
Prenatal Exposure to Betamethasone Decreases Anxiety
in Developing Rats: Hippocampal Neuropeptide Y as a
Target Molecule

Libor Velı́šek*,1,2
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Repeated antenatal administration of betamethasone is frequently used as a life-saving treatment in obstetrics. However, limited

information is available about the outcome of this therapy in children. The initial prospective studies indicate that there are behavioral

impairments in children exposed to repeated courses of prenatal betamethasone during the third trimester of pregnancy. In this study,

pregnant rats received two betamethasone injections on day 15 of gestation. Using immunohistochemistry, the expression of a powerful

anxiolytic molecule neuropeptide Y (NPY) was determined on postnatal day (PN) 20 in the hippocampus and basolateral amygdala

(structures related to anxiety and fear) of the offspring. Prenatal betamethasone exposure induced significant increases in NPY

expression in the hippocampus but not in the amygdala. Indeed, behavioral tests in the offspring, between PN20 and PN22 in the open

field, on the horizontal bar, and in the elevated plus maze, indicated decreases in anxiety, without impairments in motor performance or

total activity. Decreased body weight in betamethasone-exposed rats confirmed long-lasting effects of prenatal exposure. Thus, prenatal

betamethasone treatment consistently increases hippocampal NPY, with decreases in anxiety-related behaviors and hippocampal role in

anxiety in rats. Animal models may assist in differentiation between pathways of the desired main effect of the antenatal corticosteroid

treatment and pathways of unwanted side effects. This differentiation can lead to specific therapeutic interventions directed against the

side effects without eliminating the beneficial main effect of the corticosteroid treatment.

Neuropsychopharmacology (2006) 31, 2140–2149. doi:10.1038/sj.npp.1301016; published online 11 January 2006
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INTRODUCTION

Therapeutic administration of corticosteroids is used as a
life-saving treatment to prevent respiratory distress syn-
drome in those pregnancy cases in which premature
delivery is imminent. An NIH Consensus conference
published the Statement in 1994 (NIH, 1994) indicating
that one-time corticosteroid administration is safe and
without side effects for prevention of respiratory distress
syndrome in prematurely born neonates. This conclusion
was based on numerous prospective studies after this
treatment (NIH, 1994; MacArthur et al, 1981, 1982;
Schmand et al, 1990; Smolders-de Haas et al, 1990). As a
result, the trend in clinical practice has become to repeat the

administration of synthetic corticosteroids in pregnant
women at risk for premature delivery if delivery does not
occur within 7–10 days after the initial treatment (NIH,
2000; French et al, 1999; Ng et al, 1999) making the
exposure to synthetic corticosteroids long-lasting. As
indicated by the follow-up NIH Consensus Statement in
2000, beneficial effects of multiple vs single antenatal
corticosteroid administration had not been proven by
carefully controlled prospective studies, although animal
studies have suggested a possible increase in side effects
(NIH, 2000). Since the 2000 Consensus Conference, two
prospective studies appeared. One study indicated that
repeated antenatal synthetic corticosteroids (either beta-
methasone or dexamethasone) vs a single treatment may
increase intracerebral hemorrhage in neonates while not
significantly improving the lung maturation outcome, and
was terminated prematurely (Guinn et al, 2001). A recent
prospective study (French et al, 2004) demonstrated that
repeated prenatal betamethasone courses were associated
with behavioral side effects. Affected children had increases
in aggressive/destructive behavioral scores at 3 and 6 years
of age. These children also displayed greater distractibility
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and hyperactivity, although their intellectual performance
was not affected. Prospective human studies are labor-
intensive, time-consuming, and costly. Therefore, relevant
animal studies may help in finding the methods of
preserving desired life-saving main effects of antenatal
corticosteroid treatments along with significant suppression
of unwanted side effects.

