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Abstract

 

Stressful experience during early brain development has

been shown to produce profound alterations in several

mechanisms of adaptation, while several signs of behavioral

and neuroendocrine impairment resulting from neonatal

exposure to stress resemble symptoms of dysregulation asso-

ciated with major depression. This study demonstrates that

when applied concomitantly with the stressful challenge,

the steroid GABA

 

A

 

 receptor agonist 3,21-dihydropregnan-

20-one (tetrahydrodeoxycorticosterone, THDOC) can atten-

uate the behavioral and neuroendocrine consequences of re-

peated maternal separation during early life, e.g., increased

anxiety, an exaggerated adrenocortical secretory response

to stress, impaired responsiveness to glucocorticoid feed-

back, and altered transcription of the genes encoding corti-

cotropin-releasing hormone (CRH) in the hypothalamus

and glucocorticoid receptors in the hippocampus. These data

indicate that neuroactive steroid derivatives with GABA-

agonistic properties may exert persisting stress-protective

effects in the developing brain, and may form the basis for

therapeutic agents which have the potential to prevent

mental disorders resulting from adverse experience during

neonatal life. (

 

J. Clin. Invest.
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Introduction

 

The neuroactive steroid 3,21-dihydroxypregnan-20-one (tet-
rahydrodeoxycorticosterone, THDOC)

 

1

 

 is a potent endoge-
nous modulator of the 

 

g

 

-aminobutyric acid (GABA

 

A

 

) receptor

and displays significant sedative, antiaggressive, and anxiolytic
properties (1–4). Its concentration in the brain is reportedly
augmented during exposure to stress (5). Previous studies have
thus suggested that THDOC and other chemically related ste-
roid compounds might serve as endogenous stress-protective
agents (6, 7). This view was further confirmed by studies with
the related ring-A-reduced steroid 3

 

a

 

-hydroxy-5

 

a

 

-pregnan-20-
one (tetrahydroprogesterone, THP) which proved efficacious
in counteracting anxiety induced by corticotropin-releasing
hormone (CRH), in addition to acting at central sites to
dampen the activity of the hypothalamo-pituitary-adrenal
(HPA) axis (8, 9).

While the studies summarized above were all carried out
in adult animals, little is known about the role of neuroste-
roids in the developing brain. However, a recent paper de-
scribing the ability of neurosteroids to influence GABA-ergic
mechanisms in the infant brain (10) led us to examine whether
neonatal administration of THDOC can produce long lasting
changes in the neurochemical substrates involved in the regu-
lation of behavioral and neuroendocrine processes, in particu-
lar those related to anxiety and stress. The present experi-
ments, conducted in rats, were performed in light of the
literature suggesting that stressful experiences during perinatal
life result in profound and irreversible alterations in the ma-
ture organism’s behavioral and neuroendocrine responses to
stress, such as increased anxiety (11, 12), elevated synthesis of
hypothalamic CRH (13, 14), and decreased responsiveness of
the HPA axis to glucocorticoid negative feedback (13).

In this study, THDOC was administered to infant rats dur-
ing the first 10 postnatal days before repeated separation from
their mothers (a well-established paradigm for induction of
stress during early development; c.f., references 15–17); the
animals were subsequently tested as adults to examine whether
THDOC given alone or concomitantly with the neonatal stress
had produced any long lasting behavioral and neuroendocrine
alterations. Specifically, we assessed anxiety, diurnal, and
stress-induced adrenocortical secretion, the ability of exoge-
nous glucocorticoids to attenuate the humoral response to
stress, and the steady state expression of genes encoding CRH
and glucocorticoid receptors in pertinent brain areas that con-
tribute to the regulation of the HPA axis.

 

Methods

 

Animals.

 

Pregnant Wistar dams (Max Planck Institute of Biochemis-
try, Martinsried, Germany) were single-housed under controlled illu-
mination (12/12 h, lights on at 7:00 am) and ambient temperature
(24

 

8

 

C), and had free access to food and water. Within 6–8 h after de-
livery, litters were culled to six male pups each. Separate groups of in-
fant rats were used for each of the experimental treatments described
below.
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 CORT, corticosterone; CRH,
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g

 

-aminobutyric acid; GR, glucocorticoid receptor; HPA, hypothal-
amo-pituitary-adrenal; PVN, paraventricular nucleus; THDOC, tetra-
hydrodeoxycorticosterone (3,21-dihydroxypregnan-20-one); USV, ul-
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Determination of the anxiolytic dose of THDOC in infant rats.

