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BARBACCIA, M. L., G. ROSCETTI, F. BOLACCHI, A. CONCAS, M. C. MOSTALLINO, R. H. PURDY AND
G. BIGGIO. Stress-induced increase in brain neuroactive steroids: Antagonism by abecarnil. PHARMACOL BIOCHEM
BEHAYV 54(1) 205-210, 1996. — Acute foot shock stress elicits a selective and time-dependent increase of neuroactive steroid
(pregnenolone, progesterone, allotetrahydrodeoxycorticosterone) concentrations in rat brain cortex, accompanied by a
marked increase of plasma corticosterone. The brain cortical neuroactive steroid levels peaked between 10 and 30 min
poststress and returned to control values by 2 h. Abecarnil (0.3 mg/kg, 1P), a beta-carboline derivative with anxiolytic
properties, completely antagonized the effect of foot shock on brain cortical neuroactive steroids. A single administration of
the anxiogenic beta-carboline FG 7142 (15 mg/kg, IP), in contrast, mimicked the effect of foot shock. These data support the
hypothesis for the existence of a functional relationhip between brain neuroactive steroid concentrations and GABA , receptor

function/emotional state of the animal.
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PREGNENOLONE, progesterone, and some of their A-ring
reduced metabolites can be produced by neural tissue, both in
the central and peripheral nervous systems, and for this are
referred to as neurosteroids (1,2,12,22,23,27,28,33,34). More-
over, after in vivo administration or direct in vitro application
to cells, neurosteroids have been shown to regulate important
neuronal functions via genomic (35) and membrane-mediated
actions, among others, via specific interactions with ligand-
gated ionotropic receptors such as GABA, receptors (26,28,
31,37). For this they have also been referred to as neuroactive
steroids (28). Among the different neuroactive steroids the
3alpha-hydroxy-5alpha reduced derivatives of progesterone
and deoxycorticosterone, namely, 3alpha-OH,S5alpha-pregnan-
20-one (allopregnanolone, AP) and 3,alpha,21-dihydroxy-
Salpha-pregnan-20-one (allo-tetrahydrodeoxy-corticosterone,
THDOC) are the most potent and efficacious known positive
modulators of the GABA, receptors (28,31).

These receptors have been suggested to play a pivotal role
in the regulation of the animal’s emotional state (6). Accord-
ingly, anxiety and/or proconflict promoting conditions, such
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as acute stress, alter brain GABAergic neurotransmission. De-
creased GABA-mediated chloride ion fluxes and increased
[*S)-TBPS binding have been reported after several acute
stress paradigms (handling, CO, inhalation, foot shock, swim
stress) (6,14,19,21,36,38). These stress-induced biochemical
alterations are accompanied by behavioral changes, i.c., a de-
creased punished response in the Vogel’s test, an index of
anxiety in the animal (8,15,16), and an increased sensitivity to
both the anxiolytic action of benzodiazepines (10,20) and to
the convulsant action of isoniazid, an inhibitor of GABA syn-
thesis (39). These effects of acute stress on the GABAergic
neurotransmission are mimicked by an acute administration
of anxiogenic beta-carbolines, i.¢., negative allosteric modula-
tors of the GABA, receptor complex, and prevented by prior
treatment of the animals with anxiolytics that act as positive
allosteric modulators of the GABA, receptor complex (6,8).
AP and THDOC also enhance in vitro GABA , receptor func-
tion (26,28,31,33,37) and, when administered in vivo, show
anxiolytic and/or anticonvulsant properties (5,9,24,28). While
evidence is accumulating on the pharmacological actions of
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neuroactive steroids at the level of GABA, receptors (5,
9,24,28), little is known, as yet, on their physiological role in
the modulation of neurotransmission in the central nervous
system (CNS). The cerebral cortical levels of select neuroste-
roids are altered by several acute stress paradigms, i.e., forced
swimming, handling maneuvers that preceed sacrifice, and
CO, inhalation (3,4,32).

