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Neuroactive steroids exacerbate y-hydroxybutyric acid-induced absence
seizuresin rats
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Abstract

Certain naturally-occurring steroid metabolites and their synthetic analogs (neuroactive steroids) alosterically enhance GABA ,
receptor function and possess potent anticonvulsant properties. In the present study, the effect of two synthetic neuroactive steroids,
aphaxalone (5a-pregnane 3a-ol-11, 20-dione) and tetrahydrodeoxycorticosterone was studied in a rat model of generalized absence
seizures induced by +vy-hydroxybutyric acid. Both steroids dose-dependently exacerbated y-hydroxybutyric acid-induced absence seizures
upon systemic administration and after focal administration into thalamic ventrobasal nucleus. However, alphaxalone and tetrahydro-
deoxycorticosterone failed to potentiate y-hydroxybutyric acid-induced absence seizures when injected into thalamic reticular nucleus. In
all the doses of steroids tested in thalamic reticular nucleus, the duration of y-hydroxybutyric acid-seizures was neither prolonged nor
shortened. This nonresponsiveness of thalamic reticular nucleus to neuroactive steroids in modulating absence seizures may have arisen
due to the molecular heterogeneity of GABA , receptor subunits within the thalamus. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction al., 1991). A similar exacerbation of absence seizures is
observed after systemic administration of GABA , receptor
agonists (King, 1979; Vergnes et al., 1984; Smith and
Bierkamper, 1990). These findings together suggest that
while a generalized increase in GABA ,ergic inhibition in
the brain (after systemic injection of GABA-mimetics)
tends to worsen absence seizures, a more selective increase
in GABA ,ergic inhibition in thalamic reticular nucleus
may attenuate absence seizures.

Low levels of 3a-hydroxy metabolites of progesterone
and deoxycorticosterone (neurosteroids) are found in the
brain (Paul and Purdy, 1992). These steroid metabolites
are known to ater brain excitability, and cause sedation
and anesthesia by allosterically enhancing the function of
the GABA , receptors (Majewska et al., 1986; Turner et
al., 1988; Morrow et al., 1990). There is some clinical
evidence that these naturally-occurring steroid metabolites
may possess anticonvulsant activities. For example, in
women with partial focal epilepsy, the frequency of seizures
during the luteal phase is usually low when the plasma
~* Corresponding author. Tel.: +1-416-813-7715; Fax: +1-416-813- progesterone levels increase (Mellon, 1994). The
7717; E-mail: pradeep.banerjee@mailhub.sickkids.on.ca metabolism of progesterone to allopregnanolone (a 3a-hy-

Generalized absence seizures occur as highly synchro-
nized thalamocortical oscillations (3 Hz) which evolve
most readily from thalamic relay nuclei (e.g., ventrobasa
nucleus) and the neocortex (Gloor et al., 1990). This
oscillatory behavior in the thalamocortical network is regu-
lated by thalamic reticular nucleus (McCormick, 1992),
and it is believed that y-aminobutyric acid (GABA)-ergic
inhibition within the thalamus plays an important role in
the generation and /or regulation of absence seizures. For
example, focal administration of bicuculline (a GABA ,
receptor antagonist) into thalamic reticular nucleus has
been shown to increase 3 Hz oscillation in thalamic sices
(Huguenard and Prince, 1994), while in whole animal
studies absence seizures are inhibited by direct injection of
muscimol (a GABA , receptor agonist) into thalamic retic-
ular nucleus. In contrast, focal injection of muscimol in
thalamic relay nuclei exacerbates absence seizures (Liu et
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droxy metabolite) in the brain has been suspected to be the
underlying cause of this reduction in seizures (Méellon,
1994). Also, certain neurosteroids exhibit potent anticon-
vulsant activity in a variety of experimental seizure
paradigms. For example, neurosteroids not only suppress
seizures induced by pentylenetetrazole, bicuculline and
picrotoxin (GABA , receptor antagonists), they antagonize
N-methyl-p-aspartic acid (NMDA)-induced seizures (Be-
lelli et al., 1990; Kokate et a., 1994; Budziszewska et al.,
1998), and are also effective anticonvulsants in experimen-
tal limbic and status epilepticus seizure models (K okate et
al., 1996; Leskiewicz et al., 1997). Interestingly, neuros-
teroids have been found ineffective in suppressing maxi-
mal electroshock and strychnine-induced convulsions (Be-
lelli et al., 1990). In the present study, we investigated the
effect of two synthetic 3a-hydroxy neuroactive steroids,
alphaxal one (5a-pregnane 3a-ol-11, 20-dione) and tetrahy-
drodeoxycorticosterone (5a-pregnane-3a, 21-diol-20-one,
a deoxycorticosterone metabolite) in a rat model of ab-
sence seizures induced by vy-hydroxybutyric acid. Steroids
were administered either systemically or directly into tha
lamic ventrobasal nucleus (a prominent relay nucleus) or
into the neighbouring thalamic reticular nucleus. vy-Hy-
droxybutyric acid is a naturally-occurring metabolite of
GABA which induces generalized absence-like seizures in
rats and in a number of other animal species (Doherty et
al., 1978; Snead, 1988).