 

A pi-
lot study was undertaken in order to define an effective anxiolytic
dose of THDOC in infant rats. All steroids tested were purchased
from Steraloids (Wilton, NH). THDOC and its parent steroid corti-
costerone (CORT) were solubilized in an aqueous solution of 2-hydroxy-
propyl-

 

b

 

-cyclodextrin (RBI, Natick, MA), and two different doses (20
and 40 

 

m

 

g/rat) or vehicle were subcutaneously injected in 7-d-old
pups 30 min before separating them from their dams. Each individual
was placed in a plastic box without bedding, and episodes of ultra-
sonic vocalization (USV) in the frequency range of 40–42 KHz were
transformed to audible signals with a bat detector (QMC Instru-
ments, London, UK) and tape-recorded online (Revox B77 MK II)
for a period of 5 min. Tape recordings were transcribed with a poly-
graph recorder (Nihon Kohden, Tokyo, Japan), and the number of
USV episodes produced by each individual was counted.

 

Neonatal stress and chronic THDOC administration.

 

Between post-
natal days 2 and 10, pups were separated from their dams for 8 h
(10:00 am–6:00 pm) on every second day (total five sessions), while
subcutaneous injections of either vehicle (corn oil) or THDOC in a
volume of 0.1 ml were given daily for 10 consecutive days immedi-
ately prior to the separation sessions. Based on the results in the
above-described pilot experiment, THDOC was applied in a daily
dose of 20 

 

m

 

g/rat. Vehicle-injected animals that were left undisturbed
with their dams (apart from a weekly change of the bedding) served
as controls. Rats were weaned at the age of 21 d, and housed in groups
of six for the rest of the experiment.

 

Assessment of anxiety in the elevated plus-maze.

 

1 d before exper-
imentation, the animals were transferred to the testing room to allow
acclimation to the new environment. Observations were performed
between 9:00 am and noon at the age of 75–80 d by an investigator
who was unaware of the treatment conditions. Rats were individually
placed in the center of the elevated plus-maze, and the behavior was
monitored over a period of 5 min using a video camera and automatic
data logger. The percent ratios between the number of entries and
time spent in the open compartments versus total number of entries
and time spent in both types of arms was computed for each individ-
ual and used as a measure of anxiety, i.e., rats displaying higher pref-
erence for the open compartments are considered less anxious and
vice versa (18).

 

Basal and stress-induced adrenocortical secretion in adult rats.

 

These studies were performed between 85 and 100 d of age. Circulat-
ing CORT levels were determined by radioimmunoassay (ICN, Costa
Mesa, CA) in serum samples obtained through tail skin incisions. For
measurements of basal diurnal CORT secretion, blood was collected
on two different days between 7:00 and 9:00 am and 7:00 and 9:00 pm,
respectively. 1 wk later, acute stress-induced release of CORT was
measured after exposing the animals to a series of intermittent air
puffs (delivered with a hair dryer) for 2 min. Blood samples were
withdrawn 20 min after termination of the stress session. Finally, the
efficacy of dexamethasone (DEX) in attenuating stress-induced CORT
secretion was tested after 7 d of recovery from the previous experi-
ment. Dexamethasone (Fortecortin; Merck, Darmstadt, Germany)
was injected at a dose of 50 

 

m

 

g/kg 30 min before the stress procedure,
and blood samples were collected 20 min after termination of the
stress procedure. All procedures were in compliance with national
regulations on animal welfare.

 

In situ hybridization histochemistry.

 

3 wk after the last blood col-
lection, the rats were killed by decapitation, brains were rapidly re-
moved from the skull, snap-frozen by brief immersion in prechilled
isopentane, and stored at 

 

2

 

80

 

8

 

C until sectioning. Coronal cryosec-
tions (14 

 

m

 

m) were thaw-mounted on gelatine-coated slides; the nu-
cleotide probes used, and the procedures of fixation, permeabiliza-
tion, and delipidation are described elsewhere (19). Autoradiographs
from hybridized sections were generated by exposure to Hyperfilm

 

b

 

-max (Amersham International; Little Chalfont, UK) for periods of
various duration. Specificity of the hybridization signals was moni-
tored using adjacent sections which were hybridized with the corre-
sponding sense probes.

