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Abstract
In humans, corticosteroids are often administered prenatally to improve lung development in
preterm neonates. Studies in exposed children as well as in children, whose mothers experienced
significant stress during pregnancy indicate behavioral problems and possible increased
occurrence of epileptic spasms. This study investigated whether prenatal corticosteroid exposure
alters early postnatal seizure susceptibility and behaviors. On gestational day 15, pregnant rats
were injected i.p. with hydrocortisone (2× 10 mg/kg), betamethasone (2× 0.4 mg/kg) or vehicle.
On postnatal day (P)15, seizures were induced by flurothyl or kainic acid (3.5 or 5.0 mg/kg).
Horizontal bar holding was determined prior to seizures and again on P17. Performance in the
elevated plus maze was assessed on P20-22. Prenatal exposure to betamethasone decreased
postnatal susceptibility to flurothyl-induced clonic seizures but not to kainic acid-induced seizures.
Prenatal hydrocortisone decreased postnatal weight but did not affect seizure susceptibility.
Hydrocortisone alone did not affect performance in behavioral tests except for improving
horizontal bar holding on P17. A combination of prenatal hydrocortisone and postnatal seizures
resulted in increased anxiety. Prenatal exposure to mineralocorticoid receptor blocker canrenoic
acid did not attenuate, but surprisingly amplified the effects of hydrocortisone on body weight and
significantly worsened horizontal bar performance. Thus, prenatal exposure to excess
corticosteroids alters postnatal seizure susceptibility and behaviors. Specific effects may depend
on corticosteroid species.
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1. INTRODUCTION
In humans, prenatal (24–34 weeks of gestational age) administration of synthetic
corticosteroids (betamethasone or dexamethasone) as well as hydrocortisone is used for
prevention of respiratory distress syndrome in those pregnancies threatened with premature
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delivery (Jobe and Soll 2004, Roberts and Dalziel 2006). The treatment improves lung
development and significantly reduces morbidity and mortality of infants if preterm delivery
occurs (Guinn, et al. 2001). However both in humans and experimental animals, prenatal
surges of corticosteroids or stress during the last third of pregnancy have been repeatedly
linked to postnatal behavioral impairments (Aghajafari, et al. 2002, Battin, et al. 2007,
Crowther, et al. 2007, Davis, et al. 2006, Diaz, et al. 1997, French, et al. 2004, Lemaire, et
al. 2000, Purdy and Wiley 2004, Stott 1973, Vallee, et al. 1999, Vallee, et al. 1997, Welberg
and Seckl 2001).

On the other hand, the risks and benefits of the prenatal corticosteroid treatment in terms of
seizure susceptibility changes remain unclear. Recently, a clinical study linked higher level
of stress experienced by mothers during pregnancy to postnatal occurrence of a seizure
disorder, infantile spasms (Shang, et al. 2010). In experimental animals, prenatal treatments
with betamethasone or dexamethasone have anticonvulsant effects in the kindling model
(Velíšek 2005, Young, et al. 2006). In developing offspring, prenatal betamethasone
increases hippocampal expression of anticonvulsant neuropeptide Y (NPY) (Heilig, et al.
1993, Velíšek 2006b), corroborating thus findings of anticonvulsant effects of prenatal
betamethasone or dexamethasone exposure in kindling epileptogenesis.

Placental 11beta-hydroxysteroid-dehydrogenase converting in rats corticosterone to much
less active 11-dehydro-corticosterone protects the fetus from high levels of maternal
glucocortioids. However, if the maternal levels are excessive, natural corticosteroids would
eventually cross placental barrier and bind to both glucocorticoid and mineralocorticoid
receptors in the fetal brain (Joels 2001, Levitt, et al. 1996, Reul, et al. 1987). Betamethasone
and dexamethasone are synthetic hormones with high affinity for glucocorticoid receptors.
Synthetic corticosteroids are poor substrate for 11beta-hydroxysteroid-dehydrogenase (Siebe
et al. 1993). After systemic administration in pregnant rodents, they easily cross placental
barrier and bind to glucocorticoid receptors in the fetal brain (de Kloet 2003, Matthews
2000). For investigation of the effects of prenatal corticosteroid excess, prenatal
administration of corticosteroids may represent a convenient and quantifiable model
(Barbazanges, et al. 1996, Maccari, et al. 1995).