2. Materials and methods

2.1. Drugs

Alphaxalone, tetrahydrodeoxycorticosterone and -
butyrolactone were obtained from Sigma (St. Louis, MO,
USA). All other reagents were obtained from commercial
sources and were of the highest-available purity. Stock
solutions of steroids were made in dimethyl sulfoxide and
diluted to fina concentration with saline (pH 7.1) prior to
systemic or intrathalamic administration. The final concen-
tration of dimethyl sulfoxide was 0.1%, a concentration
known not to interfere with GABA , receptor function
(Nakahiro et al., 1992).

2.2. Surgery and EEG recording of spike—wave discharges
induced by y-hydroxybutyric acid

Adult male Sprague-Dawley rats (200-300 g) were
used in al experiments. Animals were maintained on a 12
h light /dark cycle and given free access to food and water.
Monopolar electroencephalographic (EEG) recording elec-
trodes were surgically implanted on the surface of fron-
toparietal cortex under halothane anesthesia. The tips of
these electrodes were aimed at frontal and parietal cortices
bilaterally. Seven days after surgery, EEG recordings were

made continuously with the animals freely moving in a
heated shielded Plexiglas container. EEG recordings were
made 30 min prior to, and for 3-6 h following the
induction of ~y-hydroxybutyric acid-seizures.

2.3. The y-hydroxybutyric acid model of absence seizures

This model of absence seizures has been extensively
studied in our laboratory and utilizes vy-butyrolactone, the
prodrug of ~-hydroxybutyric acid (Snead, 1988). ~-
Butyrolactone is converted to y-hydroxybutyric acid by a
circulating lactonase (Roth and Giarman, 1969) and pro-
duces a more rapid onset and predictable time-course of
spike wave discharges than vy-hydroxybutyric acid itself.
The first EEG change observed after intraperitoneal (i.p.)
v-butyrolactone at the dose of 100 mg/kg is a brief burst
of spiking which quickly progresses to continuous spiking
or hypersynchrony (Snead, 1988). This is associated with
immobility, staring, facial myoclonus and vibrissal twitch-
ing. These behavioral and electrographic changes are re-
sponsive to antiabsence drugs such as ethosuximide (Snead,
1988).

2.4. Experimental design

Since earlier studies have shown that GABA ,-mimetics
may produce opposing responses to absence seizures de-
pending upon the site of drug administration (Liu et al.,
1991), we administered the neuroactive steroids either
systemically or directly into thalamic ventrobasal nucleus
or in thalamic reticular nucleus, thalamic areas from which
absence seizures evolve most readily (Gloor et al., 1990).

2.4.1. Systemic administration

Alphaxalone or tetrahydrodeoxycorticosterone was
given i.p. a the dose of 1-5 mg,/kg 20 min prior to
~v-butyrolactone administration. Following -y-butyrolactone
administration, absence seizures were quantitated as de-
scribed below. Paired drug-naive controls were used in al
experiments using 0.1% dimethyl sulfoxide in saline in-
stead of steroids. In order to determine the effect of these
steroids on ongoing +y-hydroxybutyric acid-seizures, we
administered these steroids 10—15 min after the onset of
seizures. The dose and the pre/posttreatment times of
steroids were standardized during preliminary experiments.