Autoradiographic signals in brain regions of interest were quanti-
fied by computer assisted densitometry (NIH Image 1.52; National Insti-
tute of Mental Health, Bethesda, MD) with automatic background
subtraction. Optical densities were converted into microcuries per
gram tissue by a third order polynomial equation using calibration
curves generated from co-exposed radioactive standards (ARC Inc.;
St. Louis, MO). Four measurements in two consecutive sections were
performed in each animal, and individual means were calculated.

 

Statistics.

 

Comparisons between behavioral data were made by
nonparametric one-way ANOVA followed by the Wilcoxon-Mann-
Whitney test for pairs of independent groups, when appropriate. Re-
sults from hormone measurements and autoradiographic densitome-
try were analyzed by one-way ANOVA and, subsequently, by the
Student-Neumann-Keuls test. The minimal level of significance was
preset at 

 

P

 

 

 

# 

 

0.05.

 

Results

 

THDOC dose-dependently suppresses USV in infant rats.

 

When separated from their dams, vehicle-treated infant rats
vocalized in the frequency range of 40–42 KHz once to twice
per second during the entire observation period of 5 min. Pre-
treatment with 20 

 

m

 

g of THDOC significantly reduced, while
the dose of 40 

 

m

 

g completely abolished, episodes of USV (Fig.
1, 

 

A

 

 and 

 

B

 

). In both doses tested, CORT significantly sup-
pressed USV; however, its effects failed to display signs of
dose dependency.

 

THDOC attenuates the behavioral consequences of neona-

tal maternal deprivation.

 

Results from the plus-maze tests for
anxiety in adult rats are shown in Fig. 2, 

 

A

 

 and 

 

B.

 

 Subjects
that had received vehicle injections at the time of maternal
separation during infancy showed significantly higher levels
of anxiety as compared to their nondeprived counterparts, as
indicated by the fact that they spent a significantly shorter time
in the open arms of the plus-maze. Daily administration of 20 

 

m

 

g
THDOC abolished the anxiogenic after-effects of neonatal
stress, and nondeprived rats which had received THDOC
treatment tended to show lower levels of anxiety, although this

Figure 1. Anxiolytic effects of pretreatment with two different doses 
(20 and 40 mg/rat; hatched and solid bars, respectively) of THDOC 
and CORT, as determined by the suppression of maternal separation-
induced USV in 7-d-old rats. (A) Each bar represents the 
mean6SEM of four individuals; * significant differences as compared 
to vehicle. (B) Excerpts of polygraph recordings of USV in rats in-
jected with either vehicle or two doses of THDOC; the time-bar cor-
responds to 1 s.
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tendency did not prove to be statistically significant. The en-
tries into the open arms (Fig. 2 

 

B

 

) displayed changes that were
generally parallel to those of behavioral anxiety.

 

Effects of maternal deprivation and THDOC treatment on

basal and stress-induced adrenocortical secretion and respon-

siveness to glucocorticoid feedback.

 

Resting and nighttime lev-
els of CORT were similar in all groups of animals, with no ap-
parent influence of either maternal separation or THDOC
treatment (data not shown). Exposure to air-puff stress re-
sulted in a significantly elevated CORT secretion in rats that
had received vehicle during sessions of maternal separation
(Fig. 3 

 

A

 

). In contrast, all groups of animals (maternally de-
prived and nondeprived) that were injected with THDOC
showed a CORT response to the stressful stimulus that was
similar to that measured in control (nondeprived, vehicle
treated) subjects.

Pretreatment of rats with DEX (50 

 

m

 

g/kg) before exposure
to the air-puff stress resulted in a significant attenuation of the
CORT response to stress in all animals; however, the suppres-
sive effect of DEX was significantly weaker in maternally de-
prived and vehicle-injected rats, when compared to all other
groups. This effect of maternal separation was not present in rats
that had received concomitant THDOC treatment (Fig. 3 

 

B

 

).