Studies in rats reveal that surges of corticosteroids during
critical developmental periods produce long-term impair-
ments during postnatal life (Avishai-Eliner et al, 2002;
Brunson et al, 2005; Matthews, 2000; Welberg and Seckl,
2001). Several different techniques were used and invariably
caused detrimental effects on the offspring. Exposure of
pregnant rats to 45 min of restraint stress in a cylinder three
times a day during the third week of gestation was
associated with increased corticosteroid levels. The off-
spring then displayed an enhanced response to the restraint
stress (Barbazanges et al, 1996), and also displayed
impairments of working memory in radial maze and spatial
recognition memory in the Y maze (Vallee et al, 1999).
Similarly, prenatal continuous corticosterone release from a
pellet on days 16–21 of gestation (E16–21) induced both
short- and long-term changes in spontaneous motor
activity, such as increases in motility, rearing, and
locomotion in the offspring (Diaz et al, 1997; Mickley
et al, 1989). Even maternal corticosteroids, reaching the
fetus in physiologic concentrations between E13 and E23
(owing to inhibition of maternal placental 11b-hydroxyster-
oid dehydrogenase type 2 enzyme), delayed puberty onset
in the offspring (Smith and Waddell, 2000). Repeated
administration of dexamethasone on E17–19 significantly
decreased body and brain weight of newborn rats (Carlos
et al, 1992). Finally, dexamethasone administration during
the last (third) week of rat pregnancy decreased postnatal
body weight in the offspring, reduced exploratory behavior
both in an open field and in an elevated plus maze, and
impaired behavioral responses and learning in a forced-
swim test (Welberg et al, 2001). Previous studies from our
laboratory demonstrated that prenatal exposure to two
doses of 0.4 mg/kg of betamethasone on E15 decreased
susceptibility to dentate gyrus kindling in immature
postnatal day 15–16 (PN15–16) rats (Velı́šek, 2005b).

Increased corticosteroids during critical developmental
periods prenatally or early postnatally may impair postnatal
behavior in the offspring (Avishai-Eliner et al, 2002;
Matthews, 2000; Seckl et al, 2000). Therefore, we hypothe-
sized that repeated prenatal exposures to synthetic beta-
methasone in rats will alter postnatal behavior, similar to
human conditions after prolonged antenatal betamethasone
exposure (French et al, 2004). As our data revealed changes
in anxiety, we determined whether the prenatal exposure to
betamethasone affects expression of neuropeptide Y (NPY),
a peptide neurotransmitter with powerful anxiolytic effects
(Heilig, 2004; Tschenett et al, 2003), in those brain areas
associated with anxiety behaviors (Bannerman et al, 2004).

MATERIALS AND METHODS

Animals and Prenatal Treatments

Experiments were carried out according to the Revised
Guide for the Care and Use of Laboratory Animals (NIH

GUIDE, volume 25, number 28, August 16, 1996). All
experiments reported here were reviewed and approved by
the Institutional Animal Care and Use Committee. Timed
pregnant Sprague–Dawley rats were purchased from
Taconic Farms (Germantown, NY, USA) and received on
day 8 of pregnancy (E8).

Rats were housed in our AAALAC-approved facility, with
free access to rat chow and tap water on a 12 h dark : light
cycle with lights on at 0700. On E15, all rats received two
injections. The control group of pregnant rats was injected
with normal saline (1 ml/kg i.p.) at 0800 and 1800. Another
group of pregnant rats received two doses of betamethasone
(0.4 mg/kg i.p. in 1 ml/kg of normal saline) at the same
times (ie 10 h apart). The treatment paradigm studied here
in rats was intended to model prolonged antenatal
corticosteroid exposure in humans. Pregnant women
usually receive two doses of 12 mg of betamethasone within
24 h as a standard treatment and this is considered as a
single course of betamethasone therapy (French et al, 2004).
With an average body weight of 60 kg, this implies
2� 0.2 mg/kg of betamethasone within 24 h. In pregnant
women, betamethasone half-life is approximately 4.5 h
(Petersen et al, 1983), so the interval between the doses is
about five half-lives. In rats, betamethasone half-life is
approximately 2 h (Tamvakopoulos et al, 2002). Thus, in
our treatment paradigm in rats, we delivered twice as much
betamethasone as in the human treatment paradigm,
separated by five half-lives. Although we did not measure
plasma concentrations, available data after a single i.v.
injection of 1 mg/kg of betamethasone in rats show that
after 2 h its plasma concentration is around 1 mM and after
8 h it drops to 100 nM (Tamvakopoulos et al, 2002).
However, in women, 24 h after the last injection of
betamethasone, the plasma concentration is approximately
7 ng/ml (14 nM) (Anderson et al, 1977). Extending
betamethasone metabolism in the rat using its biological
half-life indicates that, after 24 h, plasma concentrations
in our rat treatment paradigm and in pregnant women
are in a similar range. After injections, pregnant rats
were kept in separate cages until day of delivery (PN0).
On PN1, newborn rat pups were weighed, sexed, and
the litters culled to five males and five females, if possible.
It should be emphasized that no more than two males
and two females from each litter were used and that a
minimum of three litters per treatment group and
behavioral experiment group were used to avoid ‘litter’
effects. For immunohistochemistry, two males and two
females from two different litters per treatment group
were used.