2.4.2. Intrathalamic administration

Alphaxalone or tetrahydrodeoxycorticosterone (0.25-5
wg/side) was infused bilaterally into thalamic ventrobasal
nucleus or into thalamic reticular nucleus, 10 min prior to
the induction of y-hydroxybutyric acid-seizures, or 10-15
min after the onset of seizures in order to determine their
effect on ongoing ~y-hydroxybutyric acid-induced absence
Seizures.
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Fig. 1. EEG recordings from the right and left frontoparietal cortex (Ry,.,, and Ly, respectively) of arat. Panel A shows the background EEG activity.
Within 5-10 min after systemic administration of ~y-butyrolactone (100 mg/kg; i.p.), high voltage, 5-6 Hz rhythmic spike-wave discharges (SWD)
evolved simultaneously from both the cortices (panel B). Panel C shows continuous SWD 1 h after the onset of first seizure. Panel D shows the
normalization of EEG about 3 h after the administration of y-butyrolactone. Calibration: 200 wV; 2 s.

2.5. Intrathalamic infusion of steroids

Stainless steel guide cannula (i.d. 0.19 mm) were im-
planted bilaterally into thalamic ventrobasal nucleus or
reticular nucleus using bregma as reference point (Paxinos
and Watson, 1986). Intrathalamic microinfusion was per-
formed as described earlier (Banerjee and Snead, 1995).
Briefly, seven days after surgery, alphaxalone or tetrahy-
drodeoxycorticosterone was infused in freely moving ani-
mals by introducing stainless steel injection cannula (i.d.
0.05 mm) into implanted guide cannula so that they extend
1 mm beyond the tip to the guide cannula. The injection
cannula was connected with a 1 wl Hamilton syringe
through propylene tubing. Alphaxalone or tetrahydro-
deoxycorticosterone as 0.1% dimethyl sulfoxide in 1%
Direct Blue solution (pH 7.1) was infused bilaterally at the

12004
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rate of 0.2 to 0.3 pl/min. Total volume of infusion was
0.2 wl/side. The injection cannula were kept in position
for an additional 60 s after the cessation of infusion in
order to reduce the likelihood of injected compound being
drawn back by capillary forces. Control animals received
comparable volume of 0.1% dimethyl sulfoxide in 1%
Direct Blue (pH 7.1). EEG recordings were made 30 min
prior to start of infusion and then 5—6 h after the adminis-
tration of ~y-butyrolactone.

2.6. Histology

After completion of each infusion experiment, animals
were killed and their brains chilled in isopentane (—40°C)
for 60 s. 20 wm coronal brain sections were stained with

—o— GBL 100 mg/kg
—o—+ FAX 2 mg/kg i.p.
——+ FAX 5 mg/kg i.p.
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Fig. 2. Dose-dependent exacerbation of y-hydroxybutyric acid-induced spike—wave discharges (SWD) by systemic administration (i.p.) of alphaxalone
(FAX). Values are mean duration of y-hydroxybutyric acid-seizures or SWD (s) in each 20 min epoch + S.E.M. from 5-6 rats. A score of 1200 + O was
assigned when rats seized continuously for 20 min. At 5 mg/kg dose, the potentiation was significant at all time points (P < 0.001) as compared to the
respective y-butyrolactone (GBL)-a one groups (One-way ANOVA, Dunnett’s test).
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cresyl violet and the cannula tract and the infusion site
(marked with Direct Blue) was identified under light mi-
Croscope.

2.7. Data analysis

The experimental data are quantitated as described ear-
lier (Banerjee and Snead, 1995). Total duration of absence
seizures (in seconds) in each 20 min epoch was scored. All
data are expressed as arithmetic mean + S.E.M. In the
infusion studies, only those rats exhibiting correct place-
ment of the injection cannula (as assessed by histology)
were incorporated in the data analysis. The number of
animals in each group of experiments varied from 4-7.
The data were analyzed using one-way analysis of vari-
ance (ANOVA), and multiple group means were simulta-
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neously compared with the control mean using Dunnet’s
post hoc test.