 

THDOC attenuates neonatal stress-induced alterations in

the gene expression of CRH and corticosteroid receptors in the

brain.

 

The hybridization signal for CRH mRNA in the hypo-

thalamic paraventricular nucleus (PVN) was significantly ele-
vated in rats which had experienced maternal separation and
received vehicle treatment (Fig. 4 

 

A

 

). This effect of maternal
deprivation was abolished in rats injected with THDOC. In
rats which were not subjected to neonatal stress, THDOC
failed to produce significant changes in CRH gene transcrip-
tion.

Maternally deprived, vehicle-treated rats displayed signifi-
cantly lower hybridization signal for glucocorticoid receptor
(GR) mRNA, as compared to their nonseparated counter-
parts, and this effect of maternal deprivation was significantly
attenuated by concomitant THDOC treatment. However, GR
mRNA levels in neonatally stressed rats were still significantly
lower than those seen in controls. THDOC alone failed to sig-
nificantly alter the gene expression of GR in the hippocampus
(Fig. 4 

 

B

 

).

 

Discussion

 

Chronic stress in the form of intermittent maternal deprivation
during early postnatal life has been repeatedly shown to in-
duce profound and irreversible alterations in neuroendocrine
and behavioral mechanisms of adaptation. Thus, when tested
as adults, rats that had been subjected to maternal separation
in infancy show abnormal endocrine responses to stress and al-
terations in central mechanisms controlling HPA activity (13,

Figure 2. Effects of chronic maternal separa-
tion (solid bars) and daily treatment with 20 
mg THDOC or vehicle on indices of anxiety, 
as measured in the elevated plus-maze. (A) 
shows the time spent in, and (B) displays the 
number of entries into, the open compartments 
of the maze. Each bar represents the mean6 

SEM of six individuals. * significant effects be-
tween maternally deprived and nondeprived 
rats (open bars); 1significant effects of 
THDOC treatment in maternally separated 
animals.

Figure 3. Adrenocortical secretory response 
to emotional stress (A) and its suppression by 
pretreatment with 50 mg/kg dexamethasone 
(B) in rats which were exposed to repeated 
maternal separation (solid bars) and received 
daily injections of THDOC or vehicle during 
the first 10 d of life. Shaded area indicates the 
range (6SEM) of basal CORT secretion (A) 
and DEX-induced suppression in naive age- 
and sex-matched rats (B). Each bar represents 
the mean6SEM of 5–6 determinations. * sig-
nificant effects of maternal deprivation; 
1significant effects of THDOC administration 
versus the corresponding vehicle-treated 
group.
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14, 20, 21), and aberrant behaviors (11, 22–24). Several of
these symptoms resemble the neuroendocrine and behavioral
disturbances that are characteristic of mood disorders (e.g.,
major depression), leading to the suggestion that the maternal
deprivation model might be suitable for studying at least some
of the mechanisms that may contribute to the pathogenesis of
affective and stress-related diseases (20, 25). Indeed, hyperac-
tivity of CRH-producing neuronal populations and impaired
efficacy of glucocorticoid-mediated feedback on the HPA axis
are considered to be reliable hallmarks and, even causal fac-
tors, of disturbed neuroendocrine regulation and cognitive-
emotional impairment associated with these disorders (26, 27).

In this study, the assumption that perinatal stress may re-
sult in an imbalance between the hypophysiotropic “drive”
(exerted by hypothalamic CRH) and the “restraint” mediated
by hippocampal glucocorticoid receptors is corroborated by
the observations that maternally deprived rats display (

 

a

 

) an
increased number of CRH mRNA transcripts in the PVN, and
(

 

b

 

) a reduction in the expression of GR-encoding mRNA in
the hippocampus. Neonatally stressed rats also displayed in-
creased anxiety when placed in a novel environment in adult-
hood. Thus, repeated maternal deprivation during early devel-
opment produces disruptions in both neuroendocrine and
behavioral functions. This pathophysiological “background”
led us to make an evaluation of the ability of the neuroactive
steroid THDOC to influence these long-term consequences of
neonatal stress.

The pilot study provided clear evidence for the anxiolytic
efficacy of THDOC in infant rats. In both doses tested, THDOC
suppressed USV which is considered to be a reliable sign of
anxiety in maternally deprived rats (28). Interestingly, the par-
ent steroid CORT also displayed anxiolytic properties; how-
ever, no dose dependency could be established for the action
of this compound. It is pertinent to note that, in several sub-
jects, pretreatment with the higher dose of 40 

 

m

 

g THDOC re-
sulted in diminished locomotor activity during the observation
period. Thus, the probability that this dose may have a somno-
genic effect led us to the decision to select the dose of 20 

 

m

 

g/rat
in the subsequent experiments involving chronic administra-
tion of THDOC.

The present data suggest that, when administered concomi-
tantly with maternal deprivation, THDOC counteracts the
long-lasting behavioral and neuroendocrine alterations in-

duced by this stressor, such as increased anxiety, exaggerated
adrenocortical response to emotional stress, decreased respon-
siveness to the suppressive action of dexamethasone, increased
levels of CRH mRNA in the PVN, and diminished numbers of
GR-encoding transcripts in the hippocampus. These findings
strongly suggest that, as reported previously (6–9), ring-
A-reduced steroid hormone derivatives may act on several
mechanisms that subserve the regulation of the behavioral and
neuroendocrine response to stress. In addition, the present re-
sults provide the first evidence for persistent transcriptional
regulatory effects by neurosteroids. The demonstration that
the developing rat brain is responsive to the pharmacological
effects of neurosteroids (10), and the well-known fact that the
HPA regulatory mechanisms mature during infancy (29–32),
while being liable to environmental influences (21, 33–35), al-
low us to assume that pharmacological doses of neurosteroids
may affect the development of a variety of neural circuits of
adaptive relevance. Thus, our results suggest that THDOC
and related compounds may protect the developing brain
against adverse emotional challenges. It is also pertinent to
note that, when applied alone, THDOC failed to produce sig-
nificant changes in most of the parameters of interest (at least,
not in the dose used in this study). With regard to therapeutic
implications of neurosteroids, the latter finding gains addi-
tional importance in view of reports suggesting that other
GABA-ergic agonists (for example, benzodiazepines), may in-
duce behavioral alterations, when administered during perina-
tal life (36–38).

While the effects of THDOC on behavioral anxiety and en-
docrine responsiveness to stress can be attributed to acute se-
dation (i.e., altered perception of the stressful situation during
infancy), the mechanisms through which neurosteroids may in-
duce long-term changes in the gene transcription of neuropep-
tides and corticosteroid receptors remain obscure. In accor-
dance with recent hypotheses, neurosteroid-induced long-term
modulation of CRH and GR gene transcription, as reported
herein, could be ascribed to either persistent alterations in
GABA-ergic transmission, or to “promiscuous” interactions of
neurosteroids with putative steroid hormone receptors or re-
lated transcriptional factors. The former possibility appears
plausible in view of results showing that various GABA

 

A

 

 re-
ceptor agonists can produce changes in neuropeptide gene
transcription (39–41). As to the alternative of neurosteroid in-

Figure 4. Changes in mRNA levels encoding 
CRH in the PVN (A) and GR (B) in the hip-
pocampal subfield CA1–2, resulting from re-
peated maternal separation (solid bars) and 
concomitant vehicle or THDOC treatment 
during early infancy. * significant differences 
between maternally deprived and nonsepa-
rated rats (open bars); 1significant effects of 
THDOC versus vehicle treatment in the corre-
sponding group. Bars represent means6SEM 
of five individuals.
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teractions with steroid hormone receptors, strong evidence
that THP and THDOC, upon oxidation to the corresponding
dihydro-derivatives, may bind to the progesterone receptor,
has been shown in an in vitro study (42).

In summary, the results of this study indicate that chronic
treatment with the neuroactive steroid THDOC during early
development counteracts behavioral and neuroendocrine dys-
regulation induced by adverse early life events, while not pro-
ducing major changes in neural mechanisms of adaptive rele-
vance, when applied alone. Our findings, thus, suggest that
exogenously administered neurosteroids may alleviate the con-
sequences of adverse environmental challenges (such as emo-
tional stress) inflicted during early brain development.
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