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Abstract

The aim of this study was to improve our knowledge of the mechanisms leading to adaptive changes in g-aminobutyric acidA (GABAA)

receptors following chronic drug treatment. Exposure (48 h) of human embryonic kidney (HEK 293) cells stably expressing recombinant

a1h2g2S GABAA receptors to the antagonist of benzodiazepine binding sites, flumazenil (5 AM), enhanced the maximum number (Bmax) and

the equilibrium dissociation constant (Kd) of [
3H]flunitrazepam binding sites. The flumazenil-induced enhancement in Bmax was potentiated

by GABA (50 AM) and reduced by the GABAA receptor antagonist, bicuculline (100 AM). Flumazenil-induced enhancement in Kd was

affected by neither of these treatments. GABA (50 AM) enhanced the density of [3H]flunitrazepam binding sites, and this enhancement was

greater in the presence of diazepam (1 AM). The results suggest that chronic flumazenil treatment up-regulates in a bicuculline-sensitive

manner benzodiazepine binding sites at stably expressed GABAA receptors.
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1. Introduction

g-Aminobutyric acidA (GABAA) receptors mediate fast

inhibitory neurotransmission in the mammalian central

nervous system. These receptors belong to a superfamily

of ligand-gated ion-channels composed of various polypep-

tide subunits (a1–6, h1–3, g1–3, y, a, k, u, U1–3) that are

encoded by different genes (Mehta and Ticku, 1999;

Sieghart et al., 1999; Whiting, 1999; Rudolph et al., 2001;

Korpi et al., 2002). However, most GABAA receptors are

comprised of a, h, and g subunits (Barnard et al., 1998;

Farrar et al., 1999), and the most abundant subunit

combination found in the brain is a1h2g2 (McKernan and

Whiting, 1996).

GABAA receptors possess binding sites for a variety of

drugs, such as anxiolytics, anticonvulsants, general anes-
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thetics, barbiturates, ethanol, and neurosteroids, which are

known to elicit at least some of their pharmacological

effects via GABAA receptors (Johnston, 1996; Mehta and

Ticku, 1999; Korpi et al., 2002). The functional and

pharmacological properties of GABAA receptors, including

the potency and efficacy of the neurotransmitter itself,

depend on their subunit composition (Korpi et al., 2002).

Prolonged occupancy of GABAA receptors by agonists

and drugs facilitating the action of GABA leads to

regulatory changes generally resulting in the down-

regulation of receptor levels and function. Thus, pro-

longed treatment with benzodiazepines, barbiturates, and

steroids (Gallager et al., 1984; Roca et al., 1990;

Friedman et al., 1996) induces an allosteric uncoupling

of GABA and benzodiazepine binding sites, characterized

by a decrease in the GABA enhancement of benzodiaze-

pine binding. It has been suggested that this phenomenon

may be related to the development of tolerance and

physical dependence, which appear in animals and

humans following prolonged treatment with these drugs
ology 507 (2005) 7–13
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(Gallager et al., 1984; Roca et al., 1990). Chronic

benzodiazepine antagonist treatment appears to affect

GABAA receptor number and/or function oppositely from

chronic agonist treatment (Miller et al., 1989; Urbancic

and Marczynski, 1989; Kulkarni, 1990).

Unlike native GABAA receptors, which are heterogenous

(Mehta and Ticku, 1999; Sieghart et al., 1999; Whiting,

1999; Rudolph et al., 2001; Korpi et al., 2002), recombinant

receptors transiently or stably expressed in transfected cells

have well-defined subunit composition. Although this offers

some advantages over the studies on the native receptors,

the reports related to prolonged exposure of these cells to

drugs, such as benzodiazepines, are not numerous (Wong et

al., 1992, 1994; Klein et al., 1995; Primus et al., 1996; Ali

and Olsen, 2001; Peričić et al., 2003). Even less frequent are

the studies, which report the effects of prolonged exposure

to flumazenil, the antagonist of benzodiazepine binding sites

(Wong et al., 1994; Klein et al., 1995; Primus et al., 1996).

