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Stress affects seizure susceptibility in animals and humans, but
the underlying mechanisms are obscure. Here, we provide evi-
dence that GABAA receptor-modulating neurosteroids derived
from deoxycorticosterone (DOC) play a role in stress-related
changes in seizure control. DOC, an adrenal steroid whose syn-
thesis is enhanced during stress, undergoes sequential metabolic
reduction by 5�-reductase and 3�-hydroxysteroid oxidoreductase
to form 5�-dihydrodeoxycorticosterone (DHDOC) and allotetrahy-
drodeoxycorticosterone (THDOC), a GABAA receptor-modulating
neurosteroid with anticonvulsant properties. Acute swim stress in
rats significantly elevated plasma THDOC concentrations and
raised the pentylenetetrazol (PTZ) seizure threshold. Small sys-
temic doses of DOC produced comparable increases in THDOC
and PTZ seizure threshold. Pretreatment with finasteride, a 5�-
reductase inhibitor that blocks the conversion of DOC to DHDOC,
reversed the antiseizure effects of stress. DOC also elevated
plasma THDOC levels and protected mice against PTZ, methyl-
6,7-dimethoxy-4-ethyl-�-carboline-3-carboxylate, picrotoxin, and

amygdala-kindled seizures in mice (ED50 values, 84–97 mg/kg).
Finasteride reversed the antiseizure activity of DOC (ED50, 7.2
mg/kg); partial antagonism was also obtained with indomethacin
(100 mg/kg), an inhibitor of 3�-hydroxysteroid oxidoreductase.
Finasteride had no effect on seizure protection by DHDOC and
THDOC, whereas indomethacin partially reversed DHDOC but not
THDOC. DHDOC, like THDOC, potentiated GABA-activated Cl�

currents in cultured hippocampal neurons (�1 �M) and directly
activated GABAA receptor currents (�1 �M), compatible with a
role for DHDOC in the antiseizure activity of DOC. DOC is a
mediator of the physiological effects of acute stress that could
contribute to stress-induced changes in seizure susceptibility
through its conversion to neurosteroids with modulatory actions
on GABAA receptors including THDOC and possibly also DHDOC.
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Neurosteroids such as the progesterone metabolite allopreg-
nanolone (3�-hydroxy-5�-pregnane-20-one) and the deoxycorti-
costerone (DOC) metabolite allotetrahydrodeoxycorticosterone
(THDOC; 3�,21-dihydroxy-5�-pregnan-20-one) are powerful
endogenous positive modulators of GABAA receptors with anti-
convulsant, anxiolytic, and sedative properties (Crawley et al.,
1986; Bitran et al., 1991; Kokate et al., 1994; Lambert et al., 1995;
Reddy and Kulkarni, 2000). Although there is emerging evidence
that allopregnanolone has a role in the pathophysiology of men-
strual cycle-related disorders such as catamenial epilepsy (Reddy
and Rogawski, 2000; Reddy et al., 2001) and premenstrual syn-
drome (Smith et al., 1998), the clinical importance of THDOC
remains unclear. THDOC is synthesized from DOC, an adrenal
steroid, by two sequential A-ring reductions. 5�-Reductase isoen-
zymes first convert DOC to the intermediate 5�-dihydro-
deoxycorticosterone (DHDOC), which is then further reduced by
3�-hydroxysteroid oxidoreductase to form THDOC (Fig. 1). In
contrast to allopregnanolone, which is present in the brain even
after adrenalectomy and gonadectomy, THDOC appears to be

derived nearly exclusively from adrenal sources (Purdy et al.,
1991).

Adrenocorticotrophic hormone, released by the activation of
the hypothalamic–pituitary–adrenal axis, is a key coordinator of
neuroendocrine and behavioral responses to stress. Although
DOC is an intermediate in aldosterone synthesis in the adrenal
zona glomerulosa and itself has weak mineralocorticoid activity,
much more DOC is produced in the zona fasciculata, where its
synthesis is under the control of adrenocorticotrophic hormone,
and its secretion correlates with that of glucocorticoids and not
aldosterone (Tan and Mulrow, 1975; Kater et al., 1989). Thus, in
addition to its well recognized role as a mineralocorticoid pre-
cursor, there is substantial evidence that DOC participates in the
hypothalamic–pituitary–adrenal axis response to acute stress.
Presumably because of enhanced DOC availability, acute stres-
sors such as swimming, foot shock, or carbon dioxide exposure
elicit an increase in THDOC concentrations in plasma and brain
(Purdy et al., 1991; Barbaccia et al., 1996, 1997; Serra et al., 2000;
Vallee et al., 2000). It has therefore been proposed that THDOC,
through its actions on GABAA receptors, could play a physiolog-
ical role in mediating the effects of stress on CNS function.

Although the underlying mechanisms are poorly understood, it
is well recognized that emotional stress can be a factor affecting
seizure control in temporal lobe epilepsy and other seizure syn-
dromes (Feldman and Paul, 1976; Minter, 1979; Temkin and
Davis, 1984; Frucht et al., 2000). Moreover, experimental stress,
including swim stress, has anticonvulsant effects in animals (Gold-
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berg and Salama, 1969; Soubrie et al., 1980; Abel and Berman,
1993; Peric̆ić et al., 2000, 2001). THDOC exhibits anticonvulsant
activity in a variety of animal seizure models (Kokate et al., 1994,
1996), and it is attractive to speculate that DOC-derived
THDOC could play a role in the effects of stress on seizure
susceptibility. This would imply that DOC itself should have
anticonvulsant properties. In fact, shortly after its isolation and
chemical synthesis (von Steiger and Reichstein, 1937), DOC was
reported to protect against pentylenetetrazol (PTZ) seizures in
rats (Selye, 1942; Craig, 1966). However, the mechanism of this
anticonvulsant action has remained obscure. In this study, we
investigate the role of DOC and its neurosteroid metabolite
THDOC in the regulation of seizure susceptibility by stress. Our
results demonstrate that the previously observed anticonvulsant
activity of DOC in the PTZ seizure model is attributable to its
conversion to neurosteroids that promote GABAergic synaptic
inhibition. Moreover, this pathway is likely to be physiologically
relevant in mediating the effects of stress on seizure susceptibility.

MATERIALS AND METHODS
Animal testing and plasma THDOC determinations
Animals. Male Sprague Dawley rats (250–300 gm) were purchased from
Taconic (Germantown, NY). Male National Institutes of Health (NIH)
Swiss mice (25–30 gm) were obtained from the NIH animal program.
Male adrenalectomized Swiss mice were purchased from Taconic. Ani-
mals were allowed to acclimatize with access to food and water ad libitum
for at least 24 hr before use and were group-housed under a 12 hr
light /dark cycle in an environmentally controlled animal facility. All
procedures were performed in strict compliance with the NIH Guide for
the Care and Use of Laboratory Animals under a protocol approved by the
National Institutes of Neurological Disorders and Stroke Animal Care
and Use Committee.