Weight

For the purpose of this study, weight was checked on
PN15 and PN20. Weight of rats was used as a mea-
sure of biological activity of prenatally administered
corticosteroids. Multiple studies have determined that
prenatal exposure to corticosteroids decreases postnatal
weight (Carlos et al, 1992; Scheepens et al, 2003).
Here, the weight was determined repeatedly to assess
whether in this model the weight loss is only transient
(Scheepens et al, 2003) or lasts throughout the experimental
period.
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Behavioral Tests in the Offspring

All behavioral tests were performed on PN20. For practical
purposes, if possible, horizontal bar walking and elevated
plus-maze tests were administered to the same rats:
horizontal bar walking always before the elevated plus-
maze test. Different rats on PN20 were used in the open-
field test. Behavioral tests were performed blinded to
experimental conditions.

Elevated plus maze (anxiety test; Pellow et al, 1985;
Pellow and File, 1986). The elevated plus maze consisted
of four arms 10� 50 cm. Two contrapositioned arms
were closed and two were open. All the arms were
interconnected with a 10� 10 cm2 platform. The entire
maze was positioned 60 cm above the ground. For enhanced
contrast between open and closed arms, the ends of the
open arms were illuminated by focused light sources. The
rat (on PN20) was positioned at the distal end of one of the
open arms facing out and released. Latency to enter the last
third of the closed arm was measured (referred to as
transfer latency (TL); Hlinak and Krejci, 2002). We chose to
use the entry into the last third of the closed arm, to skew
the measurement toward the indication of anxiety in
contrast to simple exploratory activity. Before each test,
the plastic elevated plus maze was cleaned with 70% alcohol
and left to dry out.

Elevated plus maze (memory retention test). Repeated
testing serves as a measure of memory retention (Hlinak
and Krejci, 2002; Itoh et al, 1991; Onodera et al, 1998;
Podhorna and Franklin, 1998). Transfer latency was
determined repeatedly on 3 consecutive days (PN20–22).
Thus, a memory component should play a role in the
repeated tests. Changes in transfer latency over this 3-day
period were expressed in terms of retention index (RI;
Kábová et al, 1999). In this study, the RI was calculated
as RI¼ log(TLPN20)�log(TLPN22). The RI value indicates
whether the performance improves over time (RI40),
whether the performance decreases (RIo0), or whether
there is no change in performance (RI¼ 0).

Horizontal bar walking. This is a measure of motor
skills in a highly motivating environment (Murphy et al,
1995). The rat was positioned perpendicularly to the
2 cm diameter bar hanging 50 cm above the padded floor
and allowed to grasp first with the front paws and then
also with the hind paws. At that moment, the rat was
released and the timing was started. Time limit for
horizontal bar walking was set to 2 min. Three tests were
performed per one session and the best result was used for
the evaluation.

Open-field activity. Several parameters were determined
using an automated open field (Med-Associates, St Albans,
VT, USA) with area dimensions 42.5� 42.5 cm within a
5 min session time. In this open field, the central area was
defined (by means of software) as 22.5� 22.5 cm in the
middle of the field (area of 506.25 cm2; 28% of total open-
field area). Periphery consisted of a 10 cm wide area along
the walls. Distance and time traveled (ambulation), time
spent with stereotypies, time spent resting, and time spent

rearing, as well as counts of the number of events were
evaluated during the entire session. The fraction of activities
related to the central area (Fcentral ¼ central area value/total
value) was also calculated. Additionally, total number of
entries into the zones (zone crossings) and the relative time
spent in the central zone were compared. Between the
testings, the open field was wiped with 70% alcohol and left
to dry out.