3. Reaults

3.1. y-Hydroxybutyric acid-induced absence-like seizures

In control rats, following systemic y-butyrolactone (100
mg/Kkg, i.p.) administration, bursts of bilaterally syn-
chronous 4-6 Hz spike—wave discharges appeared in the
EEG as recorded from the surface of the frontoparietal
cortex. These EEG changes occurred within 5-10 min of
~v-butyrolactone administration and lasted for more than 2
h. About 3 h after ~y-butyrolactone administration, the
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Fig. 3. Effect of bilatera microinfusion of alphaxalone (FAX) in thalamic ventrobasal nucleus (A) and in thalamic reticular nucleus (B) on
v-hydroxybutyric acid-induced spike—wave discharges (SWD). Alphaxalone was infused 10 min before the administration of ~y-butyrolactone (GBL).
Alphaxalone exacerbated y-hydroxybutyric acid-seizures when administered into ventrobasal nucleus but not in thalamic reticular nucleus. Vaues are
mean duration of y-hydroxybutyric acid-induced SWD (s) in each 20 min epoch + SEE.M. from 5-6 rats. A score of 1200 + 0 was assigned when rats
seized continuously for 20 min. = P < 0.001 as compared to the respective vy-butyrolactone-alone groups (One-way ANOVA, Dunnett’s test).
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Table 1
Effect of intrathalamic administration of tetrahydrodeoxycorticosterone (THDOC) on v-hydroxybutyric acid-induced absence seizures
Drug Duration (s) of y-hydroxybutyric acid-seizures/each 20 min epoch

20 40 80 100 120
y-Butyrolactone (alone) 761 + 90 1042 + 126 922 + 106 768 + 91 566 + 80 192 + 41
+THDOC (1 p.g/side; in VB) 826 + 92 1200+ 0 1200 + 0?2 1200 + 02 1100 + 119°% 985 + 1212
+THDOC (1 pg/side; in nRt) 800 + 81 1000 + 102 1056 + 121 855 + 90 612 + 44 266 + 41

Values are mean duration of y-hydroxybutyric acid-induced seizures (s) in each 20 min epoch + S.E.M. from 47 rats. A score of 1200 + O was assigned

when rats seized continuously for 20 min.

8P < 0.001 when compared to the respective y-butyrolactone-alone groups (one-way ANOVA, Dunnett’s test). VB, thalamic ventrobasal nucleus; nRt,

thalamic reticular nucleus.

animals appeared normal both electrographically and be-
havioraly (Fig. 1).

3.2. Neuroactive steroids exacerbated +y-hydroxybutyric
acid-induced absence seizures upon systemic administra-
tion

Alphaxalone or tetrahydrodeoxycorticosterone (1-5
mg/kg; i.p.) when administered either prior to the onset
of, or after the onset of ~-hydroxybutyric acid-induced
absence seizures, significantly increased the duration of
absence seizures. In steroid-treated rats, y-hydroxybutyric
acid-seizures lasted for more than 4-4.5 h, while in the
absence of steroids y-hydroxybutyric acid-seizures contin-
ued for about 2.5 h (Fig. 2). Steroids alone produced no
discernible EEG or behavioral effects.

3.3. Effect of bilateral microinfusion of steroids in thala-
mic ventrobasal nucleus and in thalamic reticular nucleus

Bilateral administration of alphaxalone or tetrahydro-
deoxycorticosterone (0.25-1 .g/side) into thalamic ven-
trobasal nucleus, 10 min prior to the administration of
v-butyrolactone, resulted in a significant dose-dependent
prolongation in the duration of y-hydroxybutyric acid-in-
duced absence seizures (Fig. 3A and Table 1, at 1 p.g/side:
P < 0.001 at al time points except 20 min and 40 min).
Similarly, bilateral infusion of these steroids into thalamic
ventrobasal nucleus, 10 min after the onset of y-hydroxy-
butyric acid-seizures, also potentiated +y-hydroxybutyric
acid-seizures (data not shown). However, similar doses of
these steroids failed to prolong the duration of absence
seizures when infused bilaterally into thalamic reticular