Swim stress and PTZ seizure threshold determination. Rats were sub-
jected to swim stress (10 min) in water at ambient temperature (22°C) in
an acrylic cylindrical container (36 � 54 inches) filled to 75% capacity.
After swimming, the rats were gently dried with towels and warmed by a
heating lamp. After 15 min, the tail vein was cannulated with a 25 gauge
butterfly needle and the animals were infused with 20 mg/ml PTZ
solution in 0.9% sterile saline at a rate of 0.5 ml/min using a Harvard
Apparatus (Holliston, MA) syringe infusion pump. The times between
the start of infusion and the onset of myoclonic forelimb clonus were
recorded in seconds, and the threshold convulsant dose in milligrams of
PTZ per kilogram was calculated.

Estimation of THDOC. Mice were anesthetized with CO2 gas, and 2 ml
of carotid blood was collected in heparinized tubes. The plasma was
separated by centrifugation at 12,000 � g for 10 min and stored at �20°C
in 10 ml glass tubes containing 7.5% EDTA solution (68 �l). The
concentration of THDOC was quantified by liquid chromatography–
mass spectrometry using a Hewlett-Packard (Palo Alto, CA) liquid
chromatograph (analytical column: Genesis C18, 4 �m, 3 � 30 mm;
Jones Chromatography, Lakewood, CO) and a Micromass Quattro II
mass spectrometer (Reddy and Rogawski, 2000). Briefly, a 200 �l plasma
sample was added to a tube containing evaporated internal standard
(5�,3�-pregnanolone). The steroid and internal standard were extracted
with 4 ml of hexane. Each sample was analyzed using the atmospheric
pressure chemical ionization technique under acidic conditions. A stan-

dard curve was plotted using pure THDOC in methanol mixed with 0.2
ml of blank plasma. Plasma samples that had levels of THDOC below the
detection limit (5 ng/ml) were spiked with 20 ng of THDOC, which was
subtracted from the final readings.

Chemoconvulsant seizure tests. DOC, DHDOC, and THDOC were
evaluated for their ability to protect against subcutaneous PTZ (85
mg/kg)-induced clonic seizures in mice (White et al., 1995). DOC was
also evaluated against seizures induced by the GABAA receptor antag-
onists picrotoxin (3.2 mg/kg, s.c.) and methyl-6,7-dimethoxy-4-ethyl-�-
carboline-3-carboxylate (DMCM; 7.5 mg/kg, s.c.). In brief, mice were
injected intraperitoneally with the test compound and 15 min (DHDOC
and THDOC) or 30 min (DOC) later, or at the indicated intervals in the
time course studies, received an injection of PTZ, picrotoxin, or DMCM.
Animals were then observed for a 30 min period. Mice failing to show
clonic spasms lasting �5 sec were scored as protected.

Maximal electroshock seizure test. Thirty min after intraperitoneal
injection of DOC or 15 min after DHDOC and THDOC, mice were
subjected to a 50 mA, 0.2 sec, 60 Hz electrical stimulus via corneal
electrodes (5-mm-diameter stainless steel balls) wetted with normal
saline. Animals failing to show tonic hindlimb extension were scored as
protected.

Amygdala kindling. Electrode implantation and stimulation procedures
for mouse amygdala kindling were as described previously (Rogawski et
al., 2001). Briefly, mice were anesthetized by intraperitoneal injection of
a mixture of ketamine (100 mg/kg) and xylazine (20 mg/kg). A twisted
bipolar stainless steel wire electrode (model MS303/1; Plastic One,
Roanoke, VA) was stereotaxically implanted in the right amygdala com-
plex (1.3 mm posterior and 3.0 mm lateral to bregma and 4.6 mm below
the dorsal surface of the skull) and anchored with dental acrylic to three
jeweler’s screws placed in the skull. A period of 7–10 d was allowed for
recovery. The stimulation paradigm consisted of 1-msec-duration, bipo-
lar, square current pulses delivered at 60 Hz for 1 sec. The afterdischarge
threshold was determined by stimulating at 5 min intervals beginning
with an intensity of 75 �A and increasing in steps of 50 �A until an
afterdischarge of at least 5 sec was obtained. Stimulation on subsequent
days used a stimulation intensity of 125% of the threshold value. Seizure
activity after each stimulation was rated according to the criterion of
Racine (1972) as modified for the mouse: stage 0, no response or
behavior arrest; stage 1, chewing or head nodding; stage 2, chewing and
head nodding; stage 3, forelimb clonus; stage 4, bilateral forelimb clonus
and rearing; stage 5, falling. The afterdischarge was recorded from the
amygdala electrode with a Grass CP511 AC electroencephalogram pre-
amplifier (Astro-Med, West Warwick, RI) and stored in digital form
using Axotape 2.02 (Axon Instruments, Foster City, CA). Kindling
stimulation was delivered daily until stage 5 seizures were elicited on 3
consecutive days. To examine the ability of neurosteroids to suppress the
expression of kindled seizures, the kindled mice underwent a 5 d test
protocol. On the first day, they were verified to exhibit a stimulation-
induced stage 5 seizure. They were then tested on days 2 and 4 after
having received an intraperitoneal injection of DOC or THDOC, re-
spectively, 30 or 15 min before stimulation. The animals received control
stimulations on days 3 and 5. The two seizure scores after drug admin-
istration and the three control seizure scores were averaged.

Motor toxicity test. Motor toxicity was evaluated using a modification of
the horizontal screen test (Coughenour et al., 1977) that determines an
animal’s ability to support its own body weight by grasping a grid. Mice
were placed on a horizontally oriented grid (consisting of parallel 1.5-
mm-diameter rods situated 1 cm apart), and the grid was inverted.
Animals that fell from the grid within 1 min were scored as positive.
Drug-free mice never fell from the grid.

Figure 1. Sequential enzymatic conversion of DOC to DHDOC and THDOC by 5�-reductase and 3�-hydroxysteroid oxidoreductase. Finasteride is a
specific irreversible inhibitor of 5�-reductase; indomethacin competitively blocks 3�-hydroxysteroid oxidoreductase.

3796 J. Neurosci., May 1, 2002, 22(9):3795–3805 Reddy and Rogawski • Stress, Neurosteroids, and Seizure Susceptibility



Drugs. Stock solutions of steroids for injection were made in 30%
hydroxypropyl-�-cyclodextrin (�-cyclodextrin) in water, and additional
dilutions were made using normal saline. By itself, �-cyclodextrin at
concentrations as high as 45% failed to affect PTZ-, maximal electro-
shock (MES)-, or kindling-induced seizures. Indomethacin was sus-
pended in 0.1% methylcellulose solution, which per se had no significant
effect on PTZ-induced seizures. Drug solutions were administered in a
volume equaling 1% of the animal’s body weight. All drugs and chemicals
were obtained from Sigma (St. Louis, MO).