Immunohistochemistry. Littermates of the rats used in
behavioral experiments were anesthetized with 50 mg/kg of
pentobarbital i.p. and transcardially perfused with 4%
paraformaldehyde. After sucrose cryoprotection, coronal
sections were cut at 40 mm through the entire hippocampus.
Thus, some sections contained both dorsal and ventral
hippocampus and also amygdala. Mainly ventral, but
also dorsal hippocampus is related to anxiety behaviors,
whereas basolateral amygdala is more connected with fear
than with anxiety (Bannerman et al, 2004). For NPY
immunostaining, free-floating sections (40 mm) were col-
lected every 200 mm. Sections were incubated for 1 h in 10%
bovine serum albumin (BSA)/phosphate-buffered saline
(PBS) solution to block nonspecific staining. The primary
rabbit anti-NPY polyclonal antibody (1 : 2000; Sigma,
St Louis, MO, USA) was diluted in 4% BSA/PBS and the
sections were incubated at 41C for 24 h. After several
rinses, the immunoreactive neurons were visualized with
30-30-diaminobenzidine using the avidin–biotin–horserad-
ish peroxidase method (Vectastain ABC kit, Vector Labs,
Burlingame, CA, USA). To minimize differences between
the various sets of stained sections, all sections were treated
exactly the same way at all steps, and slices from prenatally
saline- and betamethasone-exposed rats were stained in the
same dish.

Control sections were prepared using the primary
antiserum preadsorbed with the peptide or by incubating
the sections without the primary antibodies: under both
conditions, the immunohistochemical procedure failed to
show any immunoreactivity.

NPY Expression

We used immunointensity measurement procedure de-
scribed previously (Ravizza et al, 2003, 2002). Measure-
ments were performed blinded to experimental conditions.

Selection of the sections. On the first microscopic slide
containing the studied structure, one section was selected at
random. At subsequent slides, we used the section
determined by adding the number of sections per slide to
the order number of the initial section. As there was
a constant number of sections per slide, the sections
throughout the structure were evaluated at regular intervals,
however with a random beginning.

Regions. In the dorsal hippocampus, the area of the
subgranular NPY-immunopositive neurons, the area of the
inside hilar NPY-immunopositive neurons, and finally CA1
immunopositive neurons were investigated. Similarly, in the
ventral hippocampus, we determined NPY expression
within the hilus. Finally, we assessed NPY expression in
basolateral amygdala.
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Measurements. On each section in each studied area (eg the
subgranular zone of the dorsal hippocampus), 3–6 regions
of interest (ROI; defined as a microscopy field at � 400
magnification containing at least three NPY-immunoposi-
tive neurons) were digitally scanned. Within each ROI,
immunoexpression of NPY in these three neurons was
measured and expressed as a gray scale value using ImageJ
software (Wayne Rasband; NIH). Similarly, gray scale
values of three areas of background containing no cells
and obvious fibers were measured. The values for back-
ground were averaged and the average was subtracted from
the gray scale value for each neuron within the same ROI.

A total of 4–5 sections were evaluated per each structure
and rat. In each region, immunointensity values were
averaged for all measured neurons in each rat. Final
averaged values (note that each rat contributed only one
value per studied region computed from 35 to 90 individual
neuronal measurements) were statistically compared.

