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(4) 717–724, 1999.—The neuroactive steroid allopregnanolone (3a-hydroxy-5a-pregnan-20-one, 3

 

a

 

,5

 

a

 

-THP) has
been shown to be involved in the central nervous system’s response to stress. This experiment investigated whether response
to the neuroactive steroid allopregnanolone, a positive modulator of the GABA

 

A

 

 receptor, would be altered in neonatal or
adult rats previously exposed to a chronic stressor–daily maternal separation during the first week of life. Subjects were then
tested either as neonates or adults. In neonates, allopregnanolone decreased the number of ultrasonic vocalizations after
brief maternal separation. Previously separated subjects vocalized less and were less active than controls, but were not more
sensitive to allopregnanolone on either measure. In adulthood, subjects with a prior history of maternal separation had a
greater grooming response to a novel environment after a 10-min cold water swim test than nonseparated subjects. Allopreg-
nanolone reduced grooming, but, again, there was no difference due to stress history. A significant effect of gender was noted
in the adult subjects—females were largely responsible for the effects reported. These results suggest that early maternal sep-
aration stress can produce an habituation response in neonates and a long-term sensitization response to later novel stress in
adults. However, because the behavioral effects of allopregnanolone were not differentially influenced by this early stress his-
tory, the neuroactive steroid/GABA

 

A

 

 receptor complex may not be the major mediator of these early stress sequela. Results
indicating that females were more responsive to allopregnanolone than males are discussed in light of previous findings.
© 1999 Elsevier Science Inc.
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INTERACTIONS between the mother and infant dyad are
integral to the normal growth and development of prewean-
ling mammalian young. Numerous studies focusing on the rat
model have demonstrated that disruption of this bond, through
acute or chronic maternal separation, is a profound stressor
on the young offspring. During early development, the mother
is critical in regulating her infant’s physiological homeostasis;
therefore, disruption of the mother–infant interaction pro-
duces diverse changes in the pup’s physiological and behav-
ioral functioning, including alterations in heart rate, circadian
rhythms, temperature, levels of various circulating hormones,
developmental delays, and immune dysfunction (27,46,47,57).

Researchers have studied a variety of neonatal rat re-

sponses to maternal separation, and have focused a great deal
of attention on the activation of the hypothalamo–pituitary–
adrenal (HPA) axis during this aversive early experience
(13,20,30,46). The potentiation of this system produces a vari-
ety of physiological changes including abnormal circulating
levels of corticotropin releasing hormone (CRH), adrenocor-
ticotropic hormone (ACTH), corticosterone (CORT), and
various other hormones and neurotransmitters tied with the
stress response. Various studies have found that this complex
stress system is regulated by particular critical elements of the
mother–infant interaction during development (13,19,20,27,
30,46–49). Although this age period (postnatal days 4–14) is
remarkable for its low levels of circulating CORT and hypo-
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responsiveness to stressors that are effective in adults (44),
maternal deprivation is capable of gradual dysregulation of
the HPA axis response (30,46).

It has been well established that the early environmental
experiences of neonates can exert a significant influence on
their subsequent growth and development, and has also been
linked to physiological and behavioral long-term conse-
quences (13,17,20,28,33,57). Chronic maternal separation in
early life has been demonstrated to result in changes in the
adult animal’s behavioral and neuroendocrine stress response
mechanisms, including heightened anxiety, increased synthe-
sis of hypothalamic CRH, and decreased HPA axis respon-
siveness to glucocorticoid negative feedback (28,39,40,48). A
variety of studies have also focused on the long-term conse-
quences of maternal deprivation on the CORT response
(34,47–49). Early exposure to the elevated levels of CORT
have been hypothesized to cause a permanent downregula-
tion of these CORT receptors, thereby altering HPA function
in the adult as well as the efficiency of its negative feedback
loop (34,49).

One neurotransmitter system that has been found to be
highly involved in mediating general stress responses in the
modulation of the HPA axis is the GABA system (12). The
GABA

 

A

 

 receptor contains specific and distinct binding sites
for a variety of substances other than GABA, including bar-
biturates, benzodiazepines, and neurosteroids, all of which act
as allosteric modulators of this receptor complex (3,7,31,35).
One such neurosteroid is 3

 

a

 

-hydroxy-5

 

a

 

-pregnan-20-one
(3

 

a

 

,5

 

a

 

-THP or allopregnanolone), which is among the most
potent positive modulators of the GABA

 

A

 

 receptor complex
(2,3). Allopregnanolone is produced endogenously in the
brain response to a stressor (42). Allopregnanolone, a metab-
olite of progesterone (29), has been found to act on the
GABA

 

A

 

 receptor by increasing both the open channel dura-
tion and frequency of channel opening of this complex
(11,37).