Data analysis. Plasma THDOC concentration data are expressed as
the mean � SEM. The significance of differences in the mean plasma
concentrations and mean PTZ doses in the PTZ threshold test was
assessed by one-way ANOVA, followed by Dunnett’s t test. ED50 values
(the doses at which 50% of tested animals were protected from seizures)
and CD50 values (the doses at which 50% of tested animals exhibited
seizures) with 95% confidence limits were determined by log-probit
analysis using the Litchfield and Wilcoxon procedure. In the construction
of dose–response curves, at least seven animals were tested at each dose.
The significance of differences between steroid dose–response curves in
the PTZ seizure test was assessed with the Litchfield and Wilcoxon � 2

test. Kindling group data are expressed as the mean � SEM; the means
were compared by the Mann–Whitney U test. In all tests, the criterion for
statistical significance was p � 0.05. Statistical analyses were performed
with PHARM/PCS version 4.2 (Microcomputer Specialists, Philadel-
phia, PA).

Cellular electrophysiology
The effect of neurosteroids on the GABAA receptor Cl � currents was
evaluated in cultured hippocampal neurons using whole-cell patch-clamp
recording. Cultures of hippocampal neurons were prepared from 19-d-
old rat embryos according to previously published methods (Segal, 1983;
Donevan et al., 1992). Hippocampi were dissected and triturated in
modified minimal essential medium with Earle’s salt (Advanced Biotech-
nologies Inc., Columbia, MD) by repeated passage through a 10 ml
pipette. The cell suspension was then plated onto 35 mm polystyrene
Petri dishes (Falcon 3001; Becton Dickinson Labware, Oxnard, CA)
precoated with Matrigel at a density corresponding to 1–1.5 hippocam-
pus per dish. The plating medium was supplemented with horse serum
(Invitrogen, San Diego, CA), fetal calf serum, and N3 (composed of
transferrin, putrescine, sodium selenite, triiodothyronine, insulin, pro-
gesterone, and corticosterone). Cell cultures were placed in a humidified
atmosphere containing 10% CO2 at 37°C for 6–12 d before use. Fresh
growth medium (without fetal calf serum and N3) was added after 6 d in
culture.

Electrophysiological recordings from neurons were performed in 35
mm tissue culture dishes on the stage of an inverted phase-contrast
microscope (Nikon Diaphot; Nikon, Tokyo, Japan) at room temperature
(23–25°C). Before each experiment, the culture medium was replaced
with filtered extracellular solution composed of 142 mM NaCl, 8.1 mM
CsCl, 1 mM CaCl2, 6 mM MgCl2, 10 mM HEPES, and 1 �M tetrodotoxin.
The pH of the solution was adjusted to 7.3 using NaOH and to an
osmolality of 325–330 mOsm/kg H2O by adding sucrose. Patch elec-
trodes (prepared from 1.5 mm borosilicate glass capillaries with tip
openings of �2 �m and resistances of 3–8 M�) were filled with an
intracellular solution composed of (in mM): 153 CsCl, 1 MgCl2, 5 EGTA,
and 10 HEPES. The pH of the pipette solution was adjusted to 7.3 using
CsOH and to an osmolality of 315–320 mOsm/kg H2O using sucrose.
Medium-sized neurons with two or three large processes were selected
for study. Recordings were made using an Axopatch 200A amplifier
(Axon Instruments, Burlingame, CA). Membrane currents were filtered
at 1 kHz (�3 dB, four-pole, low-pass Bessel filter), and the corresponding
voltages were acquired in digitized form using an on-line data acquisition
system (pClamp, Axon Instruments).

Drug solutions were applied using a microprocessor-controlled,
gravity-fed, multibarrel microperfusion system that allowed rapid (1
msec) switching between bathing medium and solutions of various test
substances alone or in combination. The perfusion pipette tip (diameter
�500 �M) was positioned 400–500 �m from the cell surface. To examine
modulation of GABA responses, a 10 sec preapplication of either exter-
nal buffer or steroid solution was followed by a 10 sec application of
GABA plus steroid, followed by a 10 sec wash with external buffer
solution. To examine the direct actions of the steroids, the steroids were
continuously perfused for 20 sec. Stock solutions of steroids were pre-
pared in dimethylsulfoxide (DMSO) and diluted to final concentration in
extracellular solution (DMSO concentration � 0.01–0.1%). To avoid

artifacts caused by effects of DMSO on the steroid-induced currents, all
other solutions, including GABA, also contained 0.05% DMSO. Appli-
cations of GABA and steroids either alone or in combination were
separated by a time interval of at least 1 min to minimize desensitization.

Fractional potentiation produced by the steroids was calculated as
(IS � IGABA)/IGABA, where IGABA is the peak amplitude of the control
GABA response and IS is the peak amplitude of the response produced
during coapplication of GABA and the test steroid. The estimated concen-
tration producing a doubling in the amplitude of the GABA response
(EC100) was determined by interpolation from the concentration-response
data. Concentration-response data for direct activation of Cl � currents
were fitted using the Levenberg–Marquardt nonlinear least-squares
method to the logistic equation F � Fmax/{1 	 (EC50/[S])nH}, where F
represents the ratio of potentiated peak current and the peak current
evoked by 10 �M GABA (IGABA), Fmax is the maximum ratio, [S] is the
steroid (or GABA) concentration, and nH is an empirical parameter
describing the steepness of fit (equivalent to the Hill coefficient). Data
are presented as the mean � SEM.

RESULTS
Swim stress elevation of PTZ seizure threshold and
plasma THDOC levels in rats: reversal by finasteride
Acute swim stress (10 min) resulted in a significant increase
(22%; p � 0.05) in the threshold for PTZ-induced clonic seizures
(Fig. 2). To examine whether the effect of stress on seizure
susceptibility is related to neurosteroids, male rats were pre-
treated by intraperitoneal injection 90 min before the start of
swimming (115 min before PTZ infusion) with 100 mg/kg finas-
teride, an irreversible inhibitor of types I and II 5�-reductase in
rodents (Normington and Russell, 1992; Thigpen and Russell,
1992; Azzolina et al., 1997), which has been shown previously to
inhibit neurosteroid synthesis (Kokate et al., 1999). Finasteride
did not affect the seizure threshold of nonstressed (naive) ani-
mals. It did, however, completely prevent the stress-induced ele-
vation of seizure threshold. Moreover, in finasteride-treated
stressed rats, the seizure threshold was reduced significantly be-
low the threshold in nonstressed animals.