RESULTS

Body Weight

We determined the body weight of the offspring during the
postnatal testing period PN15–20 as an indicator of long-
term biological effects of prenatal betamethasone exposure.
At both ages (PN15 and PN20), prenatally betamethasone-
exposed rats had lower body weight compared to prenatally
saline-exposed rats. There was no sex-based body weight
difference, and no interaction between the two factors
(Figure 1). Decreases in postnatal body weight indicate
long-term effects of prenatal betamethasone exposure

Elevated Plus Maze: Anxiety Test

In the elevated plus maze, betamethasone-exposed rats
(n¼ 12) had longer transfer latency than prenatally saline-
exposed rats (n¼ 19; two-way ANOVA; F(1,27)¼ 4.604;
Po0.05). Additionally, female rats (n¼ 19), regardless of
the treatment, had longer transfer latency than male rats
(n¼ 12; F(1,27) ¼ 4.246; Po0.05). Thus, prenatally beta-
methasone-exposed rats as well as female rats spent more
time traveling from the open arm to the end of the closed
arm, indicating a decrease in anxiety in these two groups
compared to respective controls (Figure 2). There was no
interaction between the two factors.

Elevated Plus Maze: Memory Retention Index

Repeated testing (three sessions over 3 days) in the elevated
plus maze made it possible to calculate a retention index. In
this measure, there was no difference between prenatally
betamethasone-exposed and saline-exposed rats or between
males and females (data not illustrated). All index values
were positive numbers, indicating that some memory
retention occurred with repeated elevated plus-maze testing.

Horizontal Bar

As the latency to reach the closed arm in the elevated plus-
maze test may be a function of impaired motor performance
and not anxiety, the rats, on PN20, were tested on the

horizontal bar. No difference was found between the factors
of prenatal treatment (betamethasone n¼ 9; saline n¼ 21;
two-way ANOVA; F(1,26) ¼ 1.819; Pb0.05) and sex (two-way
ANOVA; F(1,26) ¼ 0.010; Pb0.05; Figure 3, left). Re-calculat-
ing of combined male (n¼ 14) and female (n¼ 16) data
using Student’s t-test (factor: prenatal treatment) did not
reveal any significant differences either (P¼ 0.158; Figure 3,
right). As there was a significant body weight difference
between the groups and, thus, holding on the horizontal bar
may have been affected, body weight was introduced as a
covariate into the two-way ANOVA. Correction for weight
did not change the statistical outcome for the main factors
and did not create any significant interaction. Thus, body
weight can be excluded as a possible variable for horizontal
bar holding time, and there was no effect of prenatal
betamethasone exposure on horizontal bar holding.

Open Field

In the open-field testing, we focused on the following
variables: total traveled distanceFa difference would
indicate motor problems (such as ataxia or poor walking
skills) in one of the tested groups. Data analysis of this

Figure 1 Prenatal betamethasone exposure significantly decreases
postnatal body weight in the offspring. (a) PN15. The left part of the
figure shows body weight in prenatally betamethasone- and saline-exposed
male and female rats (in g, M7SEM). Two stars with a bar indicate a
significant difference between the treatments (see combined male + female
data on the right). (b) Body weight at PN20 (in g, M7SEM). The difference
between treatments still persists. At both ages, there were no sex
differences in body weight. Findings indicate long-term biological effects of
prenatal betamethasone exposure.
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variable did not reveal any significant difference as a
function of prenatal treatment (two-way ANOVA; P40.95)
or sex. Distance traveled in the central fieldFthis variable
indicates a preference of the group for the central area of
the open field (anti-agoraphobic behavior). Rats prenatally
exposed to betamethasone (n¼ 16) traveled longer distance

in the central area compared to saline-exposed rats (n¼ 10;
two-way ANOVA; F(1,22) ¼ 4.315; Po0.05; Figure 4a). Simi-
larly, female rats (n¼ 13) traveled a longer distance in the
central area than male rats (n¼ 13; two-way ANOVA;
F(1,22)¼ 10.221; Po0.05; Figure 4b). Finally, we evaluated
rearing per session period. Prenatally betamethasone-
exposed rats displayed significantly fewer rearing episodes
than saline-exposed rats (two-way ANOVA; F(1,22) ¼ 6.655;

Figure 2 Transfer latency in the elevated plus maze (in s; M7SEM). The
experiment was performed at PN20. The left side illustrates groups
according to sex and treatment. There were significant effects of treatment
(two asterisks with a bar) and sex (an asterisk with a horizontal bracket):
betamethasone exposure increased the transfer latency and decreased
anxiety. Additionally, females displayed less anxiety than males. Effects of
both factors are individually shown on the right (treatment on the top; sex
on the bottom).

