect

on Bmax (Fig. 1). GABA enhanced [‘H]flunitrazepam binding

to WSS-1 cell membranes in a concentration-dependent man-

ncr (EC.�, 0.30 ± 0.10 MM; Emax, 71 ± 17%; three experiments)
(Fig. 2). Exposure of cells to 10 jsM flurazepam for 48 hr

markedly decreased maximal enhancement (Emaz, 24 ± 8.4%)

without significantly affecting the potency (EC50, 0.56 ± 0.37

MM), whereas a higher concentration (100 MM) essentially abol-
ished GABA enhancement of [‘H]flunitrazepam binding (Fig.

2). A 48-hr exposure to diazepam (100 �zM) produced similar

reductions in the Em,,, of GABA (three experiments; data not

shown).

Subsequent experiments were performed using a maximally

effective concentration of GABA (50 �zM), as determined from

concentration-response curves (Fig. 2). The enhancement of

[3Hjflunitrazepam binding by this concentration of GABA was

47 ± 5% (30 experiments). The potency of flurazepam to reduce

GABA-enhanced [‘H]flunitrazepam binding was estimated

after a 48-hr exposure. Under these conditions, the EC� value

of flurazepam was 1.1 ± 0.2 �zM (Fig. 3). The EC� for diazepam
(1-200 MM) obtained under identical conditions was 12.4 MM

(data pooled from six experiments; not shown). To determine

the time required to effect an uncoupling of GABA receptors

and BzR, WSS-1 cells were exposed to flurazepam for periods

of up to 72 hr and GABA-enhanced [3H]flunitrazepam binding

was measured (Fig. 4A). A t,� of ‘-3 hr was obtained with both

10 and 100 MM flurazepam. The reversibility of this effect was

examined by treating cells with 100 �zM flurazepam for 48 hr,

followed by removal of this medium, superficial washing of the

cells with flurazepam-free medium, and incubation with serum-

containing Dulbecco’s modified Eagle’s medium for the mdi-

cated intervals (Fig. 4B). The t,� for recovery of GABA-en-

hanced [‘H]flunitrazepam binding was -2 hr. Under these

conditions, recovery was only partial, with a maximal return to

-�-67% of pre-exposure values (Fig. 4B).
The allosteric interaction between GABA receptors and BzR

was also examined after a 48-hr exposure to other BzR ligands

exhibiting a range of actions along the described pharmacolog-

ical continuum for these compounds (16). Reductions in GABA

(50 �sM)-enhanced [3H]flunitrazepam binding comparable to or
greater than those produced by 10 � flurazepam were also
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Fig. 2. Effects of chronic fiurazepam exposure on GABA-enhanced [3H]
flunitrazepam binding. Membranes were prepared from WSS-l cells
treated for 48 hr with vehicle 4, 1 0 MM fiurazepam (#{149}),or 100 MM
fiurazepam (#{149}).Membranes were extensively washed and incubated
with [3Hjflunitrazepam (-5 nu) and GABA (0.01 MM to 1 mM) as described
in Materials and Methods. Values represent the mean ± standard error
of three expenments. The maximal enhancement (E,,�,) of [3H]flunitra-
zepam binding by GABA was 71 ± 17% in vehicle-treated cells; the ECse
of GABA was 0.30 ± 0.10 MM. Inset, data replotted as GABA-enhanced
[3H]fiunitrazepam binding (fmol/mg of protein). In these experiments,
basal [3H]fiunitrazepam binding was 53 ± 9, 29 ± 3, and 33 ± 3 ff011
mg of protein for vehicle-, 10 MM fiurazepam-, and 100 MM fiurazepam-
treated cells, respectively.

observed with diazepam (20 �zM) and DMCM (10 �M) (Table

1). Ro 15-1788 (1, 5, and 100 �zM) produced a concentration-

dependent reduction in GABA-enhanced [3H]flunitrazepam

binding, whereas a combination of Ro 15-1788 (5 sM) and

diazepam (20 MM) produced a reduction comparable to that

produced by diazepam (Table 1). More modest, nonsignificant
reductions in GABA-enhanced [3H]flunitrazepam binding were

Fig. 1. Effect of GABA on [3H]fiunitrazepam binding to
WSS-1 cells. Membranes were prepared and incubated
with -0.4-24 nu [3H]flunitrazepam in the absence (is) or
presence (0) of GABA (50 MM). In this representative
experiment, the Kd of [3Hjfiunitrazepam was reduced from
7.1 to 4.0 nu; the corresponding B� values were 193.3
and 209.8 fmol/mg of protein. Inset, Saturation isotherm.
B, bound (fmol/mg of protein); F, free radioligand (nM).
This experiment was repeated, with similar results.