As we observed differences in the type of neuroactive ste-
roids affected by different stressors, i.e., handling vs. CO,
inhalation (3,4), we extended our previous studies by analyz-
ing the changes in brain neurosteroid levels elicited by mild
foot shock. Moreover, we investigated the effect of anxiolytic
and/or anxiogenic drugs, acting either as positive or negative
allosteric modulators of the GABA, receptor, on the neuro-
steroid brain content in control and foot shock-stressed rats.
Foot shock, like CQO, inhalation and handling (3,4), altered in
a time-dependent manner the brain cortical pregnenolone and
progesterone levels. However, at variance with CO, inhala-
tion, foot shock also induced a marked and time-dependent
increase of THDOC brain cortical levels. The effect of foot
shock on brain neuroactive steroid levels was prevented by a
pretreatment with abecarnil, an anxiolytic beta-carboline de-
rivative, acting as a positive modulator of the GABA, recep-
tor complex (40). In contrast to abecarnil, but similarly to
foot shock, the anxiogenic benzodiazepine receptor ligand FG
7142 (18,29) also increased the brain cortical levels of neuroac-
tive steroids. These results, together with previous evidence
showing a preminent involvement of the GABAergic transmis-
sion in the neurochemistry of stress, suggest that the brain
neuroactive steroid levels are sensitive to anxiogenic/anxio-
lytic conditions that alter the basal GABAergic tone and there-
fore may play a physiological role in its modulation.

METHOD
Animals

Male Sprague-Dawley CD rats (Charles River, Como, It-
aly), with body masses of 200-250 g, were housed under stan-
dard laboratory conditions with a 12 L : 12 D cycle, a constant
temperature of 22 + 2°C, and water and food ad lib. The
animals were habituated for 4 days to the manipulations rela-
tive to the experimental procedures that preceed killing (see
below). Animal care and handling throughout the esperimen-
tal procedure was performed in accordance with the European
Communities Council Directive of 24 November 1986 (86/
609/EEC). The experimental protocols involving exposure of
rats to CO, and foot shock were approved by the Animal
Ethical Committee of the University of Cagliari.

Foot Shock and CO, Exposure

The foot shock consisted of a series of electrical foot
shocks delivered in individual boxes with floors made of brass
rods, 2 ¢cm apart. Shocks were given for 5 min by a stimulator
which delivered, for 500 ms, every 500 ms, a shock of 0.2 mA.

Rats were exposed to a mixture of O,/CO, (65%/35%) in
a hermetically closed box with a 35 liter capacity. Control rats
were placed in the same box for 1 min but not exposed to
the gas. Delivery of CO, was monitored with a commercial
analyzer. To minimize the stress associated with sacrifice the
rats were habituated to the new environment (foot shock and
CO, boxes) and to the handling manoeuvers that preceed kill-
ing for 4 days. They were picked up from their cages, held for
1 min in the foot shock or CO, boxes, and either introduced
in the microwave holder (for the brain steroids measurement)
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or placed with their head through the blades of a guillotine for
animal sacrifice (for the plasma steroid measurement). After
each session, that was repeated four times a day for 4 consecu-
tive days, until approximately 80% of the animals assumed
their final position in the microwave holder or under the guil-
lotine without opposing resistance, the rats were returned to
their home cages.

The animals were killed at the time periods indicated after
CO, exposure or foot shock either by guillotine, for the
plasma steroid analysis, or by focussed microwave irradiation
(4 s) to the head, for brain steroid measurement. This latter
procedure results in a virtually instantaneous inactivation of
enzymes present in brain tissue, thus minimizing postmortem
steroid metabolism. Brains were rapidly (less than 1 min) ex-
cised from the skull, the cerebral cortices were dissected, and
frozen to —20°C until steroids were measured. Blood was
collected from the trunk in heparinized test tubes, centrifuged
at 900 x g for 20 min at room temperature, and the plasma
was frozen until assayed for steroids.