Figure 3 Duration of hold on the horizontal bar (in s; M7SEM).
Performance at PN20. Despite the trend, there was no significant
difference due to prenatal treatment or sex. Combining males with
females did not bring any significance for the treatment effect (right side).
Introduction of body weight as covariate also did not change the outcome
of statistical tests.

Figure 4 Open-field performance. (a) Total distance traveled within a
5 min session (in cm; M7SEM). There was no difference based on prenatal
treatment or sex. All rats were approximately equally active in the open
field. (b) Distance traveled in the central area (in % of total distance
traveled). There was a significant increase in traveling in the central area of
the open field after betamethasone exposure (two asterisks with a bar) as
well as in females (an asterisk with a horizontal bracket). Both factors are
summarized on the right. The finding of increased travel in the central field
is consistent with decreased anxiety and corresponds to the finding in
the elevated plus maze (Figure 2). (c) Total number of rearings per
5 min session. There was a significant decrease in the rearing rate in
betamethasone- compared to saline-exposed rats (two asterisks with a
bar). There was no effect of sex. Here, a decrease in rearings is interpreted
as a decrease in anxiety (see Discussion for technical considerations).
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2144

Neuropsychopharmacology



Po0.05; Figure 4c). There was no difference between males
and females and no interaction of the main effects. Other
parameters such as number and duration of stereotypies or
number of zone crossings were not different between
prenatally exposed groups. Prenatally betamethasone-ex-
posed rats tended to spend more time in the central field
than prenatally saline-exposed rats (not illustrated), but this
trend was not significant. Thus, the data show that there are
differences in anxiety behavior between prenatally beta-
methasone- and saline-exposed rats.

NPY Expression

As NPY is connected with anxiety behaviors and its
expression can be modified by corticosteroids, we deter-
mined NPY expression in those brain sites linked to anxiety
and fear. First, in the hilus of the dentate gyrus of the
ventral hippocampus, there was a significant increase in
NPY expression in betamethasone- compared to saline-
exposed rats (two-way ANOVA; F(1,10)¼ 5.432; Po0.05;
Figure 5a). There was no difference between males and
females and no interaction between the factors. Combined
data irrespective of sex are shown in Figure 5a (right). There
was higher NPY expression in the cells of prenatally
betamethasone-exposed rats (Figure 5b) compared to
saline-exposed rats (Figure 5c). In the basolateral amygdala,

there was no effect of prenatal treatment (two-way ANOVA;
F(1,10) ¼ 3.635; P40.05; not illustrated). Similarly, there was
no effect of sex and no interaction between the main effects.
After combining data irrespective of sex and re-calculating
with Student’s t-test (factor: prenatal treatment), there was
still no difference (not illustrated). Finally, we investigated
three areas of the dorsal hippocampus: inner hilus and
subgranular zone of the hilus as well as the CA1. In both the
inner hilus and the subgranular zone, betamethasone-
exposed rats had higher NPY expression (inner hilus,
two-way ANOVA, F(1,10)¼ 10.618, Po0.05, Figure 6a;

Figure 5 NPY immunoexpression in the dentate gyrus of the ventral
hippocampus. (a) NPY immunointensity (arbitrary units; M7SEM). Prenatal
betamethasone exposure was associated with significantly increased NPY
immunoexpression (two asterisks with a bar). There was no effect of sex.
Combined male and female data are displayed on the right side. (b)
Microphotograph at � 400 magnification of two dentate gyrus neurons
containing NPY in prenatally saline-exposed rat. Note the low level of NPY
expression in the neurons as well as in the processes. Bar¼ 10mm. (c)
Microphotograph at � 400 magnification of a dentate gyrus neuron
containing NPY in prenatally betamethasone-exposed rats. NPY expression
is high both in the neuron and in the processes. Background containing no
processes is similar to background in (b), though. Immunohistochemical
staining on saline- and betamethasone-exposed slices was run in the same
dish for similar conditions. Bar¼ 10 mm.