Swim stress was associated with an increase in THDOC plasma
levels at the time of seizure testing (Fig. 2). In naive rats,
THDOC plasma levels were only slightly and nonsignificantly
decreased by pretreatment with finasteride. However, finasteride
completely prevented the stress-induced increase in plasma

Figure 2. Acute swim stress elevates clonic seizure threshold and plasma
THDOC levels: inhibition by finasteride. Rats were subjected to swim-
ming for 10 min in water at ambient temperature, and the seizure
threshold was estimated 15 min later by intravenous infusion of PTZ.
Immediately after seizure occurrence, plasma samples were collected for
THDOC determination by liquid chromatography–mass spectrometry.
Pretreatment with finasteride (100 mg/kg, i.p.) 90 min before swim stress
significantly decreased the stress-induced increase of THDOC level and
seizure threshold. Data represent mean � SEM (n � 8 per group). *p �
0.05 versus naive controls (Dunnett’s t test); others are not significantly
different from naive controls.
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THDOC ( p � 0.01). The ability of finasteride to prevent the
stress-induced increase in seizure threshold and rise in THDOC
suggested that acute stress modulates seizure susceptibility by
enhancing 5�-pregnane-derived neurosteroids such as THDOC.
Because THDOC is derived from DOC, these results raised the
possibility that the anticonvulsant effects of acute stress could be
mediated by increased DOC synthesis or availability.

DOC-induced elevation of PTZ seizure threshold in
rats: correlation with plasma THDOC levels
To evaluate the possibility that the anticonvulsant effects of swim
stress are related to enhanced DOC synthesis and conversion to
THDOC, we sought to confirm that DOC itself has anticonvul-
sant activity that is correlated with THDOC levels. Intraperito-
neal administration of DOC (1.9–30 mg/kg) in rats caused a
dose-dependent elevation of the PTZ seizure threshold (Fig. 3).
There was a corresponding dose-dependent increase in plasma
THDOC levels. The lowest DOC dose tested (1.9 mg/kg) caused
a 12% elevation in seizure threshold ( p � 0.05) and was associ-
ated with an increase in mean plasma THDOC from 3.8 to 27
ng/ml ( p � 0.001).

Anticonvulsant actions of DOC in mice
Additional anticonvulsant testing was performed using an all-or-
none mouse model with an ED97 dose of PTZ (85 mg/kg, s.c.).
This model provides greater reproducibility and allows quantifi-
cation of anticonvulsant ED50 values but is less sensitive to the
anticonvulsant effects of neurosteroids. As in the rat PTZ thresh-
old model, acute administration of DOC protected male mice
against PTZ-induced clonic seizures in a dose-dependent manner
(Fig. 4); the ED50 value determined by log-probit analysis is
presented in Table 1. THDOC plasma levels were determined in
a separate group of animals at the same time as the initiation of
the seizure testing. For increasing doses of DOC, there was a
corresponding dose-dependent increase in plasma THDOC lev-
els that was highly correlated with the dose–response relationship
for seizure protection in the PTZ test (r � 0.91). The interpolated
plasma THDOC level at the ED50 dose of DOC is 595 ng/ml.

Activity of DOC in other chemoconvulsant models,
MES test, and screen test
In addition to characterizing its actions in the PTZ seizure test,
we examined DOC for protective activity against seizures in-
duced by various other chemoconvulsants in mice. DOC was also
examined for activity in the MES test and for motor toxicity in
the screen test. The results of these studies are summarized in
Table 1. DOC protected in a dose-dependent manner against
seizures induced by picrotoxin and DMCM. At higher doses, it
was protective in the MES test. At doses as high as 300 mg/kg, it
did not protect against seizures induced by strychnine (1.3 mg/kg,
s.c.), kainic acid (32 mg/kg, s.c.), 4-aminopyridine (13.3 mg/kg,
s.c.), and NMDA (257 mg/kg, s.c.). At doses comparable with
those that were effective in the PTZ test, DOC induced motor
impairment as detected by the screen test.

Effects of finasteride and indomethacin on
anticonvulsant activity of DOC in PTZ test
If the anticonvulsant effects of DOC are caused by its conversion
to THDOC, then inhibitors of the two reduction steps through
which THDOC is synthesized from DOC should interfere with
its protective activity. We used finasteride as in the swim stress
experiments to block the initial 5�-reductase step, and we also
studied indomethacin, which has been reported to act as a com-
petitive inhibitor of 3�-hydroxysteroid oxidoreductase (Penning
et al., 1985). Finasteride (50 mg/kg, i.p.) caused an 84% reduction
in the conversion of DOC to THDOC as assessed by plasma
THDOC determinations 30 min after a 150 mg/kg intraperito-
neal injection of DOC administered 60 min after finasteride
(control THDOC, 1081 � 91 ng/ml; finasteride, 176 � 11 ng/ml).

As illustrated in Figure 5A, pretreatment with finasteride (10
mg/kg, i.p.) caused a marked rightward shift in the dose–response
relationship for DOC protection against PTZ seizures. However,
the highest DOC dose tested (300 mg/kg) almost completely
overcame the reversal. Finasteride significantly increased the
anticonvulsant ED50 values of DOC derived from these data from
a control value of 84 mg/kg [95% confidence limits (CL), 35–145
mg/kg] to 180 mg/kg (95% CL, 139–233 mg/kg). Similarly, in-

Figure 3. Systemic DOC administration elevates clonic seizure threshold
and plasma THDOC levels. Rats were injected intraperitoneally with
vehicle (control) or various doses of DOC. Thirty minutes later, the
seizure threshold was estimated by intravenous infusion of PTZ. Imme-
diately after seizure occurrence, plasma samples were collected for
THDOC determination by liquid chromatography–mass spectrometry.
Data represent mean � SEM (n � 7–8 per group). *p � 0.05 versus
control; **p � 0.01 versus control (Dunnett’s t test). Plasma THDOC
values are all significantly different from control (p � 0.001).

Figure 4. Protective activity of DOC in the PTZ seizure test correlates
with plasma THDOC levels. DOC (25–200 mg/kg, i.p.) was administered
to male mice 30 min before injection of PTZ (85 mg/kg, s.c.) or plasma
collection. Each point in the seizure test curve represents eight mice; each
point in the plasma THDOC curve represents the mean � SEM of
THDOC determinations in a separate group of six mice. There is a high
correlation (r � 0.91; p � 0.001) between the dose–response relationship
for seizure protection and the mean plasma THDOC levels.
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domethacin also inhibited the antiseizure activity of DOC [ED50

after indomethacin treatment, 129 mg/kg (95% CL, 107–154
mg/kg)]; this inhibitory action could also be completely overcome
at high DOC doses. Figure 5B shows the dose–response relation-
ships for finasteride and indomethacin inhibition of seizure pro-
tection by a 2� ED50 (168 mg/kg) dose of DOC. The ED50 value
for finasteride inhibition of the antiseizure activity of DOC was
7.2 mg/kg (95% CL, 5–30 mg/kg). Similarly, high doses of indo-
methacin significantly but only partially (39% at 300 mg/kg)
inhibited the antiseizure activity of these high doses of DOC (Fig.
5B). The expected inhibition determined by interpolation for 100
mg/kg indomethicin from the experiment shown in Figure 5A is
11%, which compares favorably with the expected 10% inhibition
by the same dose in the experiment shown in Figure 5B.