Here we investigated the effects of prenatal exposure to synthetic corticosteroid
betamethasone versus natural hydrocortisone on seizure susceptibility and behaviors in
immature rats. Both these corticosteroids are used prenataly in humans (Roberts and Dalziel
2006). Further, we used a mineralocorticoid receptor (MR) antagonist to determine the
effects mediated via this receptor system. The hypothesis was that prenatal exposure to
synthetic corticosteroids would enhance seizure susceptibility and worsen performance in
behavioral tests.

2. EXPERIMENTAL PROCEDURES
2.1. Animals and prenatal treatments

Female, timed pregnant Sprague-Dawley rats were purchased from Taconic Farms.
Experiments were approved by the Institutional Animal Care and Use Committee of the
Albert Einstein College of Medicine and carried out according to the Revised Guide for the
Care and Use of Laboratory Animals [NIH GUIDE, 25(28), 1996] as well as to the
“Principles of laboratory animal care” (NIH publication No. 86-23, revised 1985). All effort
has been made to reduce pain and suffering. Rats were kept on regular light:dark cycle (light
07:00–19:00) with free access to food and water. On gestational day 15 (G15), pregnant rats
received two doses of betamethasone (0.4 mg/kg injected i.p. each) or two doses of
hydrocortisone (10 mg/kg i.p. each) at 08:00 and 18:00 (all drugs were purchased from
Sigma, St. Louis, MO, USA, unless stated otherwise). These doses were found effective in
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previous studies (Velíšek 2006b) and in pilot experiments. Control pregnant rats received
two i.p. injections of the equivalent volume of vehicle (saline). Additional pregnant rats
were treated at 08:00 and 18:00 with 50 mg/kg of MR receptor antagonist canrenoic acid
and 1 hour later with hydrocortisone at 10 mg/kg. Some rats received vehicle (normal saline)
instead of canrenoic acid and additional rats received two injections of canrenoic acid
followed by a vehicle instead of hydrocortisone. Day of birth was considered zero. On
postnatal day 1 (P1), the offspring were counted, sex-identified, and litters were reduced to
10 pups, if possible 5 males and 5 females. The offspring were used in the experiments
starting on P15, which in terms of brain development corresponds to human infants
(Avishai-Eliner, et al. 2002, Gottlieb, et al. 1977). At P15, body weight of the animals was
determined as biological control because prenatal exposure to corticosteroids is associated
with the decreases in postnatal body weight (Velíšek 2006b, Welberg and Seckl 2001,
Young et al., 2006). Each experimental subgroup contained pups from at least three different
litters to minimize the “litter effect”. It should be emphasized that not all the rats were
exposed to all the tests. However, rats tested on the horizontal bar on P15 (prior to seizures)
were retested on P17 (after the seizures). The experiments with a particular prenatal
exposure were always run in parallel with saline-exposed controls. While we attempted to
carry the experiments blindly, all animals were weighted prior to testing and the decreased
weight gain pointed to those exposed to corticosteroids. Betamethasone and hydrocortisone
experiments were carried out during different seasons and therefore, their controls were also
run separately. However, initial analysis indicated that there were no differences between
the controls for hydrocortisone and betamethasone and thus, control data were combined. In
preliminary experiments, cross-fostering was performed in half of the offspring between
saline- and hormone-treated mothers since a previous study indicated an attenuating role of
cross-fostering on the effects of prenatal exposure (Brabham, et al. 2000). Cross-fostering
was then introduced as an additional variable into ANOVA. As we found no main effect of
cross-fostering and no interactions with other effects, we did not continue with cross-
fostering beyond preliminary experiments.

The effects of prenatal betamethasone exposure on postnatal behaviors without seizure
experience have been reported previously (Velíšek 2006b).

2.2. Seizure induction and parameters
2.2.1. Flurothyl seizures—were induced in an air-tight chamber (volume 9.4 l). The rat
was gently placed in the chamber and flurothyl delivery has been initiated at a constant rate
of 40 μl per minute onto a pad of filter paper (Sperber and Moshé 1988). Flurothyl
(SynQuest Laboratories, Inc., Alachua, FL, USA) is a liquid convulsant ether with low
boiling point temperature. Therefore, it easily evaporates from the filter paper and is inhaled
by the tested rat. Flurothyl induces two different primarily generalized seizures (Velíšek
2006a): clonic seizures of face and forelimbs with preserved righting ability, and tonic-
clonic seizures of all four limbs after the righting ability has been lost. In immature rats,
flurothyl-induced clonic and tonic-clonic seizures develop in very fast succession
(Velíšková, et al. 1996). Latency to onset of clonic and tonic-clonic seizures was
determined. From this data we calculated thresholds for seizure types in terms of amount of
infused flurothyl required for the induction of that particular seizure (Lánský, et al. 1997).