Several animal models of stress have indicated that allo-
pregnanolone has significant antianxiolytic properties, includ-
ing the Vogel conflict (2), plus-maze (4,41), and distress vocal-
ization after maternal separation (55). These vocalizations are
emitted in the range of 20–50 kHz, and are, therefore, called
ultrasonic vocalizations (USVs). Because rats are born with-
out sight, olfaction, or various self-regulatory abilities, these
vocalizations serve the critical function of eliciting maternal
retrieval and care (14). USV production has been utilized as
an indicator in determining the effectiveness of antianxiety
agents such as the benzodiazepines and neurosteroids (6,10,
21,40,50,53,55). Marked increases in vocalizations have been
found to parallel HPA activation (19), confirming the stress-
ful nature of the maternal separation experience.

Grooming behavior is an animal model that is highly re-
sponsive to even mild stress, such as a novel environment
(18,36,43), but it has not yet been tested for the effects of allo-
pregnanolone. Grooming has been hypothesized to function
as a displacement activity for the fearful rat, essential for the
restoration of homeostasis (25). Therefore, if grooming serves
the animal by lowering the anxiety produced by a stressful ex-
perience, this behavior may be linked to the anxiolytic action
of the neurosteroids such as allopregnanolone. Studies have
demonstrated that ICV injections of CRH or ACTH both
elicit marked increases in grooming behavior, and this effect
can be blocked by a coadministration of the anxiolytic diaz-
epam (9,36). Thus, it is quite possible that allopregnanolone
would produce similar behavioral changes in response to
stress.

Another aspect of the behavioral effects of allopreg-
nanolone that has also not received much experimental atten-
tion is the question of sex differences. Although it is clear that
females have higher circulating levels of allopregnanolone as
well as higher concentrations in several distinct brain regions
than males (23,42,54), there are only a few studies that have
directly addressed whether exogenously administered allo-
pregnanolone has a differential effect on males and females.
For example, females are more sensitive than males to the
ability of allopregnanolone to protect against bicuculline-
induced seizures during ethanol withdrawal (8). There were
no sex differences, however, reported in allopregnanolone
modulation of GABA-activated chloride flux (52).

The goals of this study were therefore multifaceted. We
hoped to determine whether, like the HPA axis, the neuro-
steroid–GABA system might be altered by the early stress ex-
perience of chronic postnatal maternal separation. This ques-
tion was investigated by assessing the neonate’s and adult’s
sensitivity to allopregnanolone’s antianxiety effects. This
study also investigated whether grooming behavior after an
acute stress, a 10-min water swim, would be a sensitive test of
allopregnanolone’s anxiolytic effects. And finally, we tested
both male and female adults to elucidate any sex differences
in response to both early stress and neurosteroid administration.

 

METHOD

 

Subjects

 

Subjects were bred in this laboratory from female and
male Long–Evans hooded rats (Harlan–Sprague–Dawley, In-
dianapolis, IN). Pregnant females, determined by presence of
a vaginal plug, were individually housed in plastic cages (45 

 

3

 

25 

 

3

 

 15 cm) in an isolated nursery on a 0700 to 1900 h light–
dark cycle, with the temperature maintained at 23

 

8

 

C. Litters
were culled to 12 pups on the day following their birth [post-
natal day (PN) 0], six males and six females when possible.
On PN 2, litters were randomly assigned to one of two post-
natal treatment groups: separated and nonseparated. Half of
the litters from both treatment groups were then also ran-
domly designated for neonatal testing at PN 8. The other half
of the separated and nonseparated litters were allowed to ma-
ture until early adulthood and then tested (PN 70–90). At PN
8 all animals were weighed, and temperatures were recorded.
Animals to be tested as adults were weaned at PN 25 into
same-sex partner groups of two, and placed into hanging wire
cages with unlimited access to water and lab chow. All exper-
imental protocols were approved by the Institutional Animal
Care and Use Committee.

 

Procedures

Maternal separation PN 2–7: Separated. 

 

At around 0900 h,
four male and four female pups were removed from the home
nest and placed individually in a partitioned plastic cup. Cups
were placed in a circulating, heated water bath, maintained at
30

 

8

 

C. Four pups were left with the dam to ensure continued
lactation during the separation period and were never tested.
After 7 h of separation the pups were returned to the home
cage. Every third day, after the 7-h isolation, pups were
weighed and rectal temperature was recorded. To determine
rectal temperature, the subject was placed on a flat surface, its
tail lifted, and a microthermocouple probe inserted gently
into the rectum (Physitemp Instruments, Model I-18). Tem-
peratures were recorded from a digital thermometer (Physitemp
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Instruments, Model BAT-12) when the display stabilized, typi-
cally, within 5 s.

 

Nonseparated. 

 

These litters were left undisturbed, with the
exception that every third day pups were weighed and rectal
temperature was recorded.

 

Neonatal USV test. 

 

On PN 8, dams were removed from the
home cage and pups were kept in their huddle. The home
cage was placed on a heating pad maintained at 34

 

8

 

C. Ten
minutes prior to USV testing, pups were randomly assigned to
one of four treatments: ICV injection of 2.5 

 

m

 

g/2 

 

m

 

l allopreg-
nanolone, 5 

 

m

 

g/2 

 

m

 

l allopregnanolone, vehicle, or no injection.
Allopregnanolone (3-alpha-hydroxy-5 alpha-pregnan-20-one;
synthesized by Robert H. Purdy, UCSD, San Diego, CA) was
suspended in 20% 2-hydroxypropyl-

 

b

 

-cyclodextrin (Research
Biochemicals International, Natick, MA); this cyclodextrin
was thus also used for the vehicle injection. Two subjects from
each litter were represented in each treatment group (one
male and one female when possible). After injections, which
were staggered to assure exact pretesting intervals, pups were
marked on their dorsal surface and placed back into the hud-
dle until the testing period. Noninjected pups were merely
marked.

Ten minutes after injection or control marking, pups were
placed individually in the center of a (17 

 

3

 

 20 

 

3

 

 20 cm) poly-
ethylene activity box where USVs and active vs. inactive peri-
ods were recorded during a 5-min period. USVs were counted
using a capacitance microphone with a mylar diaphragm and
the broadband-countdown circuitry of an S-25 ultrasound de-
tector (Ultra Sound Advice, London). This system responds
to the strongest component of the signal within the micro-
phone range of 10–200 kHz and produces an audible signal in
earphones worn by an experimenter, who could then count
ultrasounds by activating a silent electronic counter. After
testing, pups were weighed and rectal temperature was re-
corded.

 

Adult grooming test. 

 

During early adulthood, between PN
70 and 90, rats from the two postnatal condition histories
(separated and nonseparated) were randomly assigned to one
of four treatment groups: intraperitoneal injection of 5 mg/kg
allopregnanolone, 10 mg/kg allopregnanolone, vehicle, or no
injection. Twenty minutes prior to the behavior testing, the
animals were weighed, given the appropriate injection, and
then placed in a plastic cage for 10 min. After this time,
animals were subjected to a 10-min water swim in a container
(38 

 

3

 

 23 

 

3

 

 34 cm) filled with approximately 16 liters of room
temperature water (20

 

8

 

C). After the 10-min swim, animals
were placed in a plastic observation box for 5 min, and
grooming behavior was recorded (18). Grooming behavior
was defined as paw licking, face washing, body grooming,
genital licking, or tail preening. Both the total number of
grooming episodes and the duration of grooming per episode
were recorded. An additional group of nonseparated postna-
tal history littermates were also tested at the same time for
grooming behavior 20 min after either allopreganolone, vehicle
or no-injection treatments, but without the prior water swim.

 

Statistical Analyses

 

Data were analyzed by analysis of variance with postnatal
condition (separated or nonseparated), sex, and drug condi-
tion (allopregnanolone dose, vehicle, or no injection) as the
three independent variables. Significant main effects were
subsequently analyzed by Student–Newman–Keuls tests with
a 

 

p

 

 

 

,

 

 0.05 criterion for significance. Significant interactions
between factors were analyzed by Fisher’s Protected LSD

post hoc means comparison tests, with a 

 

p

 

 

 

,

 

 0.05 criterion for
significance. All analyses were performed using SuperAnova
(Abacus Concepts Inc., Berkeley, CA).

 

RESULTS

 

Neonatal Testing

 

The total number of neonatal subjects tested was 72. The
number of subjects in each condition per treatment was 8–10
per cell. Three litters were represented in the nonseparated
postnatal treatment group, and five litters were represented
in the separated postnatal treatment group. There were no
sex effects on any behavioral measures, so results were col-
lapsed across sex.

During the week of separations, there was a significant in-
teraction between postnatal treatment and day on body
weight, 

 

F

 

(2, 120) 

 

5

 

 24.49, 

 

p

 

s 

 

,

 

 0.0001. Nonseparated subjects
weighed significantly more on PN day 2 and 5 of treatment
(

 

p

 

s 

 

,

 

 0.01) (see Table 1). There was also a significant interac-
tion between postnatal treatment and day on rectal tempera-
ture, 

 

F

 

(2, 120) 

 

5

 

 46.47, 

 

p

 

s 

 

,

 

 0.0001. Nonseparated pups had
significantly higher temperature on PN day 2 and 5 of treat-
ment (

 

p

 

s 

 

,

 

 0.01) (see Table 1).
On the day of testing, PN day 8, nonseparated pups

weighed significantly more than separated neonates, 

 

F

 

(1, 64) 

 

5

 

138.97, 

 

p

 

 

 

5

 

 0.0001 (see Table 1). There was no effect of drug
condition, and no interaction between postnatal treatment
and drug condition, on body weight. There was also no corre-
lation between body weight and the number of USVs emitted.
On the day of testing, nonseparated pups exhibited a signifi-
cantly higher body temperature than separated neonates, 

 

F

 

(1,
64) 

 

5

 

 6.94, 

 

p

 

 

 

,

 

 0.02 (see Table 1). There was no effect of drug
condition and no interaction between postnatal treatment
and drug condition. There was no correlation between body
temperature and the number of USVs emitted.

There were significant main effects of both postnatal treat-
ment and drug condition on the number of USVs emitted by
the neonate, 

 

F

 

(1, 64) 

 

5

 

 6.40, 

 

p

 

 

 

,

 

 0.02, and 

 

F

 

(3, 64) 

 

5

 

 6.57,

 

p

 

 

 

,

 

 0.001, respectively (see Fig. 1). Regardless of drug condi-
tion, nonseparated pups vocalized more than separated pups.
Regardless of postnatal treatment, pups receiving either dose
of allopregnanolone emitted significantly fewer USVs than
those neonates who did not receive an injection of allopreg-
nanolone. Post hoc analysis revealed that the control and ve-

TABLE 1

 

MEAN BODY WEIGHTS AND RECTAL TEMPERATURES
(

 

6

 

SEM) OF NEONATAL RATS IN EITHER DAILY
MATERNAL SEPARATION OR NONSEPARATION CONDITIONS

Day and Condition Body Weight (g) Rectal Temperature (

 

°

 

C)

 

PN 2 
Separated 8.14 

 

6

 

 0.10 29.59 

 

6

 

 0.26
Nonseparated 8.65 

 

6

 

 0.15 35.21 

 

6

 

 0.20
PN 5

Separated 11.28 

 

6

 

 0.13 28.89 

 

6

 

 0.33
Nonseparated 12.69 

 

6

 

 0.16 34.23 

 

6

 

 0.28
PN 8

Separated 15.54 

 

6

 

 0.15 30.10 

 

6

 

 0.32
Nonseparated 17.84 

 

6

 

 0.20 30.70 

 

6

 

 0.15
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hicle groups did not differ from each other, but did signifi-
cantly differ from both doses of allopregnanolone (

 

p

 

s 

 

,

 

 0.01).
The two doses of allopregnanolone also did not differ from
each other. There was no interaction between postnatal treat-
ment and drug condition.

Analysis revealed a significant effect of drug condition on
the neonate’s time active, 

 

F

 

(3, 58) 

 

5

 

 5.22, 

 

p

 

 

 

,

 

 0.01 (see Fig.

2). Post hoc analysis revealed that the higher dose of allopreg-
nanolone differed significantly from both control groups as
well as the lower dose of allopregnanolone (

 

p

 

s 

 

,

 

 0.02). The
lower dose of allopregnanolone did not differ from either
control group, which did not differ from each other. There
was no significant effect of postnatal treatment. There was no
interaction between postnatal treatment and drug condition.
There was no correlation between the number of USVs emit-
ted and the pup’s time active.

 

Adult Testing

 

The total number of adult subjects tested was 115; 

 

n

 

s were
6–10 per cell. All adults were tested at 82 

 

6

 

 1 days of age. Six
litters were represented in the nonseparated postnatal treat-
ment group, and seven litters were represented in the sepa-
rated postnatal treatment group.

There were significant main effects of postnatal treatment
and sex on body weight, 

 

F

 

(1, 89) 

 

5

 

 6.39, 

 

p

 

 

 

,

 

 0.02 and 

 

F

 

(1, 89) 

 

5

 

828, 

 

p

 

 

 

,

 

 0.001, respectively. Female subjects had a mean body
weight of 242.67 

 

6

 

 2.33 g, while male subjects had a mean
body weight of 400.1 

 

6

 

 5.02 g. Postnatally separated subjects
weighed a mean of 319.39 

 

6

 

 12.20 g, whereas postnatally non-
separated subjects weighed a mean of 328.21 

 

6

 

 12.39 g.
There was a significant main effect of injection condition,

 

F

 

(3, 77) 

 

5

 

 4.33, 

 

p

 

 

 

,

 

 0.01; allopregnanolone reduced the num-
ber of grooming episodes (see Fig. 3). Post hoc analysis re-
vealed that the higher dose of allopregnanolone differed sig-
nificantly from both control and vehicle groups (

 

p

 

s 

 

,

 

 0.05),
and the lower dose of allopregnanolone differed significantly

FIG. 1. Mean number of USVs (6SEM) in separated and nonsepa-
rated 8-day-old rats after injections of allopregnanolone (2.5 or 5.0
mg), vehicle, or no injection control.

FIG. 2. Mean duration (seconds) of active time (6SEM) in sepa-
rated and nonseparated 8-day-old rats after injections of allopreg-
nanolone (2.5 or 5.0 mg), vehicle, or no injection control.

FIG. 3. Mean number of grooming episodes (6SEM) in male and
female adult rats after injections of allopregnanolone (5 mg/kg or 10
mg/kg), vehicle, or no injection control tested in a novel environment
following a 10 min forced water swim. Data were collapsed across
postnatal treatment condition (separated and nonseparated) because
there were no significant interactions with that factor.
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from the vehicle group (

 

p , 0.05). Noninjected and vehicle-
injected groups did not differ. However, there was also a sig-
nificant interaction between sex and injection conditions, F(3,
77) 5 2.79, p , 0.05, qualifying the main effect of injection
condition. Females demonstrated a decrease in the number of
grooming episodes in response to allopregnanolone, while males
did not. Post hoc analysis revealed that among the females, both
control groups differed significantly from both doses of allo-
pregnanolone (ps , 0.05), but did not differ from each other.

There was also a significant interaction between postnatal
treatment and sex on the number of grooming episodes, F(3,
77) 5 5.07, p , 0.03. Females groomed more than males in
the separated postnatal treatment group, but not in the non-
separated postnatal treatment group, and only females dif-
fered between postnatal treatment groups (see Fig. 4). When
duration of grooming per episode was analyzed, there was
only a significant main effect of injection condition, F(3,
77) 5 3.22, p , 0.03; allopregnanolone reduced the mean du-
ration per episode at the highest dose (10 mg/kg), regardless
of sex or postnatal treatment by more than half; the three
other groups did not differ. Finally, there was not any correla-
tion between body weight and grooming behavior.

To determine the effects of the water swim per se on allo-
pregnanolone’s modulation of grooming in the novel environ-
ment, 22 additional control (nonseparated) subjects were
tested without the swim test, and their results compared to
those of nonseparated littermates with the swim test. Testing
condition did have a significant main effect, F(1, 54) 5 8.59, p ,
0.005. Animals that were subjected to the cold-water swim
groomed more than animals that did not experience the addi-
tional water stressor (2.20 6 0.23 vs. 0.68 6 0.29 episodes).
There was no interaction between injection condition and

testing condition; allopregnanolone reduced the number of
grooming episodes in both swim and nonswim conditions.
There was a main effect of injection condition, F(3, 54) 5
4.40, p , 0.01; allopregnanolone reduced the number of
grooming episodes. Post hoc analysis revealed that the higher
dose of allopregnanolone differed significantly from both ve-
hicle and control groups (ps , 0.01), and the lower dose of al-
lopregnanolone differed significantly from the control group
(p , 0.05). The two control groups did not differ from each
other. Again, when duration of grooming per episode was an-
alyzed, there was a significant main effect of injection condi-
tion, F(3, 54) 5 3.40, p , 0.03; allopregnanolone reduced the
mean duration per episode at the highest dose (10 mg/kg) re-
gardless of sex or postnatal treatment by 75%; the three other
groups did not differ. Regardless of injection condition, test-
ing condition had a significant interaction with sex on the
number of grooming episodes, F(1, 54) 5 4.80, p , 0.04.
Males groomed significantly more after a water swim than
without the swim (p , 0.001), while females did not differ by
test condition. In addition, males and females only differed in
their grooming rate in the nonswim condition (p , 0.04), but
not in the swim condition.

There was a significant interaction between sex and injec-
tion condition on the number of grooming episodes, F(3,
54) 5 3.78, p , 0.02 (see Fig. 5). Among the females, means
comparisons revealed that the control groups significantly dif-
fered from both allopregnanolone doses (ps , 0.001), and the
vehicle group differed significantly from the higher dose of al-
lopregnanolone (p , 0.05). The two control groups did not

FIG. 4. Mean number of grooming episodes (6SEM) in separated
and nonseparated adult rats tested in a novel environment following
a 10 min forced swim. Data were collapsed across injection condition
(none, vehicle, or allopregnanolone, 5 or 10 mg/kg) because there
were no significant interactions with that factor.

FIG. 5. Mean number of grooming episodes (6SEM) in nonsepa-
rated male and female adult rats only after injections of allopreg-
nanolone (5 or 10 mg/kg), vehicle, or no injection control tested in a
novel environment. Data were collapsed across testing condition
(water swim or no-water swim) because there were no significant
interactions with that factor.
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differ from each other. Among the males, allopregnanolone
did not alter the number of grooming episodes.

DISCUSSION

The neurosteroid allopregnanolone exhibited anxiolytic ef-
fects in both neonatal and adult subjects, demonstrated by a de-
crease in USV production and a decrease in grooming behavior
in a novel environment, either alone or after an additional water
stressor. However, among adults, allopregnanolone’s effect
differed by sex in response to allopregnanolone: whereas fe-
males displayed dose-dependent sensitivity to the anxiolytic
effects of this neurosteroid, males exhibited no change in
grooming behavior. In both age groups, however, there were
no interactive effects of a prior maternal separation history;
allopregnanolone was anxiolytic in both postnatal treatment
history groups. This anxiolytic effect was not secondary to a
sedative effect, because the lower dose reduced vocalizations
but did not affect activity. Although we had hypothesized that
the week of daily maternal separation would have altered the
neurosteroid–GABA system so that a differential sensitivity
could be observed, there were no interaction effects. In con-
trast, previous studies have demonstrated differential sensi-
tivity to dopaminergic agents after similar maternal separa-
tion paradigms (26,57). It is possible that the measures used in
this study were not sensitive to the maternal separation effect,
or indeed, that the neurosteroid system is not affected in any
long-term way during this period.

Animals exposed to chronic postnatal maternal separation
did have a significant subsequent effect on behavior in the
two tests, although in adults, the effect of maternal separation
was again sex dependent. Maternal separation, a potent stres-
sor (28,34,39,40,49) appears to decrease stress response
acutely, but results in a long-term supersensitivity to stress 3
months later. In agreement with these studies, subjects in this
study were found to be less responsive to a subsequent sepa-
ration in the neonatal period when ultrasonic vocalizations
were used an index of sensitivity compared to their nonsepa-
rated cohorts. This finding is also consistent with that of
Goodwin and Barr (14), who found that following chronic
maternal separation, neonatal rats demonstrated adaptation
to this stressor by producing decreased USV rates as well as
activity. Conversely, adult rats subjected to the chronic post-
natal maternal separation exhibited an increased sensitivity to
a novel stress experience compared to the nonseparated
adults. However, it must be noted that females were largely
responsible for this effect.

This is the first report that allopregnanolone decreases the
number of grooming episodes exhibited by the adult rat in re-
sponse to a stressful experience. The duration of grooming
per episode was also decreased, but only at the higher dose.
Grooming is a well-documented behavioral correlate of stress
(9,18,25,36). This finding thus supports previous studies that
demonstrated the anxiolytic effects of allopregnanolone in
adult subjects (2–4,12,38,39). However, the rates of grooming
were very low, so there may have been a “basement effect”
that prevented us from detecting an allopregnanolone effect
in the male subjects. It was interesting that the additional
stressor of a water swim test preceding the grooming observa-
tion did increase rates of grooming, but only in the males.
Previous studies have observed marked increases in serum
and brain CORT levels, as well as plasma and brain concen-
trations of allopregnanolone (1,5,12,16), following exposure
to a forced cold-water swim test. Allopregnanolone reduced
grooming whether in response to water and novel environ-

ment stressors combined, or the novel environment alone.
There did not appear to be any influence on this measure
from increased levels of circulating neurosteroid, although
administration of lower doses might have detected a shift of
the dose–response curve to the left in the water swim group.

The postnatally separated neonates weighed significantly
less than their nonseparated cohorts during the week of treat-
ment, on the next day when tested for vocalizations, and 3
months later when tested as adults. This surprising long-term
effect was true for males and females. In previous studies in
this lab, daily maternal separation weight effects were not
persistent into adulthood (54,57). However, weight was not
correlated with USV production or grooming, so was proba-
bly not a casual factor. Similarly, although the postnatally sep-
arated neonates also had significantly lower rectal tempera-
tures than the nonseparated pups, temperature did not
influence the number of USVs emitted. This finding is sup-
ported by an earlier study (21), where body temperature of
2-week-old rats was found to have no relationship with the
level of USVs emitted by the pups.

Sex differences in animal models of anxiety behavior have
been reported previously. For example, females display less
anxiolytic behavior than males on the plus maze test (24,32,
56); however, this sex difference is not consistent across all
age groups (22). This sex difference was eliminated by neona-
tal or pubertal ovariectomy, suggesting a role for circulating
hormones both at an organizational and activational level
(56). These differences in behavior, however, have not been
well correlated with any consistent sex differences in GABA
receptor systems. The number of GABAA receptors as well as
benzodiazepine binding sites do not appear to differ by sex or
by female hormonal status (45,51,52). Sex differences in
grooming behavior have also been reported previously: fe-
males were found to have a greater grooming bout duration
than males, but no difference in grooming episodes; this sex
difference was also only observed in the novel environment
condition, and not when a prior swim was added to the test
procedure (18).

Differential sex effects were observed in several analyses
of the adult results. The females were sensitive to the anxi-
olytic properties of allopregnanolone, demonstrated by a de-
crease in grooming episodes, while the males’ grooming be-
havior was not affected by allopregnanolone. Additionally,
postnatally separated females exhibited a greater number of
grooming episodes compared to nonseparated females and
both groups of males, suggesting greater sensitivity to the
prior stress. In this laboratory, a similar postnatal maternal
separation history led to sexually dimorphic response to a 10-
min swim in several neurochemical measures (54). Prior ma-
ternal separation in females alone was associated with higher
levels of dopamine in the prefrontal cortex compared to non-
separated subjects. Both males and females with a postnatal
maternal separation history had higher norepinephrine con-
centrations in the nucleus accumbens, but not striatum or and
hippocampus, compared to nonseparated subjects. It is possi-
ble that the increased grooming in the prior stress history fe-
males found in this study is a reflection of increased release of
dopamine in prefrontal cortex. We have hypothesized that al-
lopregnanolone and dopamine should have a reciprocal rela-
tionship (54), because GABA system activation reduces
stress activation of the mesolimbocortical dopaminergic path-
way (15). If early maternal separation exposes the developing
female brain to higher than expected neurosteroid levels,
there may be some compensatory response in the number or
affinity of GABA receptors such that, as an adult, these fe-
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males become hyperresponsive to a stressor as an adult, as
seen in both increased grooming and increased dopamine in
prefrontal cortex. These indices would be associated theoreti-
cally with a decreased release of allopregnanolone or de-
creased number or affinity of GABA receptors, thus making
the females more sensitive to exogenously administered allo-
pregnanolone as reported here. Further studies directly as-

sessing these parameters are needed to answer these ques-
tions.
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