We have shown previously that finasteride is neither procon-
vulsant nor has any nonspecific anticonvulsant actions in the PTZ
test in mice (Kokate et al., 1999). To ascertain whether indometh-
acin affects the PTZ seizure threshold, we compared the dose–
response relationships for PTZ (30–85 mg/kg) 30 min after
animals were injected with 100 mg/kg indomethacin or vehicle.
The CD50 values for the vehicle control [48 mg/kg (95% CL,
42–54 mg/kg)] and indomethacin pretreatment groups [46 mg/kg
(95% CL, 41–52 mg/kg)] did not differ significantly, indicating
that indomethacin did not affect the PTZ seizure test.

These data provide strong evidence that the antiseizure activ-
ity of DOC in the PTZ model is mediated by its A-ring reduced
metabolites. Moreover, the dramatic activity of finasteride in
conjunction with the limited efficacy of indomethacin suggested
that DHDOC as well as THDOC could participate in the anti-
convulsant activity of DOC.

Anticonvulsant activity of DHDOC: comparison with
DOC and THDOC
To investigate the possibility that the intermediate DHDOC as
well as THDOC contributes to the anticonvulsant activity of
DOC, we administered the intermediate directly. As predicted,
DHDOC exhibited a dose-dependent protective activity in the
mouse PTZ test and was only slightly less potent than THDOC
(Fig. 6A). At higher doses, both DHDOC and THDOC also
protected in a dose-dependent manner against MES-induced
seizures and impaired motor function as assessed with the screen
test (ED50 values in Table 1).

Time courses for seizure protection
The time courses for seizure protection after a 2� ED50 dose of
DOC, DHDOC, and THDOC are shown in Figure 6B. DOC
exhibited a slow onset to peak effect (30 min) and a sustained
duration of action (up to 180 min). In contrast, for DHDOC and
THDOC, protection was maximal at 15 min and diminished
during the 60 min period after the injection. These results are
compatible with the possibility that DOC is activated by conver-
sion to DHDOC and THDOC.

Effects of finasteride and indomethacin on
anticonvulsant activity of DHDOC and THDOC
The anticonvulsant activity of DHDOC could be either attribut-
able to its own direct action or mediated via conversion to
THDOC. If DHDOC is activated by conversion to THDOC, its
anticonvulsant activity should be sensitive to indomethacin. As
shown in Figure 6C, indomethacin (100 mg/kg), but not finas-
teride (10 mg/kg), significantly reduced the antiseizure activity of
DHDOC [control ED50, 25.5 mg/kg (95% CL, 23–53 mg/kg),
indomethacin treatment, 48 mg/kg (95% CL, 34–68 mg/kg); p �
0.05] (Fig. 6C). Neither finasteride nor indomethacin affected
THDOC protection against PTZ-induced seizures (Fig. 6D).

Figure 5. Finasteride and indomethacin inhibit the protective activity of
DOC in the PTZ seizure test. A, Dose–response relationship for DOC
(50–300 mg/kg, i.p.) protection against PTZ seizures is shifted to the
right by pretreatment with finasteride (10 mg/kg, i.p.) or indomethacin
(100 mg/kg, i.p.). B, Dose–response relationship for finasteride (1–50
mg/kg, i.p.) or indomethacin (10–300 mg/kg, i.p.) inhibition of the anti-
convulsant activity of DOC (168 mg/kg) in the PTZ test. A and B,
Finasteride or indomethacin was administered 60 or 30 min, respectively,
before the DOC injection. Each point represents data from eight mice.

Table 1. ED50 values of DOC, DHDOC, and THDOC in seizure and
motor toxicity tests in mice

DOC
(mg/kg)

DHDOC
(mg/kg)

THDOC
(mg/kg)

Seizure tests
PTZ 84 (68–104) 26 (21–32) 19 (12–28)
Picrotoxin 97 (77–122) ND ND
DMCM 88 (62–125) ND ND
MES 108 (35–166) 58 (48–71) 48 (35–66)

Screen test 73 (57–94) 27 (20–36) 57 (37–90)

DOC was administered 30 min before testing; DHDOC and THDOC were admin-
istered 15 min before testing. In the seizure tests, mice that failed to show clonic
spasms during a 30 min period after injection of the chemoconvulsant were scored
as protected. ED50 values were determined according to the Litchfield and Wilcoxon
procedure. Numbers in parentheses are 95% confidence intervals. ND, Not deter-
mined. DOC (�300 mg/kg, i.p.) had no protective activity against seizures induced
by strychnine (1.3 mg/kg, s.c.), kainic acid (32 mg/kg, s.c.), 4-aminopyridine (13.3
mg/kg, s.c.), and NMDA (257 mg/kg, s.c.).
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Effects of pharmacological antagonists on
anticonvulsant activity of DOC in MES test
In contrast to its effects in the PTZ test, finasteride (up to 200
mg/kg) did not block the protective effects of high doses of DOC
(214 mg/kg) on tonic hindlimb extension in the MES seizure test
(only one of nine mice showed tonic hindlimb extension with 200
mg/kg finasteride pretreatment). In addition, mifepristone (3–30
mg/kg, s.c.), a progesterone receptor antagonist, and spironolac-
tone (5–30 mg/kg, s.c.), a mineralocorticoid receptor antagonist,
did not inhibit the antiseizure activity of DOC (168 mg/kg)
against PTZ-induced seizures, indicating that it does not act
through classic steroid nuclear hormone receptors (data not
shown).

Activity of DOC in adrenalectomized mice
To exclude the possibility that the anticonvulsant activity of DOC
is related to adrenal conversion to neurosteroids or to the mod-
ification of adrenal steroid synthesis, we examined its activity in
adrenalectomized mice. The ED50 for DOC protection against
PTZ-induced seizures was 67 mg/kg (95% CL, 51–90 mg/kg),
which is not significantly different from the value in naive controls
(Table 1), indicating that adrenal cortical 5�-reductase (Yokoi et
al., 1998) is not required for the anticonvulsant activity of DOC.
In adrenalectomized mice, finasteride (30 mg/kg) reversed the
protective effect of a 2� ED50 dose of DOC (134 mg/kg) in five
of six animals. This dose of DOC protected six of six control
animals. These results indicate that extra-adrenal conversion of
DOC to anticonvulsant neurosteroids requires 5�-reductase.