Steroid Extraction and Assay

Steroids were extracted and purified as previously de-
scribed (3,34). Briefly, steroids present in cerebral cortical ho-
mogenates (400 mg tissue in 4 ml of phosphate-buffered sa-
line) were extracted three times with ethylacetate, 1:1 (vol:
vol). The organic phases were dried under vacuum, the residue
was dissolved in 5 ml of n-hexane and applied to Seppak-silica
cartridges (Waters), and components were eluted with n-
hexane/2-propanol (7 : 3, vol : vol). Steroids were further pu-
rified by high-performance liquid chromatography (HPLC)
on a 5 um Lichrosorb-diol column (250 by 4 mm) (Merck)
with a gradient of 2-propanol in n-hexane. Because we pre-
viously observed that cholesterol, which coelutes from the
Lichrosorb-diol column with progesterone, decreases the sen-
sitivity of the radioimmunoassay for progesterone, this latter
steroid was separated from cholesterol by washing the corre-
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FIG. 1. Foot shock elicits selective and time-dependent changes of

neuroactive steroid content in rat brain cortex. Foot shock (FS) (0.2
mA X 500 ms every 500 ms) was delivered for 5 min. The rats were
killed by focussed microwave irradiation (4 s) to the head immediately
after (time 0), 10, 30, 60, and 120 min after the foot shock session.
PRE: pregnenolone; PRO: progesterone; THDOC: allotetrahydro-
deoxycorticosterone; DHEA: dehydroepiandrosterone. Each bar rep-
resents the mean = SEM of 10 animals. *p < 0.05, when compared
to the respective control value.
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TABLE 1

CO, INHALATION DOES NOT CHANGE THE
THDOC CONTENT IN RAT BRAIN CORTEX

THDOC (ng/g protein)
Control 46 = 1.0
CO,, 10 min 6.6 + 1.5
CO,, 30 min 8.0 + 3.6
CO,, 60 min 6.7 + 2.5

A gas mixture of O,/CO, (65%/35%) was
delivered for 1 min in a hermetically closed box
(see the Method Section). The rats were killed
after CO; inhalation at the time points indi-
cated by focussed microwave irradiation (4 s)
to the head. Each value represents the mean +
SEM of five animals.

sponding dried HPLC fractions twice with 200 ul of dimethyl-
sulphoxide and water (400 pl). Progesterone was extracted
from the aqueous phase twice with 1.5 ml of n-hexane. The
removal of cholesterol increased the sensitivity of the proges-
terone radioimmunoassay five- to 10-fold over that previously
described (3). The recovery of each steroid through the extrac-
tion-purification procedures (70 to 80%) was monitored by
adding trace amounts (4000 to 6000 cpm, specific activity 20-
60 Ci/mmol) of [*H]-labeled standards to the brain tissue ho-
mogenate. THDOC was then quantified by radioimmunoas-
say as previously described (32), and other steroids measured
by radioimmunoassay using specific commercial antibodies
(ICN, Costa Mesa, CA).

Protein concentration was measured by the method of
Lowry et al. (25), with bovine serum albumin as standard. The
steroid plasma concentrations were measured in 1 ml of
plasma extracted three times with 1.5 ml of ethylacetate. Preg-
nenolone, progesterone, corticosterone, dehydroepiandroste-
rone, allotetrahydrodeoxycorticosterone, and dimethylsul-
phoxide were obtained from Sigma (Milan, Italy). All other
organic solvents (HPLC grade) and reagents were of the best
available quality from commercial sources.

Abecarnil and FG 7142 were obtained from Schering, AG,
Berlin, Germany.
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Statistical Analysis

Statistical analysis was performed by using the two-tailed
Student’s ¢-test.

RESULTS

Foot shock delivered for S min elicited a marked and time-
dependent increase of brain cortical neuroactive steroids (Fig.
1). In rats killed by focussed microwave irradiation to the
head immediately after stress application the pregnenolone,
progesterone, and THDOC cortical content was increased
(+69%, +82%, and +105%, respectively). The levels of
these steroids continued to increase, reaching a peak between
10 and 30 min, and returned to control values by 120 min. At
variance with foot shock, CO, inhalation did not affect
THDOC brain cortical levels (Table 1). The plasma pregneno-
lone and progesterone concentrations, that in control rats
were approximately 50- and 10-fold lower than the respective
brain values, were maximally increased at time 0 and remained
elevated up to 1 h after foot shock (Table 2). The plasma
corticosterone levels were also dramatically increased in foot
shock-stressed rats, indicating a strong activation of the hypo-
thalamus-pituitary-adrenal (HPA) axis. Similar to CO, inha-
lation (3,4), foot shock failed to alter, at any time point exam-
ined, either the brain or plasma dehydroepiandrosterone
(DHEA) levels. We investigated the effect of a pretreatment
with abecarnil, i.e., an anxiolytic beta-carboline derivative
acting as positive allosteric modulator at GABA, receptors
(40), on the neurosteroid content in rat brain cortex. Abecarnil
(0.3 mg/kg, IP), given 30 min before sacrifice, failed to
change the basal pregnenolone and progesterone, while only
slightly decreased THDOC levels, but antagonized the brain
neuroactive steroid increase induced by foot shock (Table 3).