2.2.2. Kainic acid (KA) seizures—were induced by a solution of KA in PBS (final pH
adjusted to 5.5) injected intraperitoneally. The following doses were used: 3.5 and 5.0 mg/kg
(always in 10 ml/kg). In addition a 16 mg/kg dose was used in some hydrocortisone-exposed
rats. Kainic acid elicits automatic behaviors, in infant rats mostly consisting of scratching
(Stafstrom, et al. 1992, Velíšková, et al. 1988). Further, continuous clonic seizures (status
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epilepticus) develop usually after loss of righting (Albala, et al. 1984). Latency to onset of
the first automatism and status epilepticus was recorded.

2.3. Behavioral testing
2.3.1. Bar holding—on the horizontal bar tests motor capabilities and gross motor
behavior defects in highly motivating environment (Murphy, et al. 1995). During the test,
the rat is positioned perpendicularly on the horizontal bar (1.5 cm diameter, positioned 50
cm above the padded floor) with the front paws reaching the bar. Once the rat grasps the bar
with the hindpaws, the timer is started. Bar holding was investigated with a criterion of 2
minutes on P15 (prior any seizure challenge) and on P17 (i.e., 2 days after seizure testing).
Three trials have been performed on each day and the best (longest) result entered the
statistics (Velíšek 2006b).

2.3.2. Elevated-plus maze test—was administered on P20-22. The rats were tested in
one session per day, for total of three sessions. Elevated-plus maze consists of two open
arms and two closed arms connected with a 10×10 cm platform. The maze utilizes natural
fear of the rats from open spaces (File 1993, Treit, et al. 1993), testing thus innate anxiety
(unconditional fear related to human panic disorder (Zangrossi, et al. 2001)). The rat is
positioned at the end of an open arm facing outwards and the latency to enter the distant
third of the closed arm is determined. This latency (transfer latency; TL) (Hliňák and Krejčí
2002, Pellow and File 1986, Velíšek 2006b) has inverse relationship to innate anxiety: The
longer the latency, the less anxiety is present. Repeated exposure to the elevated-plus maze
test also involves a significant memory retention component because the rat can remember
position of the safe (enclosed) area. Therefore, it is possible to calculate a memory retention
index from the transfer latency during repeated exposures, which is indicative of learning
and memory. Retention index (RI) was calculated as RI=log(TLP20)−log(TLP22). RI values
less than zero indicate impaired memory retention, value of zero marks no memory
retention, and values above zero indicate that learning and memory retention was present
over the trials.

2.4. Statistics
All data were first analyzed using two-way ANOVA (factors: prenatal exposure; sex). In
case there was no main effect of sex and no interaction between the main effects, data for
both sexes were combined. In relevant analyses, body weight was introduced as a covariate.
Since we were interested in the effects of prenatal exposure, then in the absence of other
main effects or interactions, the presentation of the results is focused on the prenatal
exposure effect. Post-hoc analysis after ANOVA was performed by the Fisher Protected
Least Square Degree (PLSD) test. In case of two-group comparisons, Student’s t-test was
used. Level of significance was preset at p<0.05 adjusted for multiple group comparisons if
necessary.

3. RESULTS
3.1. Body weight

Prenatal hydrocortisone exposure on G15 (n=86) significantly decreased body weight on
P15 compared to saline-exposed controls (n=75; ANOVA F(1,157)=4.069; *p<0.05; Figure
1A). Females (n=72) had significantly lower body weight than males (n=89; ANOVA
F(1,157)=7.801; p<0.05). There was no interaction between prenatal treatment and sex of the
subjects.

Prenatal exposure to betamethasone on G15 (n=31) also significantly lowered body weight
on P15 compared to saline-exposed animals (n=30; Figure 1A; ANOVA F(1,57)=6.318;
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*p<0.05). While there was a consistent trend in females (n=32) to lower body weight
compared to males (n=29), in this particular setting there was no significant difference and
no interaction.

