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Estrous cycle and sex differences in performance on anxiety tasks coincide
with increases in hippocampal progesterone and 3a,5a-THP
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Abstract

Sex differences and estrous cycle variations in anxiolytic-like behaviors and progestin concentrations were examined. Proestrous (n=22),
estrous (n=19), diestrous (n=20), and male (n=18) Long—Evans rats were tested in horizontal crossing, open field, elevated plus-maze,
emergence, holeboard, social interaction, tailflick, pawlick, and defensive burying tasks. Concentrations of plasma and hippocampal
progesterone and Sa-pregnan-3a-ol-20-one (3a,5a-THP) were measured by radioimmunoassay in behaviorally tested (proestrus n=11,
estrus n=38, diestrus n=9, male n=7) and yoked non-tested rats (proestrus n=11, estrus n=8, diestrus n=10, male n=28). Proestrous
females exhibited more anxiolytic-like behavior than all other groups on the elevated plus-maze, social interaction, and defensive burying
tasks. Proestrous females had significantly shorter latencies to emerge from a cylinder than did estrous and diestrous females, but not males.
Proestrous and estrous females entered significantly more peripheral and total squares in a brightly-lit open field than did males. While
proestrous females had a tendency to make more beam breaks than did males in the horizontal crossing task, there were no differences
between groups on the holeboard task. There was a tendency for proestrous females to have longer tailflick latencies than diestrous and male
rats; however, on the pawlick task there were no differences among the groups. Plasma and central progesterone and 3c,5a-THP of tested
and non-tested rats were not different. Proestrous females had significantly higher plasma and hippocampal progesterone and 3c,5a-THP
levels than all other groups. These data demonstrate that proestrous increases in anxiolytic-like behavior coincide with elevated circulating

and hippocampal progestin concentrations. © 2000 Elsevier Science Inc. All rights reserved.
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During the proestrous phase of the estrous cycle, when
estradiol and progesterone peak, there are many physiolo-
gical changes. For example, on proestrus there are increases
in physiological activity [41], plasticity [54], long-term
potentiation [43,58], and synaptic density [33,60] in the
hippocampus, which are not seen during the estrous phase
of the cycle (characterized by a decrease in estradiol and
progesterone relative to proestrus). The physiological
changes that are most recognized over the estrous cycle
are fluctuations in the steroid hormones, estradiol, and
progesterone; however, estrous changes in other endocrine
factors, such as progesterone metabolites, may influence
performance on anxiety tasks.
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Fluctuations in progesterone metabolites may mitigate
performance on anxiety tasks. Progesterone metabolites
are increased peripherally and centrally on proestrous
compared to other phases of the estrous cycle. Adminis-
tration of progesterone and its metabolites increases
anxiolytic behaviors [7,8,48,59]. The similar effects of
progesterone and its metabolites on anxiety-like behavior
suggest a common action. The discrepant affinities of
progesterone and its metabolites for intracellular progestin
receptors (PRs) and vy-aminobutyric acid (GABA)a/ben-
zodiazepine receptor complexes (GBRs) indicate their
common behavioral effects may require metabolism. Pe-
ripherally and centrally, progesterone and its Sa-reduced
metabolite dihydroprogesterone (DHP) are converted read-
ily to Sa-pregnan-3a-o0l-20-one (3a,5a-THP). 3a,5a-THP
is the most effective endogenous compound at enhancing
GBR function [35,45], but is devoid of affinity for PRs.
Progesterone and DHP have high affinities for PRs [38],
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but are only weakly active at GBRs [45]. Progestins can
have benzodiazepine-like effects [45,46,61], produce
analgesia [26,27], anxiolysis [7,8], and generalize to
pentobarbital in drug discrimination tasks [36]. These
similar effects of progestins, in conjunction with their
discrepant affinities for PR and GBRs, suggest progestins’
ability to be metabolized to 3a,5a-THP and have actions
at GBRs may underlie progestin-induced variations in
anxiety behaviors.