Fig. 4. Photomicrographs of rat brain coronal sections showing the cannula tract and the infusion site in thalamic ventrobasal nucleus, VB (A) and in

thalamic reticular nucleus, nRt (B). Arrowheads indicate the infusion site.
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nucleus (Fig. 3B, Table 1). We increased the dose of
steroids up to 3 wg/side in thalamic reticular nucleus and
found that thalamic reticular nucleus was resistant to the
facilitatory effects of steroids on absence seizures. In all
the above doses of steroids tested in thalamic reticular
nucleus, the duration of absence seizures was neither pro-
longed nor shortened. Also, infusion of alphaxalone and
tetrahydrodeoxycorticosterone in thalamic reticular nucleus
10 min after the onset of ~y-hydroxybutyric acid-seizures
produced no significant change in seizure-duration as com-
pared to the y-hydroxybutyric acid-alone group. Increasing
further the dose of steroids (to 5 pg/side in thalamic
reticular nucleus) produced sowing of the baseline EEG
activity, which quickly progressed to a state that resembled
EEG burst-suppression (characterized by aternating peri-
ods of low voltage activity or isoelectric period disrupted
by bursts of spikes) after the administration of y-butyrolac-
tone. Due to this steroid-induced disturbance in the base-
line EEG activity we did not test higher doses of steroids
in thalamic reticular nucleus.

Microinjection of steroids precisely into thalamic reticu-
lar nucleus was difficult. Histologic verification of the
injection sites revealed that only in about 30-40% of the
rats where the injection was intended in thalamic reticular
nucleus the drug was found largely restricted within this
nucleus (see Fig. 4).

Bilateral infusion of 0.1% dimethyl sulfoxide in 1%
Direct Blue (the vehicle) in either ventrobasal thalamus or
thalamic reticular nucleus did not produce any significant
effect on the duration of ~y-hydroxybutyric acid-seizures
(data not shown).

4, Discussion

Our data suggest that both alphaxalone and tetrahydro-
deoxycorticosterone, which are known to enhance GABA ,
receptor function in the brain (Paul and Purdy, 1992),
potentiated +y-hydroxybutyric acid-induced absence
Seizures upon systemic administration and after focal ad-
ministration into thalamic ventrobasal nucleus (a thalamic
area from which absence seizures evolve most readily).
However, we found that thalamic reticular nucleus was
resistant to the effects of steroids. This nonresponsiveness
of thalamic reticular nucleus to steroids in modulating
absence seizures was surprising because there is evidence
that absence seizures are attenuated by increasing
GABA ,ergic inhibition selectively in thalamic reticular
nucleus. For example, focal administration of muscimol (a
GABA , receptor agonist) in thalamic reticular nucleus of
GAERS (genetically absence epilepsy-prone rats of Stras-
bourg) decreases the duration of absence seizures (Liu et
a., 1991), while application of bicuculline (a GABA ,
receptor antagonist) in this structure has been shown to
exacerbate or strengthen absence-like rhythms in thalamic
slices (Huguenard and Prince, 1994). In contrast, increas-

ing GABA ,ergic inhibition in thalamic relay nuclei (e.g.,
ventrobasal nucleus) is known to exacerbate absence
seizures (Liu et al., 1991). These data suggest that absence
seizures or absence-like thalamocortical oscillations could
be differentially regulated by modulating GABA ,ergic
inhibition within thalamic reticular nucleus and thalamic
relay nuclei. However in the present study, we did not
observe any significant effect of these steroids on +y-hy-
droxybutyric acid-seizures when the steroids were infused
in thalamic reticular nucleus, although both alphaxalone
and tetrahydrodeoxycorticosterone dose-dependently facili-
tated -y-hydroxybutyric acid-seizures after focal adminis-
tration into thalamic ventrobasal nucleus. This suggested
that these steroids (in doses used in the present study)
increased GABA ,ergic inhibition in thalamic ventrobasal
nucleus, but failed to do so in thalamic reticular nucleus.
We suspect that this heterogeneity in neurosteroid response
to absence seizures within thalamus may have arisen due
to known molecular heterogeneity of GABA, receptor
subunits in thalamus (Wisden et al., 1992).