Both prenatal exposures with saline+hydrocortisone (n=10) and canrenoic acid
+hydrocortisone (n=10) significantly decreased body weight (Figure 1B; ANOVA
F(3,42)=76.824; *#p<0.05) compared to both saline+saline-exposed controls (n=10; post-hoc
Fisher PLSD test; *p<0.05) or canrenoic acid+saline-exposed rats (n=20; post-hoc Fisher
PLSD test; #p<0.05). The females (n=22) in this experiments had again significantly lower
body weight than males (n=28; ANOVA F(1,42)=7.816; p<0.05; not illustrated), however
there was no interaction between prenatal treatment and sex.

3.2. Seizure susceptibility
3.2.1. Flurothyl seizures—In rats prenatally exposed to hydrocortisone (n=15), there was
no effect of prenatal exposure on susceptibility to flurothyl-induced clonic (F(1,25)=0.723;
p>0.05) and tonic-clonic (F(1,25)=1.771; p>0.05; Figure 2A) seizures compared to saline-
exposed controls (n=14). There was no effect of sex and no interaction of main effects,
therefore male and female data were combined for presentation. Prenatal exposure to
betamethasone (n=7) significantly increased threshold for flurothyl-induced clonic seizures,
i.e., there was an anticonvulsant effect compared to saline-exposed controls (n=6; Figure 2B;
Student’s t-test; *p<0.05). Despite a trend, there was no significant effect of prenatal
betamethasone exposure on tonic-clonic flurothyl seizure threshold.

3.2.2. Kainic acid-induced seizures—In prenatally hydrocortisone-exposed rats after
the 3.5 mg/kg KA dose (n=24) and saline-exposed controls (n=15), there was no effect of
prenatal exposure on the latency to onset of first automatisms (F(1,35)=0.022; p>0.05; Figure
3A), no effect of sex, and no interaction. Similarly latency to onset of status epilepticus was
not affected by either prenatal exposure (F(1,35)=1.488; p>0.05; Figure 3A) or sex, and there
was no interaction of the effects. After the dose of 5.0 mg/kg of KA (n=24) versus controls
(n=19), there was again no effect of prenatal exposure on the latency to onset of
automatisms (F(1,39)=2.202; p>0.05; Figure 3B), no sex difference, and no interaction of the
effects. In the latency to onset of status epilepticus there was no effect of prenatal exposure
(F(1,38)=1.751; p>0.05; Figure 3B), no sex difference, and no interaction. Dose-response for
both automatisms and status epilepticus in hydrocortisone-exposed rats and in controls was
investigated by adding a group of rats injected with 16 mg/kg of KA (hydrocortisone-
exposed n=7; saline-exposed n=11). Two-way ANOVA was used (factors: prenatal
exposure; dose of KA). There was a significant effect of KA dose on the latency to onset of
the first automatism (F(2,93)=17.685; *p<0.05), but no effect of prenatal exposure was
present (F(1,93)=0.003; p>0.05), and there was no interaction. There were similar findings
for status epilepticus: Only the effect of KA dose was significant (F(2,83)=58.716; *p<0.05;
Figure 3C), but no effect of prenatal exposure (F(1,83)=1.330; p>0.05) or interaction of the
effects were observed.

In prenatally betamethasone-exposed rats after 3.5 mg/kg dose of KA (n=23), there was no
effect of prenatal exposure on latency to onset of automatisms compared to controls (n=21;
F(1,38)=0.026; p>0.05; Figure 3D), no sex difference, and no interaction. Similarly, latency
to onset of status epilepticus was not affected by prenatal exposure (F(1,38)=1.108; p>0.05;
Figure 3D) or sex. For the 5.0 mg/kg dose of KA, group size was smaller (saline-exposure,
n=7; betamethasone-exposure, n=8). Therefore combined male and female data were
evaluated using Student’s t-test. Despite small anticonvulsant trends, there was no
significant effect of prenatal betamethasone exposure on latency to onset of first
automatisms (p>0.05) or status epilepticus (p>0.05; Figure 3E).
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The rats surviving seizures (see Table 1) were followed in additional behavioral tests.
Prenatal hydrocortisone exposure significantly enhanced lethal effects of 3.5 mg/kg dose of
KA.