Antiseizure activity of DOC and THDOC in kindling
model of epilepsy
DOC and THDOC were also examined for protective activity
against fully kindled seizures in the mouse amygdala-kindling
model of epilepsy. Mice with a bipolar stimulating electrode
implanted unilaterally into the right amygdala were stimulated

once daily at 125% of their afterdischarge threshold until they
exhibited stage 5 kindled seizures on 3 successive days (Rogawski
et al., 2001). There was a progressive increase in seizure stage,
with all animals achieving stage 5 after 17 stimulations. The mean
afterdischarge duration did not vary significantly during the
course of stimulation in saline-treated animals. Administration of
DOC (50–100 mg/kg, i.p.) 30 min before electrical stimulation in
fully kindled animals caused a dose-dependent suppression of the
behavioral seizure scores (Fig. 7A) but did not affect the after-
discharge duration (data not shown). Pretreatment with finas-
teride (10 and 30 mg/kg, i.p.) produced a dose-dependent reversal
of the protective effect of 100 mg/kg DOC. Neither the seizure
score nor the afterdischarge duration was significantly affected by
finasteride alone. Similarly, administration of THDOC (3–20
mg/kg, i.p.) 15 min before stimulation also caused a dose-
dependent reduction in the seizure score in fully kindled animals
(Fig. 7B). However, finasteride (10 and 30 mg/kg) failed to
produce a significant reversal of the inhibition of kindled seizures
produced by 20 mg/kg THDOC. These results indicate that the
anticonvulsant activity of DOC against kindled seizures is medi-
ated via its 5�-reduced metabolites.

Effects of DHDOC and THDOC on GABAA
receptor function
The ability of DHDOC and THDOC to modulate GABAA

receptor function was investigated in whole-cell voltage-clamp
recordings of GABAA receptor Cl� currents in cultured hip-
pocampal neurons (Fig. 8). Perfusion with 10 �M GABA evoked
inward currents that were blocked by 100 �M bicuculline methio-
dide and 100 �M picrotoxin, indicating that they are mediated by
GABAA receptors (Fig. 9B). As demonstrated previously
(Kokate et al., 1994), preapplication (10 sec) and then coapplica-
tion of THDOC (10–1000 nM) with 10 �M GABA resulted in
enhancement of the current response in comparison with the

Figure 6. Anticonvulsant activity of
DHDOC and THDOC in the PTZ sei-
zure test: effects of finasteride (Finast.)
and indomethacin (Indomet.). A, Dose–
response relationships for protection by
DOC, DHDOC, and THDOC in the
PTZ seizure test. B, Time courses for
protection against PTZ-induced seizures
by DOC (168 mg/kg, i.p.), DHDOC (52
mg/kg, i.p.), and THDOC (38 mg/kg,
i.p.) administered at time 0. The points at
time 0 represent the simultaneous ad-
ministration of PTZ and a neurosteroid.
The lines represent arbitrary fits to the
data points. C, Dose–response relation-
ship for DHDOC protection against
PTZ seizures is shifted to the right by
indomethacin (100 mg/kg, i.p.) pretreat-
ment but not by finasteride (10 mg/kg,
i.p.) pretreatment. D, Lack of effect of
finasteride and indomethacin pretreat-
ment on the dose–response relationship
for THDOC protection against PTZ sei-
zures. Finasteride or indomethacin was
administered 60 or 30 min, respectively,
before the DHDOC or THDOC injec-
tions. Each point represents data from
eight mice.
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magnitude of the response obtained with GABA alone. Sample
currents obtained with 10 �M GABA alone or in combination
with THDOC are illustrated in Figure 8A. As shown in Figure
8B, there was a concentration-dependent increase in the degree
of potentiation, with concentrations as low as 10 nM producing a
significant increase. The concentration that produced a doubling
of the control GABA current (EC100) estimated by interpolation
was 150 nM. Similarly, DHDOC (10–1000 nM) also produced a
concentration-dependent enhancement of GABA-activated Cl�

currents that was evident at concentrations as low as 30 nM but
was quantitatively smaller than the potentiation produced by
THDOC; the interpolated EC100 was �500 nM.

At high concentrations, neurosteroids, in the absence of
GABA, directly activate GABAA receptor Cl� currents (Kokate
et al., 1994). We confirmed this effect for THDOC and observed
a similar direct effect of DHDOC (Fig. 8C,E). As illustrated in
Figure 8C, perfusion of hippocampal neurons with 1 or 100 �M

DHDOC (in the absence of GABA) resulted in activation of
inward current responses that were similar to the response evoked
by GABA. The maximum amplitudes of the THDOC or DHDOC
responses were 58 and 41% of the 10 �M GABA response ampli-
tude, which was 32% of the maximal GABA response amplitude
(Fig. 8D). Thus, even the maximal steroid-evoked currents were
only a fraction (�20%) of the maximal GABA-activated Cl�

current. Like GABA-evoked responses, the currents evoked di-

rectly by THDOC and DHDOC were blocked by coapplication of
picrotoxin and bicuculline methiodide, as illustrated for THDOC
in Figure 9, indicating that they are attributable to activation of
GABAA receptors.

DISCUSSION
Swim stress elevation in seizure threshold is mediated
by neurosteroids
Our observation that swim stress increases the threshold for
clonic seizures in rats induced by intravenous PTZ is consistent
with several previous studies demonstrating that acute swim stress
is associated with anticonvulsant effects against seizures induced
by PTZ and other GABAA receptor antagonists (Soubrie et al.,
1980; Abel and Berman, 1993; Peric̆ić et al., 2000, 2001). At the
time of seizure protection, swim stress was associated with a
2.9-fold elevation in plasma THDOC levels. Similar increases in
plasma THDOC levels have been observed previously in re-
sponse to swim stress and other stressors, including footshock
(Purdy et al., 1991; Barbaccia et al., 1996). Moreover, we observed
that both the elevation in seizure threshold and the rise in
THDOC were eliminated by pretreatment with finasteride, con-
sistent with the possibility that the anticonvulsant effect is medi-
ated by 5�-reduced neurosteroids. [Our results differ from those
of Peric̆ić et al. (2000), possibly because of differences in the
seizure models.] Finasteride did not affect seizure threshold or
THDOC levels in nonstressed animals, indicating that THDOC
turnover under basal conditions is substantially longer than the 90
min pretreatment interval and that the stress-induced increase in
THDOC is related to de novo synthesis. In rodents, finasteride
blocks the type I 5�-reductase isoenzyme, which is the predom-
inant form in the brain, as well as the type II form of the prostate
and gonads (Russell and Wilson, 1994; Mensah-Nyagan et al.,
1999; Poletti et al., 1999). Consequently, the neurosteroids re-
sponsible for stress-induced seizure protection could be synthe-
sized in peripheral tissues and then transported by the circulation
to the brain, or they could be produced locally in the brain. In
fact, because of local biosynthesis, brain THDOC levels may be
substantially higher than plasma levels after stressful events
(Purdy et al., 1991). Because the synthesis of DOC, the precursor
of THDOC, is increased by stress (Barbaccia et al., 1996) and
THDOC is well recognized to have anticonvulsant activity
(Kokate et al., 1994), THDOC is a prime candidate for the
neurosteroid responsible for the swim stress effects on seizures. In
this regard, it is noteworthy that 3�-hydroxysteroid oxidoreduc-
tase, the enzyme responsible for the final step in the synthesis of
THDOC, is also present in the brain (Li et al., 1997; Stoffel-
Wagner et al., 2000). In addition to blocking THDOC biosynthe-
sis, finasteride also inhibits the conversion of progesterone to
allopregnanolone (Azzolina et al., 1997). It is therefore possible
that allopregnanolone or other anticonvulsant 5�-reduced neuro-
steroids might also have contributed to the antiseizure effects of
swim stress. In fact, there is evidence that levels of allopreg-
nanolone, like those of THDOC, are increased during stress
(Purdy et al., 1991; Barbaccia et al., 1996). However, glucocorti-
coids, which reach higher levels than DOC during stress (Kater et
al., 1989), are not likely to be involved in the protective effects of
swim stress on seizures, because they either decrease or do not
affect seizure thresholds in animals (Heuser and Eidelberg, 1961;
Conforti and Feldman, 1975; Roberts and Keith, 1994; Peric̆ić et
al., 2000). We unexpectedly observed that the seizure threshold of
finasteride-treated stressed rats was significantly reduced below
the baseline control value. This suggests the existence of a pro-