Such studies might be important since flumazenil is not only

being used acutely to reverse the adverse effects of over

sedation with benzodiazepines, but it is also being consid-

ered for treatment of hepatic encephalopathy patients (Als-

Nielsen et al., 2001; Goulenok et al., 2002; Dursun et al.,

2003). Therefore, in this study, stably transfected HEK 293

cells (Besnard et al., 1997) were used as a model to study

the effects of prolonged flumazenil exposure on the

recombinant a1h2g2S GABAA receptors, the most common

subunit combination of native GABAA receptors in the

mammalian central nervous system (CNS; McKernan and

Whiting, 1996), with aim to improve our knowledge on the

mechanisms that underlie adaptive changes in GABAA

receptors following their prolonged exposure to drugs.
2. Materials and methods

2.1. Cell culture

Human embryonic kidney (HEK) 293 cell line express-

ing the a1h2g2S subtype of GABAA receptor was kindly

donated by Dr. David Graham (Sanofi-Synthélabo

Research, France). The cells were maintained at 37 8C in

5% CO2 in Dulbecco’s modified Eagle medium supple-

mented with 10% fetal bovine serum, 2 mM glutamine,

100 U/ml penicillin G, and 100 Ag/ml streptomycin in 75

cm2 Falcon flasks according to standard cell culture

techniques.

2.2. Drugs

Flumazenil (Ro 15-1788) was from F. Hoffmann-La

Roche (Basel, Switzerland). Diazepam, bicuculline, and

GABA were from Sigma (St. Louis, MO). [3H]flunitraze-

pam (specific activity 85 Ci/ mmol) was purchased from Du

Pont, NEN. Culture medium, antibiotics, and fetal bovine

serum were from Sigma.
2.3. Drug treatment

Three days prior to exposure to drugs, the cells were

transferred to new flasks and grown in the above medium.

Three days after seeding, the medium was removed and

replaced with fresh medium containing drugs or vehicles.

Flumazenil (final concentration 1 or 5 AM), diazepam (final

concentration 1 AM), GABA (final concentration 50 AM),

and bicuculline (final concentration 100 AM) were used.

Flumazenil was dissolved in ethanol at the 1 mM concen-

tration, GABAwas dissolved in distilled water, diazepam in

0.1 N HCl, and bicuculline in warm 0.1 N HCl. Control

cells were treated with the corresponding vehicles. The cells

were treated with drugs for 48 h, except in the experiment

with 50 AM GABA in combination with 1 AM diazepam, in

which the cells were exposed to drugs for 96 h. In that case,

the drugs were replaced after 2 days in culture.

2.4. Preparation of the membranes

Membranes from stably transfected HEK 293 cells were

prepared mainly as described by Fuchs et al. (1995). The

cells were washed, harvested by scraping into phosphate-

buffered saline, and centrifuged at 12000�g for 12 min.

The cell pellet was homogenized in 50 mM Tris–citrate

buffer, pH 7.4, by 10 strokes (up and down) in a glass/

Teflon homogenizer at 1250 rpm, and then centrifuged at

200000�g for 20 min. The pellet was resuspended,

centrifuged at 200000�g for 20 min two more times,

resuspended again, and stored at �20 8C. On the day of

assay, the suspension was centrifuged once more at

200000�g for 20 min and used for binding studies.

2.5. [3H]Flunitrazepam binding assay

Aliquots of the cell membrane preparation (~75 Ag
protein) were incubated in 50 mM Tris–citrate buffer (pH

7.4) containing 150 mM NaCl at 4 8C for 90 min with

[3H]flunitrazepam (0.2–16 nM). The total assay volume was

0.5 ml. Nonspecific [3H]flunitrazepam binding, defined in

the presence of 100 AM diazepam, was less than 5% of the

total binding (at the concentration of [3H]flunitrazepam 1

nM). Radioactivity bound to membranes was determined

after rapid filtration on Whatman GF/C filters.

2.6. Protein determination

Protein concentration was determined in 10 Al of

membrane suspension according to Lowry et al. (1951),

using bovine serum albumin as standard.

2.7. Data analysis

The analysis of binding data was performed using

GraphPad Prism version 4.00 for Windows, GraphPad

Software, San Diego, CA, USA. The values Kd and Bmax
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were obtained by nonlinear regression using the equation for

hyperbola (one binding site): Y=Bmax*X/(Kd+X), where

Bmax is the maximal binding, and Kd is the concentration of

ligand required to reach half-maximal binding.

Results are expressed as the meanFS.E.M. or as the

percent of control. Statistical analysis of results was by one-

way analysis of variance (ANOVA) followed by Newman–

Keuls test. Student’s t-test was also used where appropriate.