3.3. Behavioral assessment after seizures
3.3.1. Horizontal bar holding—Body weight was not involved in the horizontal bar
holding (see below), therefore it was not used as a covariate. First, the rats were tested in
horizontal bar holding on P15 prior to seizure test. Prenatal exposure (levels: saline; n=82,
betamethasone; n=30, and hydrocortisone; n=62) did not alter horizontal bar holding
performance on P15 (ANOVA F(2,173)=0.691; p>0.05; Figure 4A). There was no effect of
sex and there was no interaction of factors. Combination of postnatal seizures with prenatal
exposure to corticosteroids did not affect horizontal bar holding (ANOVA F(2,144)=0.593;
p>0.05; Figure 4A). Although there was an additional factor of seizure (levels: KA 3.5, KA
5.0 and flurothyl), statistical analysis did not show any main effect of seizure, or sex, and
there was no interaction of the effects.

3.3.2. Elevated plus maze: Transfer latency—Transfer latency is indicative of innate
anxiety. On P20, there was a significant effect of prenatal exposure on the transfer latency
(ANOVA F(2,114)=3.286; p<0.05; Figure 4B). As there was no effect of sex, seizure type,
and no interaction, these factors were removed from analysis. Fisher PLSD post-hoc test
determined that transfer latency significantly decreased in rats prenatally exposed to
hydrocortisone (n=13) compared to prenatal saline exposure (n=71; *p<0.05) as well as
compared to prenatal betamethasone exposure (n=33; #p<0.05). These findings are
consistent with increased anxiety after prenatal hydrocortisone exposure combined with
postnatal seizure experience.

3.3.3. Elevated plus maze: Retention index—Retention index calculated from
repeated testing (P22 and P20) in the elevated plus maze serves as a measure of memory
retention. In rats experiencing seizures on P15, there was no significant effect of prenatal
exposure on the memory retention index (ANOVA F(2,114)=0.517; p>0.05; Figure 4C). The
group sizes were identical as in 3.3.2. There was no effect of sex, seizure, and no interaction.
This finding indicates that memory retention was unaffected by a combination of prenatal
corticosteroid exposure and postnatal seizure experience.

3.4. Behavioral assessment in rats prenatally exposed to hydrocortisone but not subjected
to seizures

These experiments were performed only in prenatally hydrocortisone-exposed rats or in the
rats exposed to a combination of canrenoic acid and hydrocortisone. Holding on the
horizontal bar may be affected by body weight. Body weight was introduced as a covariate
in the ANOVA because body weight was altered by prenatal exposure to corticosteroids (see
Figure 1). However, there was no effect of this covariate. On P15 in all seizure-naïve rats,
prenatal exposure to hydrocortisone (n=91) did not affect performance on the horizontal bar
(ANOVA F(1,176)=0.026; p>0.05; Figure 5A) compared to saline controls (n=81). There was
no effect of sex and no interactions between any of the factors. The test was repeated on P17
in those rats not subjected to seizure challenge. Interestingly, on P17 those rats prenatally
exposed to hydrocortisone (and not subjected to seizures; n=17) had significantly better
horizontal bar performance than prenatally saline-exposed rats (n=10; ANOVA
F(1,25)=9.623; p<0.05; Figure 5B). There was again no effect of sex and no interaction
between factors. The rats were also tested in the elevated plus maze on P20-22. On P20,
there was no effect of prenatal exposure to hydrocortisone (n=26) on the transfer latency
(ANOVA F(1,45)=0.325; p>0.05; Figure 5C) compared to controls (n=21), no effect of sex,
and no interaction between the factors. Finally, using repeated testing in the elevated plus
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maze between P20-22, the retention index was determined. Similar to transfer latency,
prenatal exposure to hydrocortisone (n=25) had no effect on the retention index compared to
prenatal saline exposure (n=21; ANOVA F(1,44)=0.407; p>0.05; Figure 5D). Again, there
was no effect of sex and no interaction.

Pretreatment with canrenoic acid (ANOVA F(3,34)=7.865; p<0.05; Figure 5E) significantly
affected bar holding. Post-hoc tests determined that the group prenatally treated with
canrenoic acid+hydrocortisone (n=10) suffered impairments in bar holding compared to all
other groups (*p<0.05). Body weight as a covariate in ANOVA did not show any effect of
on the horizonatal bar performance. Similarly, there was no effect of sex (ANOVA
F(1,30)=0.120; p>0.05) and no interaction between the factors. Please note that the horizontal
bar performance in the P15 rats prenatally-exposed to double saline+saline (n=10), double
saline+hydrocortisone (n=10) or double canrenoic acid+saline (n=20; Figure 5E) was not
different from those rats exposed to a single injection of saline or hydrocortisone on P15
(Figure 5A).