Figure 6 NPY immunoexpression in the dorsal hippocampus. (a) NPY
immunointensity (arbitrary units; M7SEM) in the population of inner hilar
NPY-containing neurons. Prenatal betamethasone exposure was associated
with increased NPY immunoexpression (two asterisks with a bar). As no
sex difference was found, combined data are shown on the right. (b) NPY
immunointensity (arbitrary units; M7SEM) in the population of subgranular
NPY-containing neurons. Prenatal betamethasone exposure was associated
with increased NPY immunoexpression (two asterisks with a bar). As no
sex difference was found, combined data are shown on the right. (c) NPY
immunointensity (arbitrary units; M7SEM) in the population of CA1
neurons. Two-way ANOVA did not reveal any difference based on
pretreatment or sex. When combined male and female data were
compared with Student’s t-test, prenatal betamethasone exposure was
associated with increased NPY immunointensity (right). Although we did
not perform cell counts, NPY-containing neurons appeared to be more
numerous in prenatally betamethasone-exposed rats (Velı́šek, 2005a).
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subgranular zone, two-way ANOVA, F(1,10)¼ 17.653, Po0.05,
Figure 6b). No differences were found based on the sex of
rats or interaction of factors in these two areas. Combined
data irrespective of sex are shown on the right side of
Figure 6a and b. In the CA1 area, there was no signi-
ficant difference between the betamethasone- and saline-
exposed groups (two-way ANOVA; F(1,10)¼ 4.334; P40.05;
Figure 6c) despite the trend to increased NPY expression in
betamethasone-exposed rats. As no effect of sex as well as no
interaction between the main factors was found, the data
were combined irrespective of sex and re-analyzed using
Student’s t-test (factor: prenatal exposure). This trend then
became significantly different (Po0.05; Figure 6c, right).

DISCUSSION

Our results demonstrate that prenatal exposure to repeated
betamethasone on E15 in the rat is associated with increased
expression of NPY in both ventral and dorsal hippocampus
but not in the basolateral amygdala. This prenatal exposure
also results in decreased anxiety corroborated in two
independent tests carried out in the elevated plus maze
and in the open field using three different variables (transfer
latency, central area ambulation, and rearing). Because NPY
has anxiolytic features, we propose that decreases in anxiety
after prenatal betamethasone exposure are due to increased
expression of NPY in the hippocampus, a structure
associated with anxiety behaviors.

Technical Considerations

In this study, we chose to test anxiety in the elevated plus
maze using the transfer latency measure. This approach
enabled us to perform repeated tests over 3 days and also
study memory involvement. Thus, the first daily session
served as an anxiety trial, whereas repeated sessions were
used for memory testing. The disadvantage of this approach
compared to the recording of entries to the open and closed
arms from the central platform is that ‘freezing’ of the rat on
the open arm would give a false impression of decreased
anxiety (due to enhanced transfer latency). However, as the
open field was used for measurements of mobility and no
difference was found between the groups, this objection can
be dismissed.

Second, the interpretation of rearing is ambiguous. Some
studies consider decreased rearing counts as a measure of
increased anxiety (Welberg et al, 2001) and others as a
measure of decreased anxiety (Broderick et al, 1998;
Masood et al, 2003; McGregor et al, 2004). However,
increased rearing rate correlates with increased arterial
blood pressure and decreased locomotor activity in the cat
odor anxiety test in rats (Dielenberg and McGregor, 2001;
McGregor et al, 2004), thus providing a convincing
correlation between increased rearing and increased anxi-
ety. Findings of this study were interpreted accordingly.

This study indicates that NPY may serve as one of the
downstream regulator molecules of prenatal betamethasone
exposure with effects on behavior. Although we did not
demonstrate causality, only association of NPY with
behavioral effects, multiple studies have already determined