In contrast to abecarnil but similar to foot shock, FG 7142
(15 mg/kg, IP, 30 min), an anxiogenic and proconvulsant
beta-carboline (18,29), significantly enhanced pregnenolone
(+108%, +120%), progesterone (+206%, <+ 120%),
THDOC (+ 50%) and corticosterone (+ 74%) in brain cortex
and plasma, respectively (Table 4).

DISCUSSION

The present data show that foot shock, a procedure that
causes anxiety and proconflict behavior in the rat (15,39),
and the anxiogenic benzodiazepine receptor ligand FG 7142,

TABLE 2

FOOT SHOCK (FS) ELICITS SELECTIVE AND TIME DEPENDENT CHANGES IN
RAT PLASMA STEROID LEVELS

(ng/ml)
PRE CORT DHEA
Control 0.21 = 0.014 0.41 + 0.08 46 + 16 0.058 + 0.005
FS (0 min) 1.90 + 0.34* 8.70 + 0.85* 396 + 30* 0.052 + 0.006
FS (30 min) 2.20 + 0.33* 7.40 + 0.94* 330 = 17* 0.051 + 0.005
FS (60 min) 1.00 + 0.23* 3.60 + 0.82* 224 + 42* 0.049 + 0.008
FS (120 min) 0.35 = 0.01 0.60 + 0.10 70 + 13 0.055 + 0.007

PRE: pregnenolone; PRO: progesterone; CORT: corticosterone; DHEA: dehydroepian-
drosterone. For experimental details see legend to Fig. 1. Each value represents the mean +

SEM of five animals.

*p < 0.05 when compared to the respective control value.
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TABLE 3

ABECARNIL ANTAGONIZES THE FOOT SHOCK (FS)-INDUCED INCREASE
OF NEUROACTIVE STEROID LEVELS IN RAT BRAIN CORTEX

(ng/g protein)

PRE PRO THDOC
Control 126 + 21 22 £ 5.0 14.5 + 2.5
FS 212 + 31* 68 + 18* 26.5 = 3.2*
Abecarnil 160 + 20 23 + 6.4 6.80 = 2.9
FS + Abecarnil 82 + 30 27 + 5.6 9.80 + 1.2

PRE: pregnenolone; PRO: progesterone; THDOC: allotetrahydrodeoxycorti-
costerone. The rats received abecarnil (0.3 mg/kg, IP) 30 min before the foot
shock session and were killed immediately after the stress application. During the
4 days habituation schedule the rats were also habituated to the IP injection. Each
value represents the mean = SEM of 10 animals.

*p < 0.05 when compared to the respective control values.

similar to other acute stress paradigms (3,4,8,32), increase the
brain cortical content of neuroactive steroids. Foot shock
stress elicits changes in pregnenolone and progesterone brain
cortical content similar to other stress paradigms, i.e., CO, in-
halation and handling, but it also uniquely increases THDOC.
Foot shock, in contrast to CO, inhalation (3,4), also markedly
activates the HPA axis, as demonstrated by the conspicuous
increase in corticosterone plasma levels. The HPA axis is un-
der the control of multiple neurotransmitter systems (30).
Among others, GABA has been reported to exert an inhibitory
control on the release of corticotropin releasing hormone
(CRH) (11,30). Therefore, the decrease in GABAergic tone
elicited by acute stress (6-8,15,19,21,36,38) may be responsi-
ble for the observed elevation in plasma and brain steroid
concentrations.