4. DISCUSSION
Main results of this study are: (1) Prenatal betamethasone exposure alters threshold for
flurothyl-induced clonic seizures in P15 rats, yet it is without effects on kainic acid-induced
seizures. Prenatal hydrocortisone exposure did not affect seizure susceptibility. (2)
Combination of prenatal hydrocortisone exposure and postnatal seizures results in increases
in anxiety behaviors. (3) Mineralocorticoid receptor antagonist canrenoic acid co-
administered with prenatal hydrocortisone amplifies the decrease in body weight gain
induced by hydrocortisone and impairs the horizontal bar performance on P15. (4) Prenatal
exposure to hydrocortisone improves horizontal bar holding in repeated test on P17 in
seizure naïve rats.

If, in this study, any effect or prenatal corticosteroid exposure on seizure susceptibility was
found, it was the anticonvulsant effect after prenatal betamethasone exposure, i.e., the
susceptibility to seizures was decreased. At least two previous studies are consistent with
this finding, revealing decreases in seizure susceptibility in immature rats in both
hippocampal kindling and maximal electroshock seizure models after prenatal
betamethasone (Velíšek 2005, Young et al., 2006). Similarly, another synthetic
corticosteroid dexamethasone decreased seizure susceptibility (had anticonvulsant effects) in
the kindling model (Young et al., 2006). While the mechanisms of these effects of prenatally
administered corticosteroids are unclear, they may involve enhanced peptidergic inhibition
(Velíšek 2006b) and changes in other systems such as glucocorticoid receptors (this effect is
restricted to the exposure during the last third of rat pregnancy) or even hypothalamus-
pituitary-adrenal axis (Shoener, et al. 2006, Welberg and Seckl 2001, Young et al., 2006).

Betamethasone and dexamethasone are synthetic hormones with high affinity for
glucocorticoid receptors. They easily cross placental barrier and bind to glucocorticoid
receptors in the fetal brain (de Kloet 2003, Matthews 2000). Natural corticosteroids bind to
both glucocorticoid and mineralocorticoid receptors in the brain (Joels 2001, Levitt et al.,
1996, Reul et al., 1987). By the feedback pathways, corticosteroids decrease the release of
hypothalamic corticotropin-releasing hormone (CRH) (Chen, et al. 2004), a strong
convulsant agent in the immature brain (Baram and Schultz 1991) suggesting moderate
decreases in seizure susceptibility. However, natural corticosteroids can be metabolized in
the brain and some of their metabolites may mediate proconvulsant effects (McInnes, et al.
2004). The net effect on seizure susceptibility may therefore be dependent on corticosteroid
species. While after betamethasone (dexamethasone) the suppression of hypothalamic CRH
may prevail with resulting decreases in seizure susceptibility, use of hydrocortisone may
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boost production of proconvulsant metabolites counteracting suppression of CRH. We can
speculate that higher doses of hydrocortisone may even reverse the net effect into
proconvulsant. This speculation is supported by enhancement of lethal effects of kainic acid
(3.5 mg/kg) by prenatal hydrocortisone. It should be emphasized that although
hydrocortisone (cortisol) is a natural human corticosteroid, it is not present in the rat and this
may account for no overall effects on susceptibility to KA-induced seizures compared to
stress (Frye and Bayon 1999).

An interesting question is whether the effect of prenatal betamethasone exposure on seizure
susceptibility is model-specific? Until recently and including this study, prenatal
betamethasone exposure was associated with anticonvulsant effects, i.e., decreased seizure
susceptibility, in three models of seizures: kindling (Velíšek 2005, Young et al., 2006),
maximal electroshock (Young et al., 2006), and flurothyl (this study). This study also
demonstrated that there was no effect of prenatal betamethasone on kainic acid-induced
seizures. Betamethasone did not affect seizures induced by either 3.5 or 5.0 mg/kg of kainic
acid suggesting true lack of betamethasone efficacy. Finally, in addition to those findings,
our recent study indicated that prenatal betamethasone exposure had significant and unique
proconvulsant effects in spasms induced by NMDA in infant rats (Velíšek, et al. 2007).
These results taken together suggest that effects of prenatal betamethasone on seizure
susceptibility are indeed model-specific. The mechanisms beyond these differences are still
elusive and one may only speculate that specific molecular changes induced by
betamethasone (such as in the NMDA receptor subunit expression) may be the culprit.