P-values of b0.05 were considered significant.
3. Results

3.1. The effect of chronic flumazenil treatment on [3H]fluni-

trazepam binding to membranes from HEK 293 cells stably

transfected with a1b2c2S subunits of GABAA receptors

As shown in Figs. 1 and 2, [3H]flunitrazepam binding to

membranes from HEK 293 cells stably transfected with

a1h2g2S subunits of GABAA receptors showed differences
Fig. 1. Saturation isotherms and Scatchard plot of [3H]flunitrazepam

binding to membranes from HEK 293 cells treated with flumazenil. HEK

293 cells stably transfected with a1h2g2S subunits of GABAA receptors

were treated with 1 or 5 AM of flumazenil for 48 h. Cell membranes from

flumazenil-treated and control (vehicle-treated) cells were prepared as

described in Materials and methods and incubated with increasing

concentrations of [3H]flunitrazepam (0.2–16 nM). Binding in the presence

of diazepam (100 AM) was subtracted from total [3H]flunitrazepam binding

to give specific [3H]flunitrazepam binding. The figure demonstrates one

typical experiment. Bmax and Kd values were obtained by nonlinear

regression using GraphPad Prism version 4.00. Scatchard line was obtained

by connecting the X and Y axis intercepts that accurately reflect the Kd and

Bmax values as determined by nonlinear regression.

Fig. 2. The effect of chronic flumazenil treatment on [3H]flunitrazepam

binding to membranes from HEK 293 cells stably transfected with a1h2g2S
subunits of GABAA receptors. The cells were treated with 1 or 5 AM of

flumazenil for 48 h. Results are expressed as meansFS.E.M. Treated

samples were always compared with matched controls that were cultured

and assayed the same day as the treated samples. Data for control groups

are derived from six, and for each flumazenil-treated group from three

separate experiments performed in duplicate. *Pb0.01, **Pb0.001 versus

control (ANOVA followed by the Newman–Keuls test).
between the three treated groups (control, flumazenil 1 AM,

flumazenil 5 AM). Newman–Keuls test following one-way

ANOVA [F(2,9)=19.53; Pb0.0005] indicated that the Bmax

value was enhanced (Pb0.001 vs. control vehicle-treated

group) by exposure of cells to 5 but not to 1 AM of

flumazenil. ANOVA also revealed significant differences in

the affinity of these binding sites [F(2,9)=12.29; Pb0.003],

and post hoc analysis by Newman–Keuls test indicated that

the Kd value was enhanced (Pb0.01) by exposure of cells to

5 but not to 1 AM of flumazenil.

Pretreatment of HEK 293 cells with flumazenil (5 AM)

for 30 min failed to affect the maximum number, but it

enhanced the Kd value of [3H]flunitrazepam binding sites

[control: 2.49F0.06 nM (n=5); Flumazenil: 3.27F0.18 nM

(n=5); Pb0.01, Student’s t-test].

3.2. The effect of bicuculline on flumazenil-induced up-

regulation of [3H]flunitrazepam binding to membranes from

HEK 293 cells stably transfected with a1b2c2S subunits of

GABAA receptors

To test whether GABA binding sites were involved in the

enhancement of [3H]flunitrazepam binding following treat-

ment with 5 AM flumazenil for 48 h, we treated one group

of cells simultaneously with flumazenil and bicuculline, the

competitive antagonist of GABA binding sites. As shown in



Fig. 3. The ability of bicuculline to reduce chronic flumazenil-induced

enhancement of [3H]flunitrazepam binding sites in the membranes of HEK

293 cells stably transfected with a1h2g2S subunits of GABAA receptors.

HEK 293 cells were treated for 48 h with 5 AM flumazenil or 100 AM
bicuculline, with a combination of both drugs, or with their vehicles.

Results are expressed as meansFS.E.M from three separate experiments

performed in duplicate. *Pb0.05 or Pb0.01 versus control, **Pb0.001

versus control; cPb0.01 versus flumazenil; #Pb0.01 versus bicuculline-

treated group (ANOVA followed by the Newman–Keuls test).

Fig. 4. The effect of combined chronic GABA and flumazenil or GABA and

diazepam treatment on the maximum number of [3H]flunitrazepam binding

sites on the membranes of HEK 293 cells stably transfected with a1h2g2S
subunits of GABAA receptors. HEK 293 cells were treated (A) for 48 hwith 5

AM flumazenil or 50 AMGABA, the combination of both drugs, or with their

vehicles; (B) for 96 h with 1 AMdiazepam or 50 AMGABA, the combination

of both drugs, or with their vehicles. Results are expressed as percent of

controlFS.E.M from three separate experiments performed in duplicate. (A)

*Pb0.05 versus control; cPb0.001 versus all other groups; (B) *Pb0.05

versus control; cPb0.05 versus GABA, Pb0.01 versus diazepam, Pb0.001

versus control (ANOVA followed by the Newman–Keuls test).
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Fig. 3 and indicated by one-way ANOVA [F(3,8)=34.71;

Pb0.0001], the maximum number of [3H]flunitrazepam

binding sites between the four treated groups (control,

flumazenil, bicuculline, flumazenil+bicuculline) was differ-

ent. Flumazenil (5 AM) again produced a great enhancement

of [3H]flunitrazepam binding sites. Bicuculline (100 AM)

decreased the effect of flumazenil (Pb0.01), but bicuculline

alone, in accordance with our previous study (Peričić et al.,

2003), had no effect on the control expression levels.