Progestin actions in the hippocampal complex may be
integral in mediating performance on anxiety tasks. Evi-
dence in support of this includes the following. First,
progestin increases in the hippocampal complex, an area
of the brain that is particularly important for anxiety-like
behaviors, are evident on proestrus [23]. Second, infu-
sions of pregnanolone, a precursor of progesterone, and
3a,5a-THP, into the hippocampus of rats increases open
arm time on the elevated plus-maze and decreases defen-
sive burying in the shock-probe test [5]. Third, infusions
of 3a,50-THP into the central nucleus of the amygdala of
rats increases punished responding in the Geller—Seifter
conflict task and increases open arm time in the elevated
plus-maze [1].

Taken together, these data strongly suggest that increases
in progesterone and 3a,5a-THP in the hippocampal com-
plex may modulate changes in performance on anxiety tasks
in rodents. The purpose of this experiment is to test the
hypothesis that estrous cycle and sex differences in perfor-
mance on anxiety tasks occur concomitant with endogenous
changes in peripheral and hippocampal progesterone and
3a,5a-THP.

1. Method

These methods were pre-approved by the Institutional
Animal Care and Use Committee.

1.1. Animals and housing

Long—Evans rats (N=116; 90 females and 26 males),
approximately 55 days of age, were obtained from Taconic
Farms (Germantown, NY) and were group housed (four per
cage) in polycarbonate cages (45 x 24 x 21 cm) in a tem-
perature-controlled room (21 +1°C) in the laboratory animal
care facility. The rats were maintained on a 12/12-h reversed
light cycle (lights off 8:00 am) with access to Purina Rat
Chow and tap water in their home cages.

Vaginal epithelium was obtained at 8:00 am via lavage
and examined daily from female rats (n=90) to determine
the day of the estrous cycle. Estrus was determined by the
characteristic cornification of the vaginal epithelium at this
stage [28,44]. Rats were cycled through two normal estrous
cycles (4—5-day cycle) and then randomly assigned to be
tested during the proestrous, estrous, or diestrous phases of
the estrous cycle (n=61) based on vaginal cytology. Male

rats were handled daily to account for the effects of cycling
procedures in females.

1.2. Behavioral testing

After cycling/handling, the vaginal cytology was exam-
ined and estrous cycle phase was determined. Rats in
proestrus (n=22), estrus (n=19), diestrus (n=20), and
males (n=18) were randomly assigned to be tested once,
with counterbalancing across groups on and between
days, to prevent any possible order effects. Three to five
rats were tested daily, each for 90 min, in a single,
brightly lit, room adjacent to the animal housing facility,
between 1000 and 1700 h, in the behavioral tasks
described below. All of the rats were exposed to all of
the tasks consecutively and without any rest periods in
the order indicated.

1.2.1. Horizontal crossings

Rats were placed in a brightly lit 39 x 39 x 30-cm
Digiscan Optical Animal Activity Monitor (Accuscan
Instruments, Columbus, OH). The number of beam breaks
that occurred in a 5-min test was mechanically recorded.

1.2.2. Open field

The open field task [10] was used in accordance to the
methods described by McCarthy et al. [47]. The open field
(76 x 57 x 35 cm), is a box with a 48-square grid floor
(6 x 8 squares, 9.5 cm/side), and an overhead light illumi-
nating the central squares (all but the 24 perimeter squares
were considered central). Rats were placed in the box and
observed for 5 min while the number of central and
peripheral squares (summed for total) entered was recorded
during the test period by an observer.

1.2.3. Elevated plus-maze

The elevated plus-maze paradigm described by Pellow
and File [50] and as per Dunn et al. [17] was employed. The
elevated plus-maze consisted of four arms, 49 cm long and
10 cm wide, elevated 50 cm off the ground. Two arms were
enclosed by walls 30 cm high and the other two arms were
exposed. Rats were placed at the junction of the open and
closed arms of the maze and were observed for 5 min. The
number of entries and the amount of time spent on the open
and closed arms were recorded during the test by an
observer. Rats were considered to be either in the closed
or open arms of the maze and open arm entry and time were
recorded only when the rat had all four paws on the open
arm of the elevated plus-maze.