There was a significant decrease in body weight after prenatal corticosteroid exposure
irrespective of the corticosteroid used. This finding is consistent with many previous studies
(Carlos, et al. 1992, Scheepens, et al. 2003, Velíšek 2006b, Welberg and Seckl 2001, Young
et al., 2006). Thus, a decrease in postnatal weight gain represents a simple and reliable
indicator of biological activity of prenatally administered corticosteroids. Interestingly, a
decrease in postnatal body weight gain was amplified after prenatal pretreatment with
mineralocorticoid receptor antagonist canrenoic acid suggesting that in this case, canrenoic
acid may have a positive feed-back.

Prenatal hydrocortisone exposure did not affect behavioral performance on the horizontal
bar or in the elevated plus maze. Yet, horizontal bar performance was impaired after a
combination of prenatal hydrocortisone and canrenoic acid. Co-administration of
mineralocorticoid receptor antagonist canrenoic acid along with hydrocortisone was planned
to identify the effects mediated through the hydrocortisone action on mineralocorticoid
receptors. The explanation of this effect of canrenoic acid on hydrocortisone actions may
come from the hypothalamus-pituitary-adrenal feedback mechanisms, which is mediated by
mineralocorticoid receptors (Atkinson, et al. 2008). However, in canrenoic acid-pretreated
rats this feedback was eliminated, and we can speculate that this may possibly induce further
release of natural corticosteroids responsible for the amplification of the hydrocortisone
effects. Alternative explanation is that the effects of corticosteroids and their antagonists
may include crossover activity at progesterone receptors (Rupprecht, et al. 1993).
Additionally, the presumed specific mineralocorticoid antagonists may act on
mineralocorticoid/glucocorticoid heterodimers (Trapp, et al. 1994) further complicating the
outcome and interpretation of the data.

While we did not find an effect of prenatal exposure on the retention index, a marker of
memory retention, it should be mentioned that this marker represents an indirect measure,
and is further affected by additional variables such as anxiety status, locomotor activity, and
seizure history. These variables likely contributed to the large variability of data and may
affect also seizure susceptibility outcome. More specific memory tests are required for
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reliable information of prenatal corticosteroid exposure influence on memory status. Yet our
finding is supported by a recent study, which did not show any effect of prenatal
betamethasone or dexamethasone exposure on Morris Water Maze performance in adult rats
(Emgard, et al. 2007).

In the previous study in seizure-naïve rats, we found an increased transfer latency in the
elevated plus maze after prenatal betamethasone exposure consistent with decreased anxiety
(Velíšek 2006b). In this study the acute seizure experience eliminated the effect of
betamethasone exposure on anxiety. On the other hand, combination of prenatal
hydrocortisone with seizures in this study significantly increased anxiety in those rats. These
finding indicate that there may be complex interactions between prenatal corticosteroid
exposure (steroid-specific) and postnatal seizure experience (acute seizure vs. chronic
epilepsy) on the expression of anxiolytic molecules such as NPY (Reibel, et al. 2001). We
can further speculate about participation of other molecules (such as glucocortioids
themselves), since glucocorticoids have anxiogenic features (Tronche, et al. 1999).
Hippocampus also contains corticotropin-releasing hormone (CRH) (Chen et al., 2004, Yan,
et al. 1998). Expression of CRH may be also increased by prenatal corticosteroid exposure
(Bosch, et al. 2007, Shoener et al., 2006) resulting in changes in anxiety because CRH is a
potent anxiogenic molecule (Stenzel-Poore, et al. 1994).

In conclusion, we found model-specific effects of prenatal betamethasone exposure on
seizure susceptibility and increased anxiety after hydrocortisone combined with seizure
experience. The results indicate that effects of prenatal exposure to corticosteroids on
seizure susceptibility may be seizure syndrome specific, therefore studies in humans seeking
the effects of prenatal corticosteroids (or stress) on epilepsy without defining a specific
syndrome may not return any positive results (Li, et al. 2008).
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CAN canrenoic acid