To date, THDOC and AP are the most potent GABA,
receptor-positive modulators (28,33) that can be synthesized
in the body. While AP synthesis has been demonstrated to
occur in the brain (12,28), THDOC appears to be mostly of
adrenal origin (28,32). The data reported here and previous
observations showing an increase in allopregnanolone levels in
rats exposed to CO, inhalation and swim stress (3,4,32) sug-
gest that when the GABAergic tone is low, as it occurs after

acute stress, the brain concentration of either or both steroids
active at the GABA,, receptors is increased. We do not have,
as yet, an explanation for the finding that the various stressors
appear to differently affect the brain neurosteroid content.
The time frame of each stress paradigm may play a crucial
role. In fact, handling-habituated rats are exposed repeatedly,
for 4 consecutive days, to the maneuvers that preceed killing
as opposed to naive rats, which are only exposed once, while
CO, and foot shock-stressed animals are challenged only once
for 1 and 5 min, respectively. On this basis one could also
conceive that the various stressors differently alter neurotrans-
mitter systems that may be relevant in the control of neuroac-
tive steroid production. Indeed, cyclic AMP was previously
shown to play a role in the control of neurosteroid levels in
brain cortical minces (2,34), and it has been shown that acute
stress increases the brain cyclic AMP levels (41). One could
speculate that the degree or the duration of the cyclic AMP
increase after stress may be one of the factors responsible for
the selectivity of the neurosteroid types affected by the various
stressors. One should also be reminded that CO, inhalation
may elicit, at cellular level, metabolic changes, presumably
not induced by foot shock, that may, directly or indirectly,
affect steroidogenesis. In this respect it seems appropriate to

TABLE 4

THE ANXIOGENIC BETA-CARBOLINE FG 7142 INCREASES BRAIN AND
PLASMA STEROID LEVELS

(ng/g prot or ng/ml)

PRE PRO THDOC CORT

Brain Cortex

Control 130 + 13 31+ 7.0 18 + 2.5 n.d.

FG 7142 270 + 34* 95 + 6.5* 27 + 1.8* n.d.
Plasma

Control 0.5 = 0.06 1.5 + 0.03 n.d. 109 + 33

FG 7142 1.1 £ 0.10* 4.1 + 0.045* n.d. 190 + 18*

PRE: pregnenolone; PRO: progesterone; THDOC: allotetrahydrodeoxy-cortico-

sterone; CORT: corticosterone. The rats received FG 7142 (15 mg/kg, IP) 30 min before
sacrifice. During the 4-day habituation schedule the rats were also habituated to the IP
injection. Each value represents the mean + SEM of five animals.

*p < 0.05, when compared to the respective control value.
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emphasize that the HPA axis appears more sensitive to foot
shock than to CO, inhalation (3,4). Whether the differences in
the type and extent of neurosteroid increase elicited by the
various acute stressors bear some relevance on the long-term
effects of acute and/or repeated stress is an intriguing ques-
tion that deserves further investigation.

The immediate and persistent enhancement of brain corti-
cal THDOC levels may help in restoring the GABA , receptor
function altered by foot shock and, therefore, control the
acute stress-elicited activation of discrete neuronal popula-
tions, i.e., dopaminergic, cholinergic, and catecholaminergic
(6,13), which has been shown to be antagonized by positive
allosteric modulators of the GABA, receptor (13,17). This
hypothesis is consistent with previous observations demon-
strating that changes in [**S]-TBPS binding as well as in the
behavioral parameters related to GABAergic transmission
show a similar time course, i.e., they are altered immediately
after a foot shock session and return to basal values by 1-2 h
(6,39). The existence of a relationship between brain neuro-
steroid levels, on one side, and GABAergic tone/emotional
state of the animal, on the other, is suggested also by the
opposite effects on brain and plasma steroid levels exerted by
abecarnil and FG 7142, two beta-carboline derivatives with
anxiolytic (40) and anxiogenic (18,29) action, respectively. In
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fact, abecarnil (0.3 mg/kg), which per se did not alter preg-
nenolone and progesterone brain and plasma levels but de-
creased corticosterone in plasma and THDOC in brain cortex,
completely antagonized the foot shock-induced increase in
brain steroid content. In contrast, FG 7142 mimicked the ef-
fect of stress by increasing steroid concentrations both in
plasma and brain.