The GABA , receptor is a heteropentameric protein that
contains specific binding sites for GABA, benzodi-
azepines, barbiturates, picrotoxin and steroids (Macdonald
and Olsen, 1994). Molecular cloning has identified several
genes of GABA , receptor subunits. The «, B, v and &
subunits constitute brain GABA , receptors (Macdonald
and Olsen, 1994). Also, GABA , receptor subunits exhibit
variable tissue-specific expression in mammalian brain.
For example, the thalamic relay nuclei contain high levels
of a4 and & subunits, while these subunits are not well
expressed in thalamic reticular nucleus (Wisden et d.,
1992). Such differential distribution of GABA , receptor
subunits in different brain regions may represent function-
ally distinct receptor subtypes. Indeed, the GABA , recep-
tor subunit heterogeneity within the thalamus (and in the
cerebral cortex) has provided some explanation as to why
benzodiazepines attenuate absence seizures while barbitu-
rates aggravate them (Browne and Penry, 1973; Penry and
So, 1981), despite the fact that both benzodiazepines and
barbiturates allosterically enhance GABA , receptor func-
tion (Macdonald and Olsen, 1994). It is known that the
presence of ay subunit in the GABA , receptor is required
for benzodiazepine (but not barbiturate) sensitivity
(Pritchett et al., 1989), and y subunits are more abundant
in the cortex than in the thalamus (Wisden et al., 1992).
Due to this differential distribution of y subunits, benzodi-
azepine (but not barbiturate)-induced GABA ,ergic inhibi-
tion may be expected to be more pronounced in the cortex
than in the thalamus. Indeed, benzodiazepines have been
shown to increase GABA , receptor function more effec-
tively and potently in the cortex than in thalamus (Oh et
al., 1995; Gibbs et al., 1996). Further, since cortical neu-
rons possess much smaller proportional low-threshold Ca?*
current (T-current) as compared to thalamic neurons, corti-
cal neurons are not paradoxically activated by GABAergic
inhibition as do the thalamic neurons (Oh et al., 1995).
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Therefore, it is likely that upon oral or systemic adminis-
tration, benzodiazepines (but not barbiturates) preferen-
tidly increase cortical GABAergic inhibition and thereby
reduce excitability in the entire thalamocortical network
and produce antiabsence effect. Barbiturates, in contrast,
aggravate absence seizures by effectively enhancing
GABA ,ergic inhibition both in the thalamus and cortex
(Oh et al., 1995).

Although it is not known whether the functional modu-
lation of GABA, receptors by neuroactive steroids is
subunit-dependent, several lines of evidence suggest that
the sensitivity of GABA , receptors to neurosteroids is
somewhat dependent on the « isoform present in the
receptor. For example, GABA , receptors containing o6
subunits («6p2v2) are modulated more effectively and
potently by steroids than those containing o1 subunits
(Shingai et al., 1991; Puiaet al., 1993). Since a4 (which is
abundant in thalamic ventrobasal nucleus but not in the
reticular nucleus) and a6 subunit (in the cerebellum) share
a high degree of amino acid identity (Tyndale et al., 1995),
and produce benzodiazepine-insensitive GABA , receptors
in thalamus (and other forebrain regions) and cerebellum,
respectively (Knoflach et al., 1996), it is possible that the
a4 subunit is the ‘steroid-sensitive’ subunit in the thala-
mus. The near absence of this ‘steroid-sensitive’ a4 sub-
unit in thalamic reticular nucleus may explain why neu-
roactive steroids failed to produce any effect in the present
study upon infusion into the reticular nucleus.

In conclusion, the present findings suggest that neuros-
teroids, which exhibit potent anticonvulsant actions against
limbic seizures and status epilepticus, aggravate absence
seizures. This may be due to the presence of a key «
subunit isoform (a4) in thalamic ventrobasal nucleus and
other relay nuclei (from which absence seizures evolve
most readily) but not in thalamic reticular nucleus.
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