HC hydrocortisone

HPA hypothalamus-pituitary-adrenal

KA kainic acid

MR mineralocorticoid

NPY neuropeptide Y

P postnatal day
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RI retention index
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Figure 1. Prenatal corticosteroid exposure decreases postnatal weight
(A) Exposure to both hydrocortisone (left) and betamethasone (right) on gestational day 15
significantly decreased postnatal weight on P15; *p<0.05.
(B) In different groups of prenatally exposed rats, hydrocortisone (HC) again decreased
postnatal body weight. When canrenoic acid (CAN; an mineralocorticoid receptor
antagonists) was co-administered with hydrocortisone, the weight loss was further
amplified. Canrenoic acid applied in control arrangement had no such effect on the body
weight; *p<0.05 versus 2x saline + 2x saline group or 2x CAN + 2x saline group; #p<0.05
versus 2x saline + 2x HC group.
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Figure 2. Prenatal exposure to betamethasone, but not hydrocortisone, decreases susceptibility to
flurothyl-induced clonic seizures
(A) Prenatal exposure to hydrocortisone had no effects on susceptibility to either clonic or
tonic-clonic flurothyl-induced seizures compared to controls. (B) Prenatal exposure to
betamethasone significantly increased amount of flurothyl required to induce clonic seizures
compared to controls (increased flurothyl seizure threshold = anticonvulsant effect). There
was no effect on the tonic-clonic seizure threshold.
*p<0.05 compared to controls.
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Figure 3. Prenatal exposure to either betamethasone or hydrocortisone does not alter
susceptibility to kainic acid-induced seizures
(A, B) There were no effects of prenatal hydrocortisone exposure on automatisms and status
epilepticus induced by 3.5 mg/kg (C) or 5.0 mg/kg (D) of kainic acid.
(C) Overview of the KA dose-response for automatisms and status epilepticus in prenatally
hydrocortisone- and saline-exposed rats. In addition to the 3.5 and 5.0 mg/kg doses, the dose
of 16.0 mg/kg of KA was used. Two-way ANOVA revealed the effects of the KA dose for
both symptoms (<-*-> p<0.05; significant difference only in the horizontal direction
indicated by the arrows across the KA doses), but not of the prenatal exposure (vertical
direction).
(D, E) Prenatal exposure to betamethasone did not change latency to onset of automatisms
or status epilepticus induced by 3.5 mg/kg (A) or 5.0 mg/kg (B) of kainic acid compared to
controls.
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Figure 4. Combination of prenatal exposure to hydrocortisone and postnatal seizures decreases
transfer latency in the elevated-plus maze
(A) There was no effect of either prenatal hydrocortisone or prenatal betamethasone
exposure on horizontal bar performance on P15 (prior to seizure challenge) or on P17 (tested
after the P15 seizure experience).
(B) Only prenatal exposure to hydrocortisone in combination with P15 seizures significantly
decreased transfer latency in the elevated plus maze assessed on P20 (*p<0.05 versus
controls; #p<0.05 versus prenatal betamethasone-exposure) indicating increased anxiety.
(C) Both prenatal hydrocortisone and betamethasone exposure in combination with P15
seizures did not alter retention index determined on P20-22 in the elevated plus maze
compared to saline-exposed controls.
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Figure 5. Prenatal hydrocortisone exposure without seizure experience improves horizontal bar
holding in the repeated test
(A) Bar holding determined on P15 was not affected by prenatal hydrocortisone exposure
compared to controls.
(B) When the horizontal bar holding was repeated on P17, those rats exposed prenatally to
hydrocortisone significantly improved performance compared to controls (*p<0.05).
(C) There was no effect of prenatal hydrocortisone exposure on transfer latency determined
in the elevated plus maze on P20.
(D) Prenatal hydrocortisone exposure did not affect memory retention index calculated from
the transfer latency on P20 and P22 in the elevated plus maze.
(E) Prenatal co-administration of canrenoic acid (CAN) and hydrocortisone (HC)
significantly decreased performance on the horizontal bar compared to both prenatally
saline-exposed controls (*p<0.05) and to controls injected with canrenoic acid and saline
(#p<0.05).
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Table 1

Survival through P17 after seizures on P15 and prenatal exposure on G15

prenatal exposure G15 seizure induction on P15

flurothyl kainic acid 3.5 mg/kg kainic acid 5.0 mg/kg

saline 25/25 29/30 17/33

betamethasone 2× 0.4 mg/kg 7/7 21/24 5/8

hydrocortisone 2× 10 mg/kg 23/23 7/14 13/25

statistics: χ2, p n/a 15.7; 0.0004* 0.329; 0.8483

First number in the field marks the number of rats surviving on P17 while the second number indicates the number of rats tested in the particular
seizure test on P15. All rats experiencing fluorthyl seizures survived. On the other hand, prenatal hydrocortisone treatment significantly decreased
survival rate after seizures induced by 3.5 mg/kg of kainic acid i.p.
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