anxiolytic effects of NPY (for a review, see Heilig, 2004).
Increased NPY expression or NPY administration is
associated with anxiolytic effects, whereas decreased NPY
expression or blockade of its receptors is anxiogenic
(Bannon et al, 2000; Heilig and Murison, 1987; Sajdyk
et al, 1999; Sorensen et al, 2004; Tschenett et al, 2003).
Accordingly, increased NPY expression in the hippocampus
after prenatal betamethasone exposure is congruent with
anti-anxiety effects. Increased expression of NPY (which
also has anticonvulsant features; Richichi et al, 2004) in the
hippocampus may also help in explaining the slower
dentate gyrus kindling rate in betamethasone-exposed
immature rats compared to saline-exposed rats in our
previous study (Velı́šek, 2005b). Earlier studies have shown
that mainly ventral but also dorsal hippocampus is involved
in anxiety control (Andrews et al, 1997; Bannerman et al,
2002a, b, 2003; Gonzalez et al, 1998; Kjelstrup et al, 2002;
McHugh et al, 2004) and NPY alterations in the hippo-
campus affect anxiety behaviors (Heilig, 2004; Thorsell et al,
2000). We did not see an increase in NPY expression in the
basolateral amygdala; however, lesion studies have demon-
strated that this region does not participate in the anxiety
behavior tested in the elevated plus maze (Gonzalez et al,
1996; Treit et al, 1993), and that the amygdala is rather
associated with fear control (Bannerman et al, 2004).

Although the association of NPY with prenatal beta-
methasone exposure is shown here, NPY may not necessa-
rily be the only target molecule. Prenatal corticosteroid
exposure downregulates hippocampal glucocorticoid recep-
tors (Welberg et al, 2001), which also play a role in anxiety
(Tronche et al, 1999). Additionally, the hippocampus
contains corticotropin-releasing hormone (Chen et al,
2004; Yan et al, 1998), which may be altered by prenatal
corticosteroid exposure and is involved in anxiety control
(Stenzel-Poore et al, 1994).

Behavioral findings presented here are in contrast with
the studies evaluating the effects of prenatal stress (Vallee
et al, 1997) on postnatal behavior. In these studies however,
endogenous corticosteroids as well as the entire HPA axis
are activated, and this may account for differential results.
We also found different outcomes than the previous study
(Welberg et al, 2001) describing an increase in anxiety after
prenatal exposure to dexamethasone. Several factors may
have contributed to these differences. First, the above-
mentioned study used a long-term treatment paradigm
covering the entire third week of pregnancy in the rat.
Second, as dexamethasone was used for treatment, the
outcome may be different from betamethasone. Structural
differences between dexamethasone and betamethasone
were shown to affect apoptotic activity (Perrin-Wolff et al,
1995). Finally, mobility of the dexamethasone-exposed rats
may have been overall compromised (Welberg et al, 2001)
as corroborated by a different study using PN3–6 exposure
to dexamethasone (Neal et al, 2004). This was not the case
in our experiment with betamethasone.

The present study demonstrates that repeated prenatal
exposure to betamethasone may significantly affect post-
natal behaviors in rats. This is in agreement with other
studies, which demonstrated behavioral alterations after
prenatal exposure to exogenous corticosteroids (for a
review, see Aghajafari et al, 2002), induction of maternal
stress (Barbazanges et al, 1996; Reznikov et al, 1999;
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Takahashi et al, 1998; Vallee et al, 1997, 1999), or after
enhanced penetration of maternal corticosteroids to the
fetus (Welberg et al, 2000). As behavioral problems may
also occur in children exposed to severe prenatal stress or
repeated administration of betamethasone (French et al,
1999, 2004; Stott, 1973), continuing research is necessary to
determine the mechanisms of the behavioral side effects
(Avishai-Eliner et al, 2002; Matthews, 2000; Seckl, 2000;
Seckl et al, 2000; Welberg and Seckl, 2001). As corticoster-
oids may utilize multiple pathways for their actions (Beato
and Sanchez-Pacheco, 1996; De Kloet, 2004; Makara and
Haller, 2001; Meijer, 2002), it is reasonable to anticipate that
the mechanisms responsible for the beneficial and desired
effects of prenatal betamethasone (lung maturation) are
distinct from mechanisms responsible for unwanted side
effects on behavior. This model may help in defining
pathways of prenatal betamethasone actions and selecting
those in which a specific therapeutic intervention would
prevent unwanted side effects. Thus, by understanding
different corticosteroid pathways, preventative or therapeu-
tic measures against the side effects will become possible.
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