Figure 7. Inhibition of fully kindled seizures by DOC and THDOC:
reversal of DOC but not THDOC by finasteride. A, Mice that exhibited
stage 5 seizures on 3 consecutive days received an intraperitoneal injec-
tion of vehicle or DOC (50–100 mg/kg) 30 min before stimulation on days
1 and 3 of stimulation. Some animals received finasteride (10 or 30
mg/kg) 1 hr before DOC. B, Similar experiment to A except that THDOC
(3, 10, or 20 mg/kg 15 min before stimulation) was substituted for DOC.
Each bar represents the mean � SEM of data from six to eight animals.
*p � 0.05, **p � 0.01 versus vehicle (Veh); #p � 0.05 versus DOC (100
mg/kg) alone group (Mann–Whitney U test).
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convulsant factor released during stress whose activity is masked
by the concomitant release of anticonvulsant neurosteroids.

GABAA receptor-modulating neurosteroids are
responsible for the antiseizure activity of DOC
To obtain support for the hypothesis that DOC contributes to
stress-related reductions in seizure susceptibility, we examined
DOC as an anticonvulsant. We confirmed early studies showing
that DOC protects against PTZ-induced seizures (Selye, 1942;
Craig, 1966) and extended this work by demonstrating an effect of
the steroid in several other chemoconvulsant models and against
fully kindled seizures. We found that seizure protection in the rat
PTZ threshold test occurred with low doses of DOC that were
associated with levels of plasma THDOC comparable with those
in the stressed rats. However, the magnitude of the seizure
threshold elevation after swim stress was greater than that occur-
ring with the lowest dose of DOC (22% vs 12%), although the
elevation in plasma THDOC was less after stress than with this
dose of DOC (threefold vs sevenfold). This supports the possi-
bility that additional factors (such as allopregnanolone) may con-
tribute to the anticonvulsant activity of swim stress.

In the mouse all-or-none PTZ test, we found that the anticon-
vulsant activity of DOC was well correlated with plasma THDOC
levels, although the absolute concentrations required for seizure
protection were substantially greater than in the rat PTZ thresh-
old model. Finasteride completely blocked the antiseizure activ-

ity of DOC and markedly blunted the increase in plasma
THDOC obtained after administration of the precursor. We also
found that indomethacin, an inhibitor of 3�-hydroxysteroid oxi-
doreductase, significantly reduced but did not completely block
the anticonvulsant activity of DOC. Together, these results indi-
cate that DOC itself is not anticonvulsant and must be activated
by A-ring reduction. The relatively delayed onset and more pro-
longed duration of seizure protection conferred by DOC com-
pared with DHDOC and THDOC (Fig. 6B) is compatible with
the possibility that DOC is an inactive precursor that must be
metabolically activated. Nevertheless, it is apparent that DOC is
rapidly converted to its active metabolites, inasmuch as some
seizure protection was apparent even at times as brief as 7 min
after its parenteral administration.

The observation that indomethacin is not fully effective at
eliminating the anticonvulsant activity of DOC is consistent with
the possibility that DHDOC could contribute to the antiseizure
activity. The spectrum of activity exhibited by DOC in animal
seizure models was similar to that of anticonvulsants that modu-
late GABAA receptors, providing additional support for the con-
cept that the protection is ultimately mediated through GABAA

receptors. Thus, like GABAA receptor modulators (Rogawski
and Porter, 1990), DOC exhibited protective activity against
seizures induced by the GABAA receptor antagonists PTZ, pic-
rotoxin, and DMCM but did not confer protection against sei-

Figure 8. Modulatory and direct actions of THDOC and
DHDOC on GABAA receptor Cl � currents in cultured
hippocampal neurons. A, Sample traces showing Cl � cur-
rents evoked during perfusion with 10 �M GABA alone and
coapplication of GABA and 1 �M THDOC or 1 �M DH-
DOC. The steroids were preapplied for 10 sec before the
onset of the GABA coapplication. Dotted lines indicate
baseline current. Time scale applies to both traces. B, Con-
centration–response curves for THDOC and DHDOC de-
rived from experiments similar to those shown in A. Peak
amplitude values during coapplication of GABA and neu-
rosteroid were compared with the amplitude of 10 �M
GABA responses in the same cells (see Materials and
Methods). Each point represents the mean � SEM of frac-
tional increase values from five to eight cells. The curves
show arbitrary logistic fits to the mean values; parameters
could not be derived because plateau responses were not
achieved. Approximate EC100 values determined by inter-
polation for THDOC and DHDOC are 150 and 500 nM,
respectively. C, Inward currents evoked by 10 �M GABA
and 1 and 100 �M DHDOC alone. The thick trace in the
middle panel shows the trace expanded 10-fold. D, Concen-
tration dependence of peak GABA-activated Cl � current
expressed as a fraction of the current evoked by 100 �M
GABA. EC50 , 19.6 �M; nH , 1.1; mean current for 100 �M
GABA, 6.1 � 1.1 nA. E, Concentration–response curves
for direct activation of inward current by DHDOC or
THDOC alone. Currents are expressed as a fraction of the
peak current evoked by 10 �M GABA in the same cell.
Curves are fitted as described in Materials and Methods.
EC50 and Fmax values for THDOC and DHDOC are 19.0 �
2.3 �M and 0.58 � 0.03 (nH � 2.1), and 30.2 � 6.0 �M and
0.41 � 0.06 (nH � 2.9), respectively. D and E, Each point
represents the mean � SEM of data from 5 to 12 cells.
Holding potential in all experiments, �60 mV.
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zures induced by the glutamate receptor agonists NMDA and
kainate and the glycine receptor antagonist strychnine. In addi-
tion, DOC was highly active against fully kindled seizures, as are
drugs that facilitate GABAergic neurotransmission (Albertson et
al., 1980; Morimoto et al., 1993, 1997). Neuroactive steroids have
been reported to protect against corneal and PTZ-kindled sei-
zures (Carter et al., 1997; Gasior et al., 2000). We now extend
these observations by showing that THDOC and also DOC are
protective against seizures in the amygdala-kindling model.
There are several early reports that DOC is effective against
electroshock seizures (Woodbury and Davenport, 1949; Craig,
1966; Ferngren, 1969). We also found that high doses of DOC are
protective in the MES test, as we reported previously for high
doses of progesterone and its A-ring reduced metabolite allopreg-
nanolone (Kokate et al., 1999). However, the anticonvulsant
activity of DOC in the MES test, like that of progesterone in our
previous study, was unaffected by finasteride, indicating that it
occurs through mechanisms unrelated to conversion to GABAA

receptor-modulating neurosteroids.