To our knowledge this is the first evidence that the effect
of stress on brain neuroactive steroid levels is antagonized by
an anxiolytic drug and mimicked by an anxiogenic ligand
of the benzodiazepine binding site associated to GABA, re-
ceptors.

Since these compounds modulate in-an opposite manner
GABA, receptor function, FG 7142, like foot shock stress,
enhances in vitro and in vivo [**S}-TBPS binding while abecar-
nil‘reduces it, the present results suggest the existence of a
functional relationship between changes in the GABA , recep-
tor function, the emotional state of the animal, and the brain
neuroactive steroid concentrations.

ACKNOWLEDGEMENT

This work was supported by a Grant No. 94.00.519.PF 41 from
the National Research Council of Italy (CNR) (Target project “Pre-
vention and control of diseases factors” subproject “Stress”).

REFERENCES

1. Akwa, Y.; Schumacher, M.; Jung-Testas, I.; Baulieu, E.-E. Neu-
rosteroids in rat sciatic nerves and Schwann cells. C. R. Acad.
Sci. Paris 316:410-414; 1993.

2. Barbaccia, M. L.; Roscetti, G.; Trabucchi, M.; Ambrosio, C.;
Massotti, M. Cyclic AMP dependent increase of streoidogenesis
in brain cortical minces. Eur. J. Pharmacol. 219:485-486; 1992.

3. Barbaccia, M. L.; Roscetti, G.; Trabucchi, M.; Cuccheddu, T.;
Concas, A.; Biggio, G. Neurosteroids in the brain of handling-
habituated and naive rats: Effect of CO, inhalation. Eur. J. Phar-
macol. 261:317-320; 1994.

4. Barbaccia, M. L.; Roscetti, G.; Trabucchi, M.; Mostallino, M.
C.; Concas, A.; Purdy, R. H.; Biggio, G. Time-dependent
changes in rat brain neuroactive steroid concentrations and
GABA , receptor function after acute stress. Neuroendocrinology
63:166-172; 1996.

5. Belelli, D.; Bolger, M. B.; Gee, K. W. Anticonvulsant profile
of the progesterone metabolite Salpha-pregnan-3alpha-ol-20-one.
Eur. J. Pharmacol. 166:325-329; 1989.

6. Biggio, G.; Concas, A.; Corda, M. G.; Giorgi, O.; Sanna, E.;
Serra, M. GABAergic and dopaminergic transmission in the rat
cerebral cortex: Effect of stress, anxiolytic and anxiogenic drugs.
Pharmacol. Ther. 48:121-142; 1990.

7. Biggio, G.; Concas, A.; Serra, M.; Salis, M.; Corda, M. G;
Nurchi, V.; Crisponi, C.; Gessa, G. L. Stress and beta-carbolines
decrease the density of low affinity GABA binding sites: An effect.
reversed by diazepam. Brain Res. 229:13-18; 1984.

8. Biggio, G.; Cuccheddu, T.; Floris, S.; Sanna, E.; Barbaccia, M.
L.; Roscetti, G.; Serra, M.; Concas, A. Stress and GABAergic
transmission in the rat brain: Effect of carbon dioxide inhalation.
In: Hamon, M.; Ollat, H.; Thiebot, M.-H., eds. Anxiety: Clinic
and therapeutic perspectives. Vol. 232. London: John Libbey
Eurotext; 1993:53-64.

9. Bitran, D.; Hilvers, R. J.; Kellog, C. K. Anxiolytic effects of
3alpha-hydroxy-Salpha(beta)-pregnan-20-one:endogenous me-
tabolites of progesterone that are active at the GABA, receptor.
Brain Res. 561:157-161; 1991.

10. Boix, F.; Fernandez Teruel, A.; Tabena, A. The anxiolytic action
of benzodiazepines is not present in handling-habituated rats.
Pharmacol. Biochem. Behav. 31:541-546; 1989,

11. Calagero, A.; Gallucci, W.; Crousos, G.; Gold, P. Interactions

between GABAergic neurotransmission and rat corticotropin re-
leasing hormone secretion in vitro, Brain Res. 463:28-36; 1988.

12. Cheney, D. L.; Uzunov, D.; Costa, E.; Guidotti, A. Gas chro-
matographic-mass fragmentographic quantitation of 3alpha-
hydroxy-5alpha-pregnan-20-one (allopregnanolone) and its pre-
cursors in blood and brain of adrenalectomized and castrated
rats. J. Neurosci. 15(6):4641-4650; 1995.

13. Claustre, Y.; Rivy, J. P.; Dennis, T.; Scatton, B. Pharmacologi-
cal studies on stress induced increase in frontal cortical dopamine
metabolism in the rat. J. Pharmacol. Exp. Ther. 238:693-700;
1986.

14. Concas, A.; Serra, M.; Atsoggiu, T.; Biggio, G. Foot shock and
anxiogenic beta-carbolines increase t-[**S]-butylbicyclophosphor-
othionate binding in the rat cerebral cortex, an effect opposite to
anxiolytics and gamma-aminobutyric acid mimetics. J. Neuro-
chem. 51:1868-1876; 1988.

15. Corda, M. G.; Biggio, G. Stress and GABAergic transmission:
Biochemical and behavioural studies. In: Biggio, G.; Costa, E.;
eds. GABAergic transmission and anxiety. New York: Raven
Press; 1986:121-136.

16. Cuccheddu, T.; Floris, S.; Serra, M.; Porceddu, M. L.; Sanna,
E.; Biggio, G. Proconflict effect of carbon dioxide inhalation in
rats. Life Sci. 56:321-324; 1995.

17. Dazzi, L.; Motzo, C.; Imperato, A.; Serra, M.; Gessa, G. L.;
Biggio, G. Modulation of basal and stress-induced release of ace-
tylcholine and dopamine in rat brain by abecarnil and imidazenil,
two anxioselective gamma-aminobutyric acid receptor modula-
tors. J. Pharmacol. Exp. Ther. 273(1):241-247; 1995.

18. Dorow, A. J.; Horowski, R.; Paschelke, G.; Amin, M.; Brae-
strup, C. Severe anxiety induced by FG 7142, a beta-carboline
ligand for benzodiazepine receptors. Lancet 41:98-99; 1983,

19. Drugan, R. C.; Morrow, A. L.; Weizman, R.; Deutsch, S. I.;
Crawley, J. N.; Paul, S. M. Stress-induced behavioural depres-
sion in the rat is associated with decrease in GABA -receptor medi-
ated chloride ion flux and brain benzodiazepine occupancy. Brain
Res. 487:45-51; 1989.

20. File, S. E.; Andrews, N.; Wu, P. Y.; Zharkowsky, A.; Zangrossi,
H., Jr. Modification of chlodiazepoxide’s behavioural and neuro-
chemical effects by handling and plus-maze experience. Eur. J.
Pharmacol. 218:9-14; 1992.



210

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Havoundjian, H.; Paul, S. M.; Skolnick, P. Acute stress-induced
changes in the benzodiazepine/gamma-aminobutyric acid recep-
tor complex are confined to the chloride ionophore. J. Pharma-
col. Exp. Ther. 237:787-793; 1986.

Hu, Z. Y.; Bourreau, E.; Jung-Testas, [.; Robel, P.; Baulieu,
E.-E. Neurosteroids: Oligodendrocyte mitochondria convert cho-
lesterol to pregnenolone. Proc. Natl. Acad. Sci. USA 84:8215-
8219; 1987.

Kabbadj, K.; El-Etr, M.; Baulieu, E.-E.; Robel, P. Pregnenolone
metabolism in rodent embrionic neurons and astrocytes. Glia 7:
170-175; 1993.

Kokate, T. G.; Svensson, B. E.; Rogawski, M. A. Anticonvulsant
activity of neurosteroids: Correlation with gamma-aminobutyric
acid-evoked chloride current potentiation. J. Pharmacol. Exp.
Ther. 270:1223-1229; 1994.

Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J.
Protein measurement with the Folin phenol reagent. J. Biol.
Chem. 193:265-276; 1951.