1.2.4. Emergence test

Rats were placed in a closed opaque cylinder (21 x 7 x 7
cm), that was set in an open field and secured to prevent
rolling. The lid of the cylinder was removed and the latency
for the rat to emerge completely from the cylinder was
recorded by an observer (maximum latency: 15 min).
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1.2.5. Holeboard

The holeboard procedure utilized was according to the
methods of Zangrossi and File [62]. The holeboard was a
wooden box (60 x 60 x 35 c¢cm) with four holes (3.8 cm
diameter) equally spaced on the floor. The incidence of head
dips and rearings were recorded at the time of the test by an
observer for a period of 5 min.

1.2.6. Social interaction

The social interaction test previously described by Ge
et al. [32] was conducted in a wooden box (60 x 60 x 35
cm) similar to that used for the holeboard test. Testing
involved placing each member of a pair of rats in
opposite corners of the box and then leaving them
undisturbed for 10 min while an experimenter recorded
the total duration of time (seconds) that the test rat
engaged the stimulus animal in crawling over and under
partner, sniffing of partner, following with contact, genital
investigation of partner, tumbling, boxing, and grooming.
Male rats were tested with intact male conspecifics,
female rats were tested with diestrous female conspecifics,
and all conspecifics were randomly selected from a pool
of stimulus rats.

1.2.7. Tailflick

The tailflick paradigm used was described by D’Amour
and Smith [16] and followed the methods of Frye and
Duncan [26,27]. Rats were handled, covered with a towel,
placed on the platform of the tailflick apparatus (San Diego
Instruments, San Diego, CA) and held in place while their
tails were smoothed above the radiant heat source. The
mean latency of three tailflick trials was used as an index of
nociception (maximum latency: 10 s).

1.2.8. Pawlick

The pawlick procedures employed by Smythe et al. [53]
and Bardo and Valone [4] were utilized. The apparatus
consisted of a slide warming tray (model #77; Fisher
Scientific, Swanee, GA) upon which a clear, floorless,
plastic chamber (28.5 x 17.5 x 12.5 cm) was placed. The
plastic chamber was used to confine the animal to the
hotplate surface that was heated to 53°C. Rats were placed
in the chamber on the hotplate and the latency to lick the
hindpaw was recorded (maximum latency: 180 s).

1.2.9. Defensive burying

The test chamber (26.0 x 21.2 x 24.7 cm) utilized for the
defensive burying procedure was constructed of clear Plexi-
glas. A pedestal (2.5 cm in diameter and 10.0 cm in height)
was placed in the right rear corner of the chamber, 3.0 cm
from the back wall and 2.5 cm from the right wall. Wood
chip bedding was placed 5.0 cm deep from the bottom of the
chamber, such that the pedestal extended 4.5 cm above the
material. The pedestal was wrapped by two wires that were
connected to a shock source (Lafayette Model A615B,
Lafayette, IN) set to deliver 6.66 mA of unscrambled shock,

initiated by the experimenter and terminated by the animals
withdrawal of its paws from the pedestal.

The defensive burying procedure utilized was according
to the modified methods of Gallo and Smith [30]. Briefly,
rats were placed in the chamber and an observer recorded
the duration of freezing and burying activity for 15 min after
the rat had touched the electrified prod.

1.3. Tissue collection

After 11 rats per group had been tested, the remaining 72
animals, 35 that underwent behavioral testing (proestrus
n=11, estrus n=38, diestrus n=9, male n="7) and 37 that
did not (proestrus n=11, estrus n=238, diestrus n= 10, male
n=38) but were in the same hormonal condition (proestrus,
estrus, diestrus, or male), were killed by rapid decapitation.
Tested and non-tested subjects were yoked. The animal that
was behaviorally tested was terminated immediately after
testing in the necropsy facility that is adjacent to the
behavioral testing laboratory. The non-tested animals
remained in their home cages and were brought to the
necropsy room and decapitated (after their yoked partner).
Trunk blood was collected and remained on ice until
refrigerated centrifugation (4°C at 3000 x g for 8 min).
Serum was aliquoted and stored at —70° C until radio-
immunoassay for progesterone and 3a,5a-THP. Brains were
rapidly removed, the hippocampus was dissected bilaterally,
placed in dry ice, and stored at —70°C until radioimmu-
noassay for progesterone and 3a,5a-THP.