Identity of the neurosteroids that mediate the
anticonvulsant activity of DOC
Finasteride and indomethacin inhibited the anticonvulsant activ-
ity of DOC without themselves affecting seizure threshold
(Kokate et al., 1999; Reddy and Rogawski, 2000), providing
strong evidence that A-ring reduced neurosteroid metabolites
contribute to the anticonvulsant activity of the adrenal steroid.
Several considerations indicate that DHDOC and THDOC rep-
resent these activated metabolites. The observation that finas-
teride can completely block the anticonvulsant activity of DOC
indicates that the 5�-reduced isomers of DHDOC and THDOC,
which could be produced by 3-ketosteroid 5�-reductase in the
liver (Charbonneau and The, 2001) and brain (Kawahara et al.,

1975), do not play a role in the anticonvulsant activity, although
the 5�-isomers have anticonvulsant activity that is only modestly
less potent than their 5�-congeners (Kokate et al., 1994). How-
ever, indomethacin did not fully block the anticonvulsant activity
of DOC, suggesting that the intermediate DHDOC may have
anticonvulsant activity itself. Alternatively, metabolites of
DHDOC other than THDOC could have anticonvulsant activ-
ity. In this regard, it is noteworthy that 3�-reduced analogs
have low GABAA receptor modulatory activity and are corre-
spondingly weak anticonvulsants (Kokate et al., 1994). Moreover,
steroid 3�-reducing activity has not been reported. Therefore,
3�-reduced DHDOC metabolites are unlikely to contribute to the
anticonvulsant activity of DOC. The conclusion that DHDOC is
an active DOC metabolite relies on the effectiveness of indometh-
acin as an inhibitor of 3�-hydroxysteroid oxidoreductase. Indo-
methacin is a highly potent and effective inhibitor of the enzyme
in vitro that is active in vivo even at doses that are substantially
lower than those required to affect the anticonvulsant activity of
DOC (Penning and Talalay, 1983; Penning et al., 1985; Smithgall
and Penning, 1985; Gallo and Smith, 1993; Beyer et al., 1999).
The fact that DHDOC can potentiate GABAA receptor re-
sponses, albeit with less potency than THDOC, suggests that
DHDOC could contribute to the anticonvulsant activity of DOC,
particularly in the presence of 3�-hydroxysteroid oxidoreductase
inhibition, when DHDOC levels would be expected to become
significant.

Antiseizure activity of DOC occurs via neurosteroid
potentiation of GABAA receptors
Our electrophysiological studies confirm that THDOC acts as a
positive modulator of GABAA receptors (Majewska et al., 1986;
Harrison et al., 1987; Lambert et al., 1990; Purdy et al., 1990;
Wetzel et al., 1999), and we now show that the intermediate
DHDOC acts in a similar manner. Both of the steroids directly
activate GABAA receptor Cl� currents and potentiate the action
of GABA, as does the progesterone-derived neurosteroid allo-
pregnanolone (Kokate et al., 1994; Lambert et al., 1995; Park-
Chung et al., 1999). The mean plasma concentration of THDOC
determined after swim stress (6.2 ng/ml � 19 nM) is within the
range of concentrations found to enhance GABA-activated Cl�

currents. Comparable concentrations of THDOC (27 ng/ml)
were associated with a statistically significant elevation in the rat
PTZ seizure threshold (Fig. 3). However, these concentrations do
not appear to be adequate for seizure protection in the less
sensitive mouse PTZ test (Fig. 4). In any case, plasma concentra-
tions might not fully reflect brain levels because of local synthesis.
The direct agonist actions of THDOC and DHDOC were antag-
onized by bicuculline and picrotoxin to an extent similar to
GABA, demonstrating that the currents obtained were caused by
activation of GABAA receptors. The micromolar concentrations
at which these direct effects occur were not achieved in the stress
paradigm used in this study but were attained with exogenous
administration of doses of DOC active in the PTZ test (plasma
concentration after ED50 DOC dose, 1.8 �M).

Implications
It has been recognized for centuries that emotional factors can
affect seizure control (Minter, 1979). Although most systematic
studies have observed that high stress levels and stressful events
are associated with more frequent epileptiform electroencepha-
lographic abnormalities and seizures (Temkin and Davis, 1984;
Frucht et al., 2000), there are situations in which stress or alerting

Figure 9. Currents evoked by THDOC are blocked by the GABAA
receptor antagonists picrotoxin (PTX ) and bicuculline (BIC). A, Repre-
sentative current traces showing block of currents activated by 30 �M
THDOC in two separate cells by 100 �M PTX (lef t) and 100 �M BIC
(right). B, Fractional block of currents evoked by 30 �M THDOC (lef t)
and 10 �M GABA (right) by PTX and BIC in experiments similar to those
shown in A. Peak current amplitudes in the presence of PTX and BIC are
normalized to the peak control current amplitudes in the absence of
antagonist. Each bar represents the mean � SEM of data from three to
five cells. Mean amplitudes of THDOC- and GABA-evoked currents are
1030 � 170 pA (n � 5) and 1920 � 380 pA (n � 5), respectively. Holding
potential, �60 mV.
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has been demonstrated to reduce epileptiform electrographic
abnormalities (Minter, 1979). Nevertheless, it is generally ac-
cepted that stress triggers seizures. How can the present obser-
vations be reconciled with this view? There are undoubtedly
many neural and endocrine pathways through which stress can
alter brain function and thereby affect seizure susceptibility. The
likelihood of seizures represents a balance between these path-
ways, some of which promote seizures (e.g., glucocorticoids, CRF,
hypercarbia associated with hyperventilation) and others (e.g.,
neurosteroids) that protect against seizures. Stress-induced sei-
zures would therefore occur when the balance is shifted to favor
the proconvulsant factors, outweighing the anticonvulsant action
of endogenous GABAA receptor-modulating neurosteroids. We
have shown previously that withdrawal from allopregnanolone
dramatically enhances seizure susceptibility (Reddy and Rogaw-
ski, 2000, 2001). Similarly, withdrawal of adrenal-derived neuro-
steroids in association with variations in the level of stress during
a stressful episode could be another factor that predisposes to
stress-induced seizures.
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effect of swim stress in mice. Pharmacol Biochem Behav 66:879–886.
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