Majewska, M. D.; Harrison, N. L.; Schwartz, R. D.; Barker, J.
L.; Paul, S. M. Steroid hormone metabolites are barbiturate-like
modulators of the GABA receptor. Science 232:1004-1007; 1986.
Papadopoulos, V.; Guarneri, P.; Krueger, K. E.; Guidotti, A.:
Costa, E. Pregnenolone biosynthesis in C6-2B glioma cell mito-
chondria. Regulation by mitochondrial diazepam binding inhibi-
tor receptor. Proc. Natl. Acad. Sci. USA 89:5113-5117; 1992.
Paul, S. M.; Purdy, R. H. Neuroactive steroids. FASEB J. 6:
2311-2320; 1992.

Petersen, E. N.; Jensen, L.. H. Proconflict effect of benzodiaze-
pine receptor inverse agonists and other inhibitors of GABA func-
tion. Eur. J. Pharmacol. 103:91-97; 1984.

Plotsky, P. M.; Otto, S.; Sutton, S. Neurotransmitter modulation
of corticotropin releasing factor secretion into the hypophysial-
portal circulation. Life Sci. 41:1311-1317; 1987.

Puia, G.; Santi, M. R.; Vicini, S.; Pritchett, D. B.; Purdy, R.
H.; Paul, S. M.; Seburg, P. H.; Costa, E. Neurosteroid act on
recombinant human GABA , receptors. Neuron 4:759-765; 1990.

32.

33.

34.

35,

36.

39.

40.

41.

BARBACCIA ET AL.

Purdy, R. H.; Morrow, A. L.; Moore, P. H., Jr.; Paul, S. M.
Stress-induced elevations of gamma-aminobutyric acid type A re-
ceptor-active steroids in the rat brain. Proc. Natl. Acad. Sci. USA
88:4553-4557; 1991.

Robel, P.; Baulieu, E.-E. Neurosteroids: Biosynthesis and func-
tion. T.E.M. 5:1-8; 1994.

Roscetti, G.; Ambrosio, C.; Trabucchi, M.; Massotti, M.; Bar-
baccia, M. L. Modulatory mechanisms of cyclic AMP-stimulated
steroid content in rat brain cortex. Eur. J. Pharmacol. Mol. Phar-
macol. 269:17-24; 1994.

Rupprecht, R.; Reul, J. M. H. M,; Trapp, T.; van Steensel, B.;
Wetzel, C.; Damn, K.; Zieglgansberger, W.; Holsboer, F. Pro-
gesterone receptor-mediated effects of neuroactive steroids. Neu-
ron 11:523-530; 1993,

Sanna, E.; Cuccheddu, T.; Serra, M.; Concas, A.; Biggio, G.
Carbon dioxide inhalation reduces the function of GABA , recep-
tors in the rat brain. Eur. J. Pharmacol. 216:457-458; 1992.

. Schumacher, M.; McEwen, B. S. Steroid and barbiturate modula-

tion of the GABA, receptor. Mol. Neurobiol. 3:275-304; 1989.

. Serra, M.; Concas, A.; Atsoggiu, T.; Biggio, G. Stress like bicu-

culline and DMCM reduces the basal **Cl~ uptake in the rat
cortical membrane vescicles: An effect reversed by GABA. Neu-
rosci. Res. Commun. 4:41-50; 1989.

Serra, M.; Sanna, E.; Concas, A.; Foddi, C.; Biggio, G. Foot
shock stress enhances the increase of [*S]-TBPS binding in the
rat cerebral cortex and the convulsion induced by isoniazid. Neu-
rochem. Res. 16:17-22; 1990.

Stephens, D. N.; Schneider, H. H.; Kehr, W.; Andrews, J. S.;
Rettig, K. J.; Turski, L.; Schmiechen, R.; Turner, J. D.; Jensen,
L. H.; Petersen, E. N.; Honore, T.; Bondo Hansen, J. Abecarnil,
a metabolically stable, anxioselective beta-carboline acting at ben-
zodiazepine receptors. J. Pharmacol. Exp. Ther. 253:334-343;
1990.

Stone, E. A.; John, S. M. Stress induced increase of extracellu-
lar levels of cyclic AMP in rat cortex. Brain Res. 597:144-149;
1992.