1.4. Radioimmunoassay of plasma and brain progesterone

Concentrations of progesterone were determined by
radioimmunoassay according to previously published
methods [22,29]. Briefly, progesterone was extracted from
plasma samples by diethyl ether; the solvent was removed
using a speed drier, and samples were resuspended in
assay buffer (pH=7.4). For brains, hippocampal tissue
was homogenized with a glass/Teflon homogenizer in
distilled water. Steroids were extracted from the homo-
genate with 50% MeOH, 1% acetic acid, dried down in an
evaporator drier, and the pellet was reconstituted in tri-
methyl pentane (TMP) to half the homogenate volume.
Progesterone was extracted from the reconstituted plasma
and brain extracts using Celite column chromatography.
The progestin fraction was collected using a 100% TMP
wash. Fractions were dried using a speed drier and then
reconstituted in phosphate assay buffer.

Radioimmunoassay was performed using [’H] P (NET-
208, specific activity 48.4 Ci/mmol, New England Nuclear
(NEN), Boston, MA) and antisera (P#337 from Dr. G.D.
Niswender, Colorado State University). The progesterone
antibody was used in a 1:30,000 dilution and bound
between 30% and 50% of [°H] P.

The standard curve was prepared in duplicate to give a
range of nine concentrations from 50 to 8000 pg/ml; total
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Table 1
Estrous cycle and sex differences in total number of beam breaks in the
horizontal crossing and mean tailflick latencies

Condition
Proestrus Estrus Diestrus Male
(n=22) n=19) (n=20) (n=18)
Total number 975+£59 937+50 807+77 771174
of beam breaks
Mean tailflick 4.5+0.4 3.5+0.4 3.1+0.3 4.1+0.4

latency (s)

volume 800 pl. Incubation (4°C for 24 h) was terminated by
the addition of charcoal. Following a 15-min incubation on
ice, samples were centrifuged at 1200 x g for 10 min.
Sample concentrations were calculated using the logit—log
method [52], interpolation of the standards, and correction
for recovery. The minimum detectable limit of the assay was
50 pg, and the intra-assay and inter-assay coefficients of
variance were 10.7% and 9.2%, respectively.

1.5. Radioimmunoassay of plasma and brain 3o,50-THP

3a,5a-THP was measured according to previously estab-
lished methods [20,23,24,51]. Briefly, steroids were ex-
tracted from plasma samples using diethyl ether. Steroids
were extracted from homogenized brain samples in 50%
MeOH, 1% acetic acid through a series of centrifugation and
filtrations. Three hundred microliters of 0.1 M phosphate
assay buffer (pH=7.4) was added to test tubes containing
steroid extracts and equilibrated.

The antibody, purchased from Dr. Robert Purdy (Veter-
ans Medical Affairs, La Jolla, CA), is very specific to
3a,5a-THP [20]. The 1:5000 dilution of this antibody
bound between 40—60% of [*H] 3a,5a-THP (NET-1047,
51.3 Ci/mmol; NEN).
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Fig. 1. Represents the total number of peripheral squares entered (£ S.E.M.)
of proestrous (black bars), estrous (striped bars), diestrous (gray bars), and
intact male rats (open bars). Bars with different letters are significantly
different from each other ( P<.05).

The standard curve was prepared in duplicate with a
range of nine concentrations from 50 to 8000 pg/ml; total
volume 950 pl. Incubation at 4°C for 24 h was terminated
by charcoal separation of bound and free. Sample tube
concentrations were calculated using the logit—log method
of Rodbard and Hutt [52], interpolation of the standards, and
correction for recovery. The minimum detectable limit of the
assay was 100 pg. The intra-assay and inter-assay coeffi-
cients of variance were 12.1% and 15.6%.

1.6. Statistical analyses
Multiple one-way analyses of variances (ANOVAs)

were used to examine effects of hormone condition on
behavior. Two-way ANOVAs were used to examine how
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Fig. 2. The top panel represents the total number of open arm entries
(+S.E.M.) on the elevated plus-maze of proestrous (black bars), estