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SUMMARY

We have investigated the effects of chronic treatment with the

neurosteroid 5a-pregnan-3a-ol-20-one (5a3a) on the -y-ami-
nobutyric acid (GABA)A receptor complex in cultured mamma-
ian cortical neurons. Chronic 5a3a treatment (up to 2 �tM, 5

days) did not produce any changes in the morphological ap-
pearance or the cell protein content of cortical neurons. The
basal binding of [�H}flunitrazepam, rH]Rol 5-1 788, and

rH]Rol 5-451 3 was not altered after the chronic treatment.
Chronic 5a3a treatment did not alter the Kd or Bmax values of
[3 H]flunitrazepam binding to intact cortical neurons. However,

chronic 5a3cs treatment produced uncoupling between GABA,

barbiturate, and neurosteroid sites and the benzodiazepine
site. The EC50 values of these ligands were not significantly

altered; however, their Em�, values were decreased after
chronic 5a3a treatment. The 5a3a-induced uncoupling was

time and concentration dependent. The binding of 1�H]GABA

and t-[�5S]butylbicyclophosphorothionate was also decreased
after chronic 5a3a treatment. Chronic 5a3a treatment de-
creased the Bm� of the low affinity GABAA receptor sites,
without affecting the high affinity sites, and decreased the Bmw,

of t-butylbicyclophosphorothionate binding sites. The EC50
value for GABA-induced 36C1 influx was not altered, whereas

the Em� value was decreased after chronic 5a3cs treatment.
Furthermore, the 5cs3a-induced uncoupling was reversed by
concomitant exposure of the cortical neurons to 5a-pregnan-

3f3-ol-20-one or R5135, suggesting an involvement of the
neurosteroid and GABA recognition sites in the observed un-

coupling. Taken together, these results suggest that chronic
5a3cs treatment produces heterologous uncoupling at the

GABAA receptor complex.

The GABAA receptor is a member of a gene superfamily of

ligand-gated ion channels that includes nicotinic acetylcho-

line, glutamate, and glycine receptors (1). The GABAA recep-
tor protein is a hetero-oligomeric protein complex with a

GABA recognition site, a chloride ion channel, and at least

four other sites for the action of modulatory drugs such as
picrotoxin, barbiturates, neurosteroids, and benzodiazepines
(2).

The discovery of a biosynthetic pathway for steroids in
oligodendrocytes (3) provided evidence for the synthesis of
neurosteroids from cholesterol. Since then, many studies
have been performed to try to elucidate the significance of

these neurosteroids, a term referring to steroids of central
origin that are independent of peripheral sources. It was

more than half a century ago that Seyle (4) observed that

This work was supported by National Institutes of Health Grant NS15339.

steroids exhibited anesthetic and anticonvulsant effects.

There is evidence that steroids can influence neuronal excit-

ability and that some endogenous neurosteroids may play a

role in the regulation of central nervous system excitabilty

(5). It was observed that exposure of male rats to brief swim

stress at ambient temperature elevated the levels of 5a3cs

(allopregnanolone) and 3a,21-dihydroxy-5a-pregnan-20-one
(allotetrahydrodeoxycorticosterone or tetrahydrodeoxycorti-

costerone), which are metabolites of progesterone and deoxy-
corticosterone, respectively, in cerebral cortex and hypothal-

amus within 5 mm (6). The elevated levels of these two
neurosteroids were high enough to modulate GABA recep-
tors, because these neurosteroids interact with [35SITBPS

and [3HIGABA binding sites associated with the GABAA

receptor complex. Those authors also found that allopreg-

nanolone could be measured in brain tissue from adrenalec-

tomized male rats and female adrenalectomized and oopho-
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rectomized rats. These data support the notion that these

steroids are synthesized de novo in brain and may function as

endogenous modulators of certain receptors in the central

nervous system.

Several lines of evidence suggest that neurosteroids mod-

ulate the activity of the GABAA receptor-chloride ionophore

complex (7-13). The 3a-hydroxy, ring A-reduced, steroids
5a3a and tetrahydrodeoxycorticosterone were found to be

active ligands of the GABAA receptor complex, with affinities
equal to or greater than those of the benzodiazepines (14).
Furthermore, these neuroactive steroids have been proposed

to be endogenous modulators ofcentral GABAA receptors (7).
The evidence for the existence of a high affinity neuros-

teroid modulatory site on the GABAA receptor is now com-
pelling (15, 16). The potent and stereoselective modulation of

the GABAA receptor by neurosteroids (9, 17), together with

the observation that intracellularly applied neurosteroids

are inactive (18), suggests that there is a specific steroid

binding site associated with the GABAA receptor complex.
In contrast to the in vitro studies, the effects of chronic

neurosteroid treatment on the GABAA receptor have received

limited attention. 5/33a is a reduced derivative of progester-

one that potently enhances both the GABA-induced C1 cur-
rent and the binding of [3H}flunitrazepam to the GABAA

receptor (8, 9). A recent study indicated that chronic treat-

ment (10 �tM, 48 hr) with 5�33a and 5a3a eliminated the

potentiation by 5133a of [3H]flunitrazepam binding in chick

whole-brain neurons ( 19). In this study, we have further
investigated the effect of chronic 5a3a treatment on the

GABAA receptor complex in mammalian cultured cortical

neurons using radioligand binding and 36C1 influx studies.

We have conducted our studies under precisely controlled
conditions and independently of pharmacokinetic variability,

in well characterized mammalian cortical neurons (20).

Experimental Procedures

Coverslip preparation. Before plating, 25-mm round coverslips
were bent on the edge for handling with forceps. Ten sterile plastic
coverslips were placed in a 100-mm polystyrene dish, to which a
sterile solution of 0.1 M boric acid (pH 8.4 with NaOH) and poly-L-
lysine (1 mg/l00 ml) was added. The coverslips were soaked in this

solution overnight and then rinsed with nutrient medium, pH 7.4

(MEM 10/10), which contained 80% Eagle’s MEM, 33.3 mM glucose,
26.2 m�i NaHCO3, 10% heat-inactivated (56#{176}for 30 mm) horse se-

rum, and 10% fetal bovine serum. Each coverslip was placed in a
35-mm tissue culture Petri dish containing 1 ml ofMEM 10/10; then

they were placed in an incubator with 95% air/5% CO2 at 37#{176}.

Cell culture. Embryos from 14-day-old C57BL/6CR mice were
removed from their sacs and transferred to a 35-mm culture Petri
dish containing ice-cold aerated (95% 015% C02) Puck’s buffer, pH
7.4 (100 ml of lOx Puck’s saline, 10 ml of 1 M HEPES, and 50 ml of

12% glucose/30% sucrose solution; <320-330 mOsmol). Using a mi-

croscope with a light source, the cerebral hemispheres were removed
from a single embryo with iridectomy scissors and placed in another
35-mm Petri dish containing ice-cold aerated Puck’s buffer. The

tissue was then minced with iridectomy scissors in an empty 60-mm
Petri dish and soaked in nutrient medium (MEM 10/10), pH 7.4. The

tissue fragments were transferred to a sterile tube for trituration.
This cycle of resuspension in MEM 10/10 and trituration was re-

peated until the supernatant volume was 2 mI/embryo. These disso-
ciated cells were plated on poly-L-lysine-coated, sterile, 25-mm,
round coverslips by addition of 0.5 ml of suspension to dishes con-

taming 1 ml of MEM 10/10 that had been preincubated with 95%
air/5% CO2 at 37#{176}for at least 1 hr.

After the plated cells had been incubated for 24 hr, 1 ml of nutrient
medium was replaced with 1 ml of medium containing 10% heat-
inactivated horse serum only (MEM 10), and a mixture of sterile

5-fluoro-2’-deoxyuridine and uridine (2 mg/ml 5-fluoro-2’-deoxyuri-

dine and 5 mg/ml uridine), at a final concentration of 10 .tg/ml, was
added. A portion (1 ml) of the medium was replaced with MEM 10
after 3 days. For chronic pentobarbital and neurosteroid treatment

studies, freshly prepared solutions of pentobarbital sodium and

neurosteroid were added to the culture medium. For some experi-

ments the cells were grown in culture flasks, using an identical

procedure.
Binding studies. Coverslips containing cultured cortical neurons

were removed from the tissue culture medium and rinsed three times

(5 mm each) at room temperature in HEPES-buffered saline (136mM

NaC1, 5.4 mM KC1, 1.2 mat MgC12, 1 mM NaH2PO4, 20 mM HEPES,

adjusted to pH 7.4 with Tris base). Triplicate coverslips containing

neurons were then incubated with [3H]flunitrazepam (1 aM),

[3H]Ro15-1788 (1 aM), or [3H]Ro15-4513 (1 aM), with or without

other drugs, in HEPES-buffered saline, pH 7.4, for 30 mm at 24#{176}.For
saturation experiments, the concentration of [3Hlflunitrazepam was
varied between 0.25 and 20 nM. Nonspecific binding was determined

in parallel in the presence of iO� M Ro15-1788. After incubation,

the coverslips were rapidly transferred to a beaker containing 1000

ml of ice-cold HEPES-buffered saline solution, followed by immer-

sion for 7 sec in HEPES-buffered saline in another beaker. Each
coverslip was drained on tissue paper and transferred to a scintilla-

tion vial containing 1.5 ml of0.2 N NaOH. After 1 hr, a 0.5-ml aliquot
was removed for protein determination and the remaining solution

was neutralized with 1 N HCI (200 ml), mixed with 10 ml of Hy-

drofluor, and counted by liquid scintillation counting.
For [35S}TBPS and [3HIGABA binding studies, a mitochondrial/

microsomal (P2 plus F3) fraction was prepared, as described (20-22).
Briefly, cultured neurons were scraped from the flasks, homogenized

in cold 0.32 M sucrose with a Teflon/glass homogenizer, and centri-

fuged at 100 x g for 10 mm. The supernatant was centrifuged at

140,000 x g for 30 mm to obtain the mitochondrial/microsomal (P2

plus P3) fraction. This fraction was resuspended in ice-cold double-
distilled water and homogenized with a Brinkman Polytron homog-

enizer, at a setting of 6, in 14-sec bursts. The suspension was cen-
trifuged at 140,000 X g for 30 mm, and the pellet was washed three

times by homogenization and centrifugation with buffer ([355]TBPS
binding, 200 mM KC1, 5 mM ThsHC1, pH 7.4; [3H]GABA binding, 50

mM KC1, 50 mM TrisHC1, pH 7.4) and was then frozen. On the day
of the assay, the tissue was thawed, similarly centrifuged, washed

two more times, and resuspended in Tris buffer. For initial experi-
meats, aliquots of membrane suspension were incubated with 10 aM

[35SJTBPS for 180 mm or with 4 aM [3H]GABA for 10 mm, at room

temperature. [35S]TBPS binding was measured by a filtration assay
(21) and {3H]GABA binding was measured by a centrifugation assay,

as described (22). Briefly, for GABA binding studies, aliquots of
control and treated membrane suspensions were incubated with
[3H]GABA (4 aM), in the presence or absence ofexcess nonradioactive

GABA (10-i M), in a total incubation volume of 1 ml for 10 mm. After
incubation, the vials were centrifuged at 48,000 X g for 10 mm. The
vials were washed and solubilized, and the radioactivity was deter-

mined as described (22). For Scatchard analysis, the concentration of
[3HJGABA was varied up to 4 riM; concentrations between 4 aM and
1004 aM were subjected to radioisotopic dilution. Routinely, 12 con-

centrations of [3H]GABA were utilized for saturation experiments.
For [35S]TBPS saturation experiments, the concentration was varied

between 1 and 205 nat. Nonspecific binding was determined in the

presence of iO� M picrotoxinin for [35S]TBPS and 1O� M GABA for

E3H]GABA binding.
�Cl influx studies. Control and chronically neurosteroid-

treated coverslips with attached cultures were removed from the
tissue culture medium, rinsed three times (5 mm each) at room

temperature in HEPES-buffered saline solution, pH 7.4, and drained
rapidly on tissue paper, followed by immediate transfer to 2 ml of
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HEPES-buffered saline containing 36Cl (2 �tCi/ml), in the absence

or presence ofvarious drugs. GABA-mediated 36C1 influx was mea-

sured in the presence of the uptake blocker nipecotic acid (10-i M).

Influx was terminated after 5 sec by rapid transfer of the coverslip

with attached cultures to another beaker containing 1000 ml of
ice-cold stop solution (150 mM NaC1, 5.4 mM KC1, 1.4 mM MgCl2, 1.2

mM CaCl2, 1 mivi NaH2PO4, 5 mM HEPES, adjusted to pH 7.4 with
Tris base), with immersion for 7 sec, as described (23, 24). After this

7-sec immersion in the freshly made stop solution, each coverslip was

drained on tissue paper, transferred to a scintillation vial containing
1.5 ml of 0.2 N NaOH, and processed as described for the binding

studies.

Drugs that were insoluble in water were dissolved in dimethylsul-
foxide and used at a final dimethylsulfoxide concentration of �0.1%.
Control experiments demonstrated that dimethylsulfoxide at up to

0.1% did not have any effect on radioligand binding.
Data analysis. Protein was estimated by the bicinchoninic acid

protein assay (25). All values for radioligand binding are expressed

as femtomoles/milligram of protein. EC50 and Emax values were

derived with Delta Graph Professional version 2.0.2 software

(Macintosh), using curve fitting. The Kd and Bmax values were ob-

tamed with the same program, using either linear regression (for

TBPS and flunitrazepam) or curve fitting (user-defined) (for GABA).
All data were analyzed, where appropriate, by one-way analysis of
variance.

Results

Effects of chronic neurosteroid 5a3a treatment on

cortical neurons. The protein content for coverslips treated

with 5a3a (up to 2 .tM) for 5 days was similar to that of

control. Results from five independent representative exper-
iments are presented in Table 1. This indicates that 5a3a

treatment did not affect the cellular protein content of corti-

cal neurons. Furthermore, chronic 5a3a treatment (2 ,.�M, 5
days) did not affect the morphological characteristics of cor-

tical neurons, as visualized by phase-contrast microscopy
(data not shown). The concentration of 5a3a (2 j.tM) used for

these studies was established in preliminary experiments. To

establish that the cells were not damaged by the neurosteroid

treatment, we measured the equilibrium 36C1 uptake in

control and 5a3a (2 p.M, 5 days)-treated cells. Preliminary
studies indicated that 36C1 attained equilibrium in 15 mm.

The equilibrium 36Cl uptake (30-mm incubation) was 11.33
± 2.2 nmollmg of protein (three experiments, each done in

triplicate) in control cells and 11.05 ± 1.9 nmollmg of protein

(three experiments, each done in triplicate) in 5a3a-treated
cells. These results indicate that chronic 5a3a treatment did
not make cells leaky.

TABLE 1

Effect of chronic neurosteroid 5a3a treatment (2 �.tM, 5 days) on
total cellular protein content in cultured cortical neurons
Coverslips containing neurons were nnsed, as descnbed in Experimental Proce-
dures, before measurement of protein content. Results are from five independent
experiments. The values are the mean ± standard deviation of triplicate deter-
minations.

Experiment

Protein

Control group Treated group

�g/coversIip

1 128±13 133±10
2 150±9 143±37
3 159±10 163±14
4 125±9 127±21
5 133±29 131±20

The cultured cortical neurons used in the present study

contain all of the components of the GABAA/benzodiazepine

receptor ionophore complex (20). In our initial studies, we
examined the effect of chronic 5a3a treatment on the basal

binding of various benzodiazepine ligands to the benzodiaz-
epine receptor site. Table 2 shows that chronic Sce3a treat-

ment (2 ,.tM, 5 days) did not alter the basal binding of

[3Hlflunitrazepam (agonist), [3H]Ro15-1788 (antagonist), or

[3H]Ro15-4513 (inverse agonist) to the intact cortical neu-

rons. Further analysis of saturation isotherms revealed that

chronic 5a3a treatment (2 .tM, 5 days) did not alter the Kd or

Bm� values of {3Hlflunitrazepam binding (Table 3). These

results also establish that there is no residual steroid in our

cultures, because 5a3a enhanced [3Hjbenzodiazepine agonist

binding in vitro (data not shown).

Effects of chronic 5a3a treatment on coupling/un-

coupling of the GABAA receptor complex. After 5a3a

treatment (2 MM, 5 days), the specific [3H]flunitrazepam

binding was not altered; however, there was a significant
decrease in the enhancement of [3H]flunitrazepam binding

by GABA, pentobarbital sodium, and neurosteroid 5a3a. Fig.
1 shows the concentration-dependent enhancement of

[3H]flunitrazepam binding by GABA (Fig. 1A), pentobarbital

sodium (Fig. 1B), and 5a3a (Fig. 1C) in control and chroni-

cally treated cortical neurons. Studies ofthe enhancement by
various modulators of [3H]flunitrazepam binding showed
that, whereas the EC50 values of GABA, pentobarbital so-

dium, and Scs3a were unaltered, their Emax values were de-
creased after chronic 5a3a treatment (Table 4). The chronic

neurosteroid treatment produced maximal uncoupling be-
tween GABA and benzodiazepine binding sites (75%). The
rank order ofuncoupling was GABA > pentobarbital = Sa3ce.

All subsequent experiments were performed to further char-

acterize the uncoupling between GABA and benzodiazepine

sites. The effect of chronic 5a3a treatment on the uncoupling

of GABA and benzodiazepine sites was time (Fig. 2) and

concentration (Fig. 3) dependent.

Effects of chronic 5a3a treatment on [3H]GABA and
[35S]TBPS binding. Our initial preliminary studies, using

single-point analysis, indicated that chronic Sa3ce treatment

decreased the binding of both GABA and TBPS to their

recognition sites. To further characterize this effect, we an-

alyzed the saturation isotherm data by Scatchard analysis.

[3HIGABA bound to two sites in the cortical neuronal mem-

branes, which is consistent with published reports. Table 5

shows the effect of chronic Sa3ce treatment on the Kd and

Bm,� values for GABA binding to cortical neurons. Chronic
5a3a treatment decreased the Bmax of the low affinity

TABLE 2

Effect of chronic neurosteroid 5a3a treatment (2 �.tM, 5 days) on
the specific binding of �H]flunitrazepam, [�H]Ro15-1788, and
rHJRol5-4513 in intact cortical neurons
The values are the mean ± standard deviation of three separate experiments,
each performed in triplicate.

Radioligand (1 nM)
Specific binding

Control group Treated group

(mo//mg of protein

[�H]Flunitr&epam 140 ± 9 140 ± 11

[�H]Ro15-1788 144 ± 1 141 ± 7
[�H]Ro15-4513 143 ± 4 145 ± 6
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TABLE 3
Effect of chronic 5a3a treatment (2 �.tM, 5 days) on the Kd and
Bm� values for �H]flunitrazepam binding to intact cortical
neurons
�H]Flunitrazepam (0.5-20 nM) binding to intact cortical neurons was measured as
described in Experimental Procedures. The Scatchard plots were analyzed by
linear regression to obtain Kd and Bm�,, values. The values represent the mean ±

standard deviation of three experiments.

Group

[3H]Fluni trazepam binding

K� Bmax

nM (mo//mg of protein

Control
Chronic 5a3a

3.4
4.1

± 0.7
± 0.8

824 ± 113
726 ± 47

GABAA receptor sites, without altering the Kd or the Bm� for

the high affinity site.

[35S]TBPS bound to a single site in cortical neurons,

with an apparent Kd value of 47 ± 11 n�vt and a Bm� value of

1840 ± 155 fmollmg of protein (four experiments). Chronic
5a3a treatment (2 ,.tM, 5 days) decreased the Bmax value
of [35S]TBPS binding to 1368 ± 117 fmollmg of protein

(Table 6).
Effects of chronic 5a3a treatment on GABA-induced

36C1- influx. To investigate the effect of chronic Sce3a treat-

ment on the functional aspects of GABA-ergic transmission,

we measured the GABA-mediated 36Cl influx in these neu-

rons. Chronic 5a3a treatment did not alter the basal 36C1

levels (control, 2.506 ± 0.12 nmol/mg ofprotein; chronic 5a3a

treatment, 2.413 ± 0.03 nmol/mg of protein; mean ± stan-
dard deviation, three experiments). GABA produced a con-

centration-dependent increase in 36C1 influx, with an EC50
value of 10.8 ± 1.1 ,tM and maximal enhancement of84 ± 2%

in control neurons (Fig. 4; Table 7). In chronically treated
neurons, the Em,� value of GABA was decreased to 26 ± 2%,

whereas the EC50 value was not altered (Fig. 4; Table 7). The

results indicated that chronic neurosteroid treatment pro-

duced a decreased efficacy of GABA receptor-mediated func-
tional response in the cortical neurons.

Reversal by 5a3� and R5135 of chronic 5a3a-induced

uncoupling. To investigate the possible mechanisms of

5a3a-induced uncoupling, we examined the effects of con-

comitant exposure ofcortical neurons to 5a3a and its inactive
isomer, 5cs3f3 (2 p.M), or the competitive GABAA antagonist

receptor R5135 (1 p.M) In contrast to the active isomer 5a3a

(e.g., Fig. 1C), the inactive isomer 5ce3�3 did not enhance basal

[3H]flunitrazepam binding (data not shown). The chronic

5a3cx-induced uncoupling was reversed by concomitant expo-

sure of neurons to either 5a3�3 (Fig. 5) or R5135 (Fig. 6).

Discussion

Steroid hormones are synthesized from cholesterol. Gluco-

and mineralocorticosteroids are synthesized in the adrenal

glands, and sex steroids are synthesized in the gonads and

the placenta (e.g., see Ref. 26). In the central nervous system,

steroid hormones influence the function of many nerve cells.

For example, in the hypothalamus there are neurons that

secrete hypophysiotropic factors that stimulate or inhibit the
production of pituitary hormones such as adrenocorticotropic

hormone and gonadotropins. These neurons are under the
regulation of their corresponding steroid hormones and are

under a feedback control mechanism (26). Although we are

C
‘s-a
OC

C

Wa.
OW
CN

� 5�

I
C,)

0-a Control

.-. ChronIc (5cz3cz)

i#{224}o 1,ooo
5cc3a (nM)

Fig. 1. Concentration-dependent enhancement of �H]flunitrazepam (1
nM) binding by GABA (A), pentobarbital sodium (B), and 5a3a (C) in
control and neurosteroid (2 �M 5a3a, 5 days)-treated cortical neurons.
The values are the mean ± standard deviation of three separate ex-
periments, each done in triplicate.

beginning to understand how steroids influence these neu-

rons in the hypothalamus, not much is known regarding how

these steroid hormones influence mental, behavioral, and

metabolic processes.

In recent years, it has become apparent that many of the

steroid-induced changes occur rapidly (e.g., see Ref. 5), sug-

gesting possible nongenomic effects. There is evidence show-

ing that 5a3a (allopregnanolone), a metabolite of progester-
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a ,� < 0.02, compared with the control group.

*

*

0 1 3 5
5a3a (days)

Fig. 2. Enhancement by GABA (500 �M) of [�H]flunitr&epam (1 nM)

binding to intact control neurons and neurons treated with the neuro-
steroid 5a3a (2 pM) for 1 , 3, or 5 days. The values are the mean ±

standard deviation of three separate experiments, each done in tripli-

cate.

tI�100* * *

C
Cs

C
w

0 500 1,000 2,000

5a3a (nM)
Fig. 3. Enhancement by GABA (500 �.tM) of �HJflunitrazepam (1 nM)
binding to intact control neurons and neurons treated with various
concentrations of the neurosteroid 5a3a for 5 days. The values are the
mean ± standard deviation of three separate experiments, each done
in triplicate.

one, is synthesized de novo in the brain (6). Early structure-

activity studies showed that there was no correlation
between the polarity of the steroids and their potency, and

the 313-hydroxy isomer was shown to be inactive (17). Several

lines of evidence suggest that neurosteroids modulate

GA.BA�-ergic transmission (7-14). Recent evidence obtained

with recombinantly expressed GABAA receptors argues

strongly in favor of a distinct steroid modulatory site on the

GABAA receptor (15).

Our results demonstrated that chronic neurosteroid treat-

ment, although it did not alter the basal binding of benzodi-

azepine ligands, produced a heterologous uncoupling be-
tween GABA, barbiturate, and neurosteroid sites and the
benzodiazepine receptor site. Our results showing that

chronic neurosteroid treatment did not alter benzodiazepine

binding (Kd or Bmax) are consistent with a previous report
(19). Additionally, the same treatment produced a down-

regulation of GABA and TBPS binding sites and a functional

uncoupling between the GABA recognition site and the chlo-
ride channels. Chronic neurosteroid treatment produced a

decrease in the Bmax of the lower affinity GABAA receptor

Heterologous Uncoupling at GABAA Receptors by Neurosteroids 607

TABLE 4
Effect of chronic neurosteroid 5a3a treatment (2 �&M, 5 days) on the EC� and Em,,,, values for GABA, pentobarbital, and 5a3a

enhancement of rH]flunifrazepam binding in cortical neurons
Values are the mean ± standard deviation of three to five separate experiments. each done in triplicate. Values in parenth eses repre sent percentage of uncoupling.

Modulator

Control group

[3H]Flunitrazepam binding

EC50 Emax

Treated group Control group Treated group

�tM %

GABA 14±3
Pentobarbital 213 ± 29
5a3a 0.150 ± 0.05

12±6 130±28
241 ± 15 93 ± 8

0.131 ± 0.01 73 ± 6

37±9 (_72%)a

48 ± 1 1 (-48%r
44 ± 8 (_40%)a

a � < � , compared with the control group.
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TABLE 5

Effect of chronic 5a3a treatment (2 � 5 days) on (�H]GABA
binding to cortical neurons
Membranes were treated as described in Experimental Procedures. GABA Scat-
chard plots were determined using 1 2 concentrations of rH]GABA (0.2�-1 004
flM). The Kd and Bmw, values were determined by curve fitting (user defined) (Delta
Graph; Macintosh). The values represent the mean ± standard deviation of three
or four experiments.

Group

Specific [3 HIGABA binding

Kd

Kd

K�

8max

Bmax, 8max2

Control

Chronic 5a3a

3.4 ±

4.3 ±

nM

1.5 131 ± 29
2.6 107 ± 35

(mo//mg of protein

347 ± 110 2457 ± 222
343 ± 28 1602 ± 319�

TABLE 6

Effect of chronic 5a3a treatment (2 �M, 5 days) on (�S]TBPS
binding to cortical neurons
Membranes were prepared as described in Experimental Procedures. r5S]TBPS
Scatchard plots were analyzed by linear regression to obtain Kd and Bmaz values.
The values represent the mean ± standard deviation of three or four experiments.

Group
l35SlTBPS binding

Kd Bm�

mA (mo//mg of protein

Control (four experiments)

Chronic 5a3a (three experiments)
47 ±

45 ±

1 1

10
1 840 ± 155
1368 ± 117�

a ,� < o.oi, compared with the control group.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


CS
C,)
CS

�
Co

-C,)
Ocs

0
C

100 �___�Control

4o�80 #{149}#{149}Chronic (5cx3a)6020

L:J Control

- Chronic 5ct3cx

�: 5�3�

EJ Chronic + 5cz3j�

**

1

0
>�

0

� .�
a) �D
E .�

0

CE
100 � *
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GABA (jiM)
Fig. 4. Concentration-dependent enhancement of GABA-induced
36�� influx in control and chronically 5r3a (2 jIM, 5 days)-treated

cortical neurons. The values are the mean ± standard deviation of three
separate experiments, each done in triplicate.

TABLE 7

Effect of chronic neurosteroid treatment (2 �M, 5 days) on GABA-
induced �Cl influx in cortical neurons
GABA (1-100 �M)-induced 36C1 influx was measured in control and chronically
treated neurons, as described in the text. Values represent the mean T� standard
deviation of three separate experiments, each done in triplicate.

36� influx

EC50 Emax

Control group Treated group Control group Treated group

p�M %

GABA 10.8±1.1 11.7±4.9 84±2 26±2(_69%)a

sites. Our previous studies have shown that low, but not

high, affinity GABA receptor sites are coupled to the benzo-

diazepine sites (e.g., see Ref. 22). Like GABA receptor bind-
ing, chronic 5a3� treatment decreased the Bmax of[35S]TBPS

binding, without altering the Kd value. Thus, there was a

parallel down-regulation of GABA and TBPS binding. The

observation that chronic neurosteroid treatment down-regu-
lated GABA and TBPS binding without altering benzodiaz-

epine binding is intriguing and needs further investigation.

However, based on what is known in the literature regarding

GABAA receptor subunits and their expression, it could be

speculated that a� subunits are needed for GABA and TBPS

binding, whereas ay2 subunits are needed for benzodiaz-

epine binding. Thus, if chronic neurosteroid treatment de-
creased the relative levels of /3 subunits, the net result could

be down-regulation of GABAJTBPS binding, without an al-

teration in the benzodiazepine binding, an effect observed in

our study. However, this is only speculative at this time and

needs to be investigated.

The ability ofthe stereoisomer 5a3� and R5135, a compet-

itive GA.BAA receptor antagonist, to reverse the uncoupling

suggests an involvement of the neurosteroid and GABA rec-
ognition sites in these events. The ability of the stereoisomer

5a3f3 to reverse the uncoupling may be due to its ability to

occupy the neurosteroid site. Our results are, in part, consis-

tent with a report in which chronic 5�3a and 5a3cx treatment

( 10 �M, 48 hr) was reported to produce uncoupling between

the steroid and benzodiazepine binding sites in chick whole-

Fig. 5. Effect of chronic 5a3a treatment (2 j.�M, 5 days), and its reversal
by concomitant exposure of cortical neurons to 5a3f3 (2 �M, 5 days), on

GABA enhancement of [3H]flunitrazepam (1 nM) binding. The values are
the mean ± standard deviation of three separate experiments. *, p <

0.05, compared with the control group; **, p < 0.05, compared with the
5a3a- plus 5a3�3-treated group.

Fig. 6. Effect of chronic 5a3a treatment (2 MM, 5 days), and its reversal

by concomitant exposure of cortical neurons to R51 35 (1 �M, 5 days),

on GABA enhancement of [�H]flunitrazepam (1 nM) binding. The values

are the mean ± standard deviation of three separate experiments.
*, p < 0.05, compared with the control group; **, p < 0.05, compared

with the chronically 5a3a- plus R5135-treated group.

brain neurons (19). However, those investigators observed

complete uncoupling ( 100%), and this effect was not reversed
by the GABAA receptor antagonist SR-95531. In our study,

maximal uncoupling of 75% was observed between GABA

and benzodiazepine sites, and only 45% uncoupling was ob-

served between the neurosteroid or barbiturate sites and the

benzodiazepine site. Furthermore, in our study, the uncou-

pling between GABA and benzodiazepine sites was reversed

by both the GABAA receptor antagonist 1�5l35 and the ste-

reoisomer 5a3�. These differences could be due to differences

in the concentrations of neurosteroid (2 versus 10 �.tM), the

time of chronic treatment (5 days versus 48 hr), or the tissue

used to prepare cultured neurons (mammalian cortical neu-
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rons versus chick whole-brain neurons). The ability of R5135
to reverse uncoupling suggests that a tonic GABA effect may

be required for neurosteroid-induced uncoupling.
In previous studies, it was reported that chronic GABA

treatment produced down-regulation of the GABA receptor

complex and uncoupling (20, 27, 28). Functional studies us-

ing either 36Cl influx or electrophysiological recording
showed that chronic GABA treatment produced a decreased

efficacy of GABA-induced responses (20, 28). Our recent

studies also demonstrated that chronic GABA treatment pro-
duced a decrease in the steady state mRNA levels and a
decrease in the polypeptide levels of the a2 (53-kDa) and a3

(59-kDa) subunits of the GABAA receptor in cortical neurons

(29). Down-regulation of GABA receptor subunit mRNAs af-

ter treatment with GABAA receptor agonists has also been

reported by others (30, 31). In other studies, we previously

observed that chronic benzodiazepine agonist treatment did
not alter the binding associated with the GABAA receptors

but it produced uncoupling and decreased the efficacy of

benzodiazepine ligand modulation of GABA-induced 36C1

influx (32, 33). Thus, it appears that various ligands that

modulate GABA�-ergic transmission may differentially alter

GABA receptor binding, coupling, and function after chronic

treatment.

The potential molecular mechanisms involved in uncou-

p1mg and decreased efficacy are not known. From the cloning

and expression studies, it is clear that the a variants are

crucial in determining the degree of coupling between GABA

and benzodiazepine sites and benzodiazepine potentiation of
GABA responses in transfected cells (34-36). These studies

have demonstrated that the a3 subunit gives maximal en-

hancement by GABA of benzodiazepine agonist binding and

maximal efficacy of benzodiazepine agonists in enhancing

GABA-ergic responses (34-36). We speculate that chronic

treatment of the GABAA receptor complex with various mod-

ulators could produce an alteration in the levels of various a
subunits that form the functional GABAA receptor isoforms.

Such an alteration in the levels of various a subunits could

produce functionally different GABAA receptor isoforms and

may be an underlying mechanism for uncoupling and/or de-

creased efficacy. However, the possible involvement of other

mechanisms, such as post-translational modification, in

these events cannot be ruled out.

Finally, our studies demonstrating that chronic neuros-

teroid treatment may alter the efficacy of GABA-ergic trans-
mission have physiological consequences. The concentration

of the neurosteroid used in our study is similar to that re-

ported to alter GABAA receptor binding and function (8-13),
and similar concentrations have been observed during the
estrus cycle and pregnancy in rats (37). Plasma and brain

levels of 5a3a were found to closely follow the levels of the

precursor progesterone (37, 38). During pregnancy, the ma-

ternal plasma concentration of 5a3a was found to be high,

because its precursor progesterone was synthesized at an

increased rate in the placenta and fetal tissue (39). Because

5a3a has been demonstrated to have hypnotic and anxiolytic

effects (40, 41), a change in its concentration, as well as

GABAA receptor subsensitivity after exposure to high con-

centrations of 5a3a during pregnancy, may contribute to

changes in mood and increased somnolence during preg-
nancy and anxiety and depression during the postpartum

period. Similar steroid-induced GABAA receptor subsensitiv-

ity may occur during the menstrual cycle. High levels of

reduced metabolites of progesterone during the luteal phase

(42) may result in the development ofautodependency on this

natural anxiolytic and may contribute to symptoms of pre-

menstrual anxiety.
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