As indicated by one-way ANOVA [F(3,8)=10.31;

Pb0.004], the four treated groups of cells also showed

differences in the affinity of [3H]flunitrazepam binding sites.

Flumazenil enhanced significantly (Pb0.05) the Kd value of

[3H]flunitrazepam binding, and this enhancement was still

present when cells were cotreated with bicuculline.

3.3. The effect of GABA on flumazenil-induced up-regulation

of [3H]flunitrazepam binding to membranes from HEK 293

cells stably transfected with a1b2c2S subunits of GABAA

receptors

To test whether previously observed up-regulation of

[3H]flunitrazepam binding sites following chronic treatment

with GABA (Peričić et al., 2003) will affect flumazenil-

induced up-regulation of the same binding sites, we treated
one group of cells with flumazenil (5 AM) and GABA (50

AM) for 48 h.

One-way ANOVA [F(3,8)=37.76] indicated significant

differences (Pb0.0001) between the four treated groups

(control, GABA, flumazenil, flumazenil+GABA). Both

GABA and flumazenil produced enhancements (91% and

72% compared to control) in Bmax values (Pb0.05, New-

man–Keuls test). The greatest enhancement (330%), which

was significantly different not only from control (Pb0.001),

but also from cells treated either with GABA or flumazenil

alone (Pb0.001), was observed in membranes obtained from

cells subjected to combined GABA+flumazenil treatment

(Fig. 4A).

The flumazenil-induced changes in Kd value were not

affected by GABA (data not shown).

3.4. The effect of combinedGABA and diazepam treatment on

[3H]flunitrazepam binding to membranes from HEK 293

cells stably transfected with a1b2c2S subunits of GABAA

receptors

As shown in Fig. 4B, the enhanced density of [3H]fluni-

trazepam binding sites obtained following prolonged treat-
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ment with GABA (50 AM, 96 h) was further increased when

HEK 293 cells expressing recombinant a1h2g2S GABAA

receptors were cotreated with 1 AM diazepam (GABA+dia-

zepam: Pb0.05 vs. GABA; Pb0.01 vs. diazepam; Pb0.001

vs. control; Newman–Keuls test), although diazepam alone

failed to affect the Bmax value. Four treated groups failed to

show differences in the affinity of benzodiazepine binding

sites [F(3,8)=0.77].
4. Discussion

The present study demonstrated that prolonged exposure

of HEK 293 cells stably expressing recombinant a1h2g2S
subunits of the rat GABAA receptors to flumazenil enhances

the maximum number and reduces the affinity of [3H]fluni-

trazepam binding sites. Chronic flumazenil-induced up-

regulation of benzodiazepine binding sites was potentiated

by GABA and diminished by bicuculline, competitive

antagonist of GABA binding sites. GABA also up-regulated

benzodiazepine binding sites, and this effect was enhanced

in the presence of diazepam.

The up-regulation of [3H]flunitrazepam binding sites

following chronic flumazenil treatment has already been

obtained with native receptors. Miller et al. (1990) observed

an increase of [3H]flunitrazepam binding sites in cultured

cortical neurons following treatment for 10 days with either

flumazenil (1 AM) or the inverse agonist FG 7142. More-

over, both of these drugs lead to increases in GABA-

dependent chloride uptake. The up-regulation of binding

sites for benzodiazepines and convulsants, as well as the

enhancement of GABAA receptor function, as determined

by chloride uptake into cortical synaptoneurosomes, was

also observed when mice were subjected to chronic

flumazenil administration via implanted osmotic pumps

(Miller et al., 1989). The chronic flumazenil treatment and

its withdrawal also increased the specific [3H]flunitrazepam

binding in the cerebral cortex of rat (Medina et al., 1983;

Urbancic and Marczynski, 1989; Kulkarni, 1990). However,

previous results with recombinant receptors were at variance

with aforementioned studies. Thus, Wong et al. (1994)

failed to observe a change in the density of benzodiazepine

binding to WSS-1 cells following 48 h exposure to different

concentrations of flumazenil. In our study, chronic fluma-

zenil enhanced the maximum number of [3H]flunitrazepam

binding sites, and this change was accompanied by a

decrease in their affinity. Change in the affinity but not in

receptor number was seen already after a short exposure (30

min) of cells to flumazenil, suggesting that even the

extensive washing did not remove the entire drug from cell

membranes. Hence, the change in the affinity of receptors

does not appear to be the consequence of the chronic drug

treatment.

Treatment with diazepam, consistent with our previous

study (Peričić et al., 2003) and the results of other in vivo

(Gallager et al., 1984) and in vitro studies (Hu and Ticku,
1994; Wong et al., 1994; Primus et al., 1996), failed to

modify the kinetic parameters (Bmax and Kd) of [3H]

flunitrazepam binding. It has been shown that diazepam in

the presence of low concentrations of GABA produces a

biphasic potentiation at a1h2g2 GABAA receptors via two

distinct mechanisms. Only high-affinity potentiation (nM

component) is sensitive to flumazenil (Walters et al., 2000),

suggesting that this benzodiazepine antagonist produces its

effects via high-affinity sites.

The enhanced Bmax, but not the Kd, of [
3H] flunitrazepam

binding sites, observed after chronic flumazenil treatment,

was inhibited by bicuculline, suggesting that GABA

recognition site is important for the effect of flumazenil.

Our data demonstrating that cotreatment with GABA (50

AM) potentiated flumazenil-induced enhancement of [3H]

flunitrazepam binding sites might suggest that the two drugs

act by two different mechanisms that are mutually stim-

ulative. This was unexpected, since it is well known that

GABA enhances the affinity for agonists, but not for the

antagonists of benzodiazepine binding sites (Möhler and

Richards, 1981). As shown in Fig. 4B, the prolonged

exposure to 50 AM GABA in combination with diazepam

also produced a greater enhancement in Bmax than GABA

alone. Hence, perhaps the effects of flumazenil might be

explained by the fact that this drug might, as previously

reported (Skerritt and MacDonald, 1983; Buldakova and

Weiss, 1997; Weiss et al., 2002), behave like a partial

agonist at the GABAA receptor.

Up-regulation of binding sites for benzodiazepines and

convulsants following chronic treatment with GABA has

recently been described (Peričić et al., 2003). In the

mentioned study, the GABA-induced enhancement in Bmax

of [3H] flunitrazepam binding sites was reduced by the

GABA receptor antagonist, bicuculline, and by cyclohex-

imide, a protein synthesis inhibitor, suggesting an increased

synthesis rather than a decreased degradation of the receptor

protein.

Further studies should demonstrate whether the

enhanced expression of receptor number following chronic

flumazenil is the result of an increased synthesis or a

decreased degradation of receptor protein. Enhanced rates

of receptor incorporation into membrane would have the

same results. A general trophic effect of flumazenil in

stably transfected HEK 293 cells could presumably be

excluded, since total cellular proteins in flumazenil-treated

cells were not increased (data not shown). Regardless of

the mechanism involved, this study suggests that chronic

treatment with the antagonist, and not only with agonists

of benzodiazepine binding sites, is able to induce adaptive

changes in GABAA receptors in an in vitro system.

Although one might argue that with regard to the

mechanisms controlling the expression of receptors

(recombinant versus native), and with regard to the

absence or presence of endogenous GABA and a normal

neuronal environment, the transfected HEK 293 cells were

an artificial system, our results with flumazenil obtained
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with the recombinant a1h2g2S GABAA receptors are

mainly in agreement with the data obtained on the brain,

where the native a1h2g2S subtype of GABAA receptors

predominates (McKernan and Whiting, 1996). This and a

relatively high density of binding sites (Peričić et al., 1998,

2001, 2003) suggest that stably transfected HEK 293 cells

used in this study appear to be a suitable model for

studying mechanisms that underlie adaptive changes in

GABAA receptors following their prolonged exposure to

drugs. Moreover, it has recently been demonstrated that

HEK 293 cells have an unexpected relationship to neurons

(Shaw et al., 2002).

In conclusion, prolonged treatment of cells expressing

recombinant a1h2g2S GABAA receptors with benzodiaze-

pine antagonist flumazenil enhances the maximum number

of [3H]flunitrazepam binding sites. Chronic flumazenil-

induced changes in the receptor density are potentiated by

GABA and are sensitive to bicuculline. Further studies are

needed to elucidate these phenomena.
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