Fig. 3. Concentration-effect curve for uncoupling of GABAA receptors by
fiurazepam. WSS-l cells were treated with fiurazepam (0-1 00 MM) for
48 hr. Membranes were prepared and incubated with [3Hjflunitrazepam
(-�-5 nM) in the presence of GABA (50 MM), as described in Materials and
Methods. The E� of GABA in vehicle-treated cells was 37 ± 7% (solid
line, mean; dashed lines, standard error; nine experiments) and the basal
binding was 55 ± 3 ff01/mg of protein. The values at each concentration
of fiurazepam represent the mean ± standard error of three experiments.
The ECse of fiurazepam was 1 .1 ± 0.2 MM.

observed after incubation with Ro 5-4864 (10 �zM) and GABA
(100 ;sM). In contrast, the 5-hydroxytryptamine reuptake

blocker fluoxetine (10 �zM) (17) was without effect (Table 1).

The effects of 48-hr exposure to a group of structurally

diverse BzR ligands on the apparent affinity of [3H]flunitra-

zepam and BzR density were also examined. No statistically

significant changes in BzR density were elicited by flunitraze-
pam (10 MM), diazepam (100 �zM), DMCM (10 �tM), or Ro 16-

6028 (10 �tM), as determined by ANOVA (Table 2). Only Ro

16-6028 produced a modest, albeit statistically significant, in-

crease in the apparent Kd of [3H]flunitrazepam.

Northern blot analyses demonstrated no statistically signif-

icant change in the levels of al and ‘y2 mRNAs, relative to

/3-actin, after a 12-, 24-, or 48-hr exposure to flurazepam (Fig.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


TABLE 1A

I

B

0 12 24 36 48 60 72

Time (h)

E

I

Time (h)

a � < 0.05 versus control, Dunnett’s post hoc comparisons.
bp < 0.01.

TABLE 2

Effects of chronic exposure to BzR ligands on [3H]flunitrazepam
binding
wss-1 cells were treated for 48 hr and the membranes were assayed as described
in Materials and Methods. Parameter values were estimated using GraphPAD Inpiot
4.0 (r’ > 0.95). Data are mean ± standard error of three experiments.
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Fig. 4. Time course (A) and reversibility (B) of uncoupling of GABAA
receptors by flurazepam. A, WSS-1 cells were treated with 10 MM (#{149})or
1 00 MM (#{149})fiurazepam for the indicated times. Cell membranes were
prepared and incubated with [3H]flunitrazepam (-5 nM) in the presence
of GABA (50 MM). Ordinate, percentage increase in [3H]fiunitrazepam
binding produced by GABA. In control cultures, GABA increased [3H]
fiunitrazepam binding by 39 ± 7.0% (solid line, mean; dashed lines,
standard error; 1 2 experiments); basal binding was 50 ± 4 ff01/mg of
protein. Abcissa, time of incubation with flurazepam. Each point repre-
sents the mean ± standard error of three experiments. B, Cells were
treated with 1 0 MM flurazepam for 48 hr. Flurazepam-containing medium
was aspirated from the cultures and replaced by fiurazepam-free medium
for the indicated times (abcissa). Note that this superficial washing of
cells did not completely remove fiurazepam. Assay of the supemant from
cells after removal of drug-containing medium indicated the presence of
‘-0.8 MM fiurazepam (or an active metabolite) (data not shown). After
removal of drug-containing medium, cells were assayed for coupling at
the indicated post-treatment times, as described above.

5). /3-Actin mRNA, used as a standard for comparison of the

relative densities of GABAA receptor mRNAs, was also unaf-

fected by exposure to flurazepam (Fig. 5, legend). A represent-

ative Northern blot is shown in Fig. 6. Similar results were

obtained with a slot blot (data not shown).

Discussion

A reduction in GABAergic function has been reported after
chronic regimens of Bz, which result in the development of

tolerance to these drugs in a variety of behavioral measures.

Bz-induced changes in GABAergic function are manifested at

both the cellular and subcellular levels and include a subsensi-

tivity to GABA in electrophysiological studies (9, 12, 13) and a

reduced augmentation by GABA of [3H]Bz binding (11, 13, 14).

Reductions in BzR density have also been observed by some

(18-20) but not all (13, 14) investigators after chronic Bz
administration. Similar alterations in the allosteric interaction

Effects of Chronic exposure to BzR ligands on GABA-enhanced
[3H]flunitrazepam binding
wss-1 cells were treated with the indicated substances for 48 hr. GABA (50 MM)

enhancement of [3Hjflunitrazepam binding to weD washed cell membranes was
determined as described in Materials and Methods. The enhancement of
[3Hjflunitrazepam binding by GABA was 69 ± 1 1% in control cells (nine experi-
ments). Values represent the mean ± standard error of at least three determinations
for drug-treatment cells. The basal [3Hjfiunitrzepam binding in control cells was 31
± 3 fmol/mg of protein.

Increase �i

Treatment [3Hjflunitrazepam

Control 69 ± 11
Flurazepam, 1 0 MM 18 ± 5�
Diazepam, 20 MM 9 ± 2�’
Ro 15-1788, 1 MM 36 ± 3
Ro 15-1788, 5 MM 18 ± 4
Ro 15-1788, 5 MM, + diazepam, 20 MM 6 ± 35
Ro 15-1788, 100 MM 11 ± 2L�

DMCM,1OMM .
GABA,100MM 44±8
R05-4864,1OMM 39±6
Fluoxetine, 1 0 MM 64 ± 7

Treatment K5 B,�

flM fn�oI/rng of protein

Control 8.5 ± 1 .1 21 8 ± 27
Flurazepam, 10 MM 6.0 ± 0.6 145 ± 23
Diazepam, 1 00 MM 1 2.8 ± 2.4 182 ± 14
DMCM, 10 MM 9.2 ± 1.6 141 ± 25
Ro 16-6028, 10 MM 15.4 ± 2.V 260 ± 63

a ,� < 0.05, Dunnett’s post hoc test. All other Kd and B,� values were

not significantly different from controls.

between GABA receptors and BzR have also been observed

after exposure ofprimary neuronal cell cultures to Bz (7, 8, 21),

but the present report is, to our knowledge, the first attempt to
study the effects of long term exposure to Bz in a cell line

stably expressing GABAA receptors.

In our initial studies, chronic exposure to flurazepam reduced

the efficacy of GABA to enhance [3H]flunitrazepam binding
(Fig. 2; Table 1). This phenomenon (termed uncoupling or

“functional uncoupling”) (8, 11) has been reported both in

primary cultures of chick brain (8, 21) and in animals chroni-

cally treated with Bz (11, 13). The extent of uncoupling in
wSS-1 cells is much greater than observed in rat cortical

membranes after chronic Bz treatment. For example, Gallager

et al. (13) reported an -�--50% reduction in the efficacy of GABA
to enhance [3H]flunitrazepam binding to rat cortical mem-

branes after 21 days of parenterally administered diazepam (5

mg/kg). A more modest (-30%) but significant reduction in

the efficacy of GABA was observed after 28 days of flurazepam
administered to rats in their drinking water (11). Although the

use of homogeneous versus heterogeneous populations of

GABAA receptors could be invoked to explain this difference
in extent of uncoupling, a complete uncoupling of GABA recep-

tors and BzR was also achieved in primary neuronal cultures
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Fig. 6. Effects of chronic flurazepam exposure (1 00 MM) on levels of al
and �2 mRNA. A Northern blot of mANA from WSS-1 cells exposed to
fiurazepam is shown. Lanes 1-4, exposure for 0, 12, 24, and 48 hr,
respectively. Approximately 1 Mg of mRNA was electrophoresed and
blotted to Nytran filters as described in Materials and Methods. Radio-
labeled, full length, cDNA probes used were GABAA receptor rat cd
subunit, GABAA receptor rat ‘y2 subunit, and human �3-actin, as indicated.
Films were exposed for 24 hr (al and -y2) or 48 hr (�-actin) at -70#{176}.
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Fig. 5. Effects of chronic fiurazepam ex-
posure on al and 72 mRNA. Cells were
treated with flurazepam (1 00 MM) for the
indicated times. mRNA was extracted
and probed with al , y2, and fl-actin
cDNAs as described in Materials and

-I-- Methods. Values represent the mean ±

I standard error of three independent ex-
I periments, representing analysis of North-
� em blots by densitometry using an M4

._J__ image analyzer, as described in Materials
and Methods. The absorbance of f3-actin
(see Fig. 6) at time 0 was set at unity.
Flurazepam exposure did not alter fl-actin
absorbance; the ratios of f�-actin absorb-
ance at 12, 24, and 48 hr to j3-actin ab-
sorbance at time 0 were 0.88 ± 0.21,
1.09 ± 0.24, and 1.17 ± 0.20, respec-
tively. Density units are defined as ab-
sorbance, [al (or -y2)/$-actin] at 1 2, 14,
or 48 hr/[al (or -y2)/fl-actin] at time 0. No
statistically signicant (ANOVA) differ-
ences in absorbance were obtained for
al , y2, or fl-actin as a function of time. A
representative autoradiogram is illus-
trated in Fig. 6. In an independent series
of two experiments, DMCM (1 00 MM) ex-
posure did not alter j3-actin absorbance;
the ratios of fl-actin absorbance at 12,
24, and 48 hr to �-actin absorbance at
time 0 were 0.79, 1.1 4, and 1 .14, respec-
tively. The corresponding density units for
cal were 0.72, 1 .09, and 1 .15 and for -y2

were 0.79, 1 .59, and 1.30.

(8). The potency of flurazepam in this latter study (EC50, -1

�aM after a 64-hr exposure) was similar to that observed in

wSS-1 cells (EC50, -.-1.1 �tM after a 48-hr exposure). Based on

the time- and concentration-dependent uncoupling observed in
both primary neuronal cultures (8) and WSS-1 cells (Figs. 3

and 4), delivery of sustained higher concentrations of Bz in
vivo might produce a more extensive uncoupling than reported

previously.

These findings demonstrate that the elements necessary for

uncoupling of GABAA receptors are constitutively contained in

cells of non-neuronal origin, because WSS-1 cells were derived

from a human kidney cell line. WSS-1 cells were engineered

with cDNAs encoding the al and �y2 subunits, indicating that

uncoupling can proceed in the absence of appropriately on-

ented, transcriptional control elements that are likely associ-

ated with the expression of these subunits in primary neuronal

cultures and intact neurons (22). One potential explanation for

uncoupling in WSS-1 cells is a redistribution of GABAA recep-

tors between the cell surface and subcellular organelles. In view

of the methods used to prepare cell membranes for radioligand

binding assays, it would be predicted that such a shift would

also be accompanied by changes in receptor density. However,

the uncoupling of GABAA receptors in WSS-1 cells produced

by flurazepam and other BzR ligands (see below) was not
accompanied by consistent changes in BzR density (Table 2),

indicating that this does not readily explain uncoupling. Un-

coupling of GABAA receptors that is not accompanied by

changes in receptor density has been reported in neuronal cell
cultures after exposure to flurazepam (8) and in some (but not

all) in vivo studies ( 12, 13, 19, 20). The reported differences

among in vivo studies may be related to both the doses of Bz

and the duration of treatment used.
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Several studies have investigated changes in GABAA receptor

subunit expression after chronic treatment with Bz (14, 23-

25). Those studies indicate that chronic treatment with Bz
leads to a region-specific decrease in levels of mRNAs encoding

the al and �y2 subunits. Moreover, O’Donovan et al. (25)

recently reported that chronic treatment with flurazepam re-

sults in bidirectional changes in whole-brain levels of other a

subunit mRNAs (a decrease in a3 and an increase in aS

mRNA). Because it appears that native GABAA receptors can

be constituted with multiple a subunit isoforms (26) and tran-

sient transfection of cells with different a subunits affects the

allosteric interactions between GABA receptors and BzR (27),

substitution or switching of subunits represents a plausible

mechanism for GABAA receptor uncoupling (25). Because only

the al and �y2 subunits are expressed in WSS-1 cells and levels

of mRNAs encoding these subunits do not appear to change in

a consistent, statistically significant fashion during flurazepam

exposure (Figs. S and 6), uncoupling may proceed without the

elaboration of additional GABAA receptor subunits. Consistent

with this notion, in an in vivo model of tolerance to Bz decreases

in al and �y2 mRNA levels in cerebral cortex were not apparent

until 14 days after treatment, whereas development of receptor

down-regulation was noted after 7 days (23). Alternatively,

uncoupling in WSS-1 cells could be explained by chronic Bz

treatment inducing the expression of endogenous subunits in

WSS-1 cells. Although the appearance of GABAA receptor

mRNAs encoding other subunits was not examined after flur-

azepam treatment, the speed at which uncoupling occurs in

WSS-1 cells (t#{189}, “-3 hr) (Fig. 4A) makes this explanation

unlikely. Nonetheless, a change in subunit stoichiometry (e.g.,

assuming a pentamenic configuration, a change from 3a/2�y to

2a/3’y) remains a potential mechanism to explain uncoupling

in this cell line.

GABAA receptor uncoupling can be elicited in native recep-
tons by GABA-positive BzR ligands (28) such as diazepam (13)

and flurazepam (8, 11). This effect can be blocked by the

GABA-neutral ligand Ro 15-1788 (8, 13). In contrast, uncou-
pling of GABAA receptors in WSS-1 cells was observed after

exposure to GABA-positive, -neutral, and -negative BzR li-
gands. Because a range of pharmacological responses can be

obtained from the appropriate assembly of recombinant GA-

BAA receptor subunits that differ from those typically observed

in wild-type receptors (29), it could be argued that DMCM and

Ro 15-1788 act as GABA-positive ligands in WSS-1 cells.

However, because Bz (e.g., midazolam and diazepam) augmen-
tation of GABA-gated chloride currents is blocked by Ro 15-

1788 in WSS-1 cells (and other cells expressing a1�y2 subunits)

(3, 4), it is concluded that occupation of BzR may be sufficient

to uncouple GABAA receptors in this cell line. The inability of

fluoxetine to uncouple GABAA receptors provides some mdi-

cation that this action is not shared by non-BzR ligands (Table

1), whereas the modest nonsignificant uncoupling produced by

10 �tM Ro 5-4864 may reflect the low affinity (30) of this 1,4-

Bz for GABAA receptor-linked BzR. Preliminary experiments
(Table 1) also demonstrated that exposure to GABA (100 �zM,

for 48 hr) effects a modest nonsignificant uncoupling of GABAA

receptors, compared with BzR ligands. However, the concen-

trations of GABA used in those experiments were 5-10-fold

lower than those effective in uncoupling GABAA receptors in
native isoforms (31-33). Additional studies will be required to

determine similarities between engineered and native cells with

respect to compounds acting at other loci on the GABAA
receptor complex. Flurazepam induced an uncoupling of

GABAA receptors in WSS-1 cells far more rapidly (t,�, -3 hr)

than previously reported for primary cultures of chick brain
(t�, �-.�18 hr); the latter value is consistent with t#{189}values
reported for receptor turnover (8). This difference may be

related to a fundamentally different mechanism for GABAA
receptor uncoupling in native versus recombinant receptors on
may be related to the expression of GABAA receptors in a non-
neunonal environment.

Although the effects of flunazepam on GABAA receptor un-

coupling appear to be only partially reversible (restored to a
maximum of 67%) (Fig. 4B), the removal of flurazepam by

superficial washing of the cells was incomplete. Thus, signifi-

cant concentrations of flunazepam on its active metabolites (0.8

�zM from 100 �zM flunazepam-treated cells) were detected by

radioneceptor assay in the supernatant of cell membranes han-

vested immediately after flunazepam removal (data not shown).

Nonetheless, this partial restoration of GABAA receptor cou-

pling is rapid and appears temporally symmetrical with uncou-

pling, which is consistent with the possibility that these proc-

esses are effected through a common mechanism. Moreover,
the lack of a significant difference in the Kd of [3H]flunitnaze-

pam after treatment of WSS-1 cells with flunazepam (Table 2)

indicates that the extensive washing of cell membranes removes

all of the drug before assay.

These findings suggest that BzR occupation is sufficient to

produce a concentration- and time-dependent uncoupling of

GABAA receptors in WSS-1 cells, perhaps by initiating proc-
esses leading to changes in either receptor stoichiometry on

post-translational modifications of receptors (e.g., phosphoryl-

ation) (34). Although the uncoupling of BzR and GABA recep-

tons in WSS-1 cells is not identical to the process observed

after exposure to BzR ligands either in primary neuronal cul-
tunes or in vivo, this cell line represents a novel model that may

provide insights into the molecular mechanisms of tolerance to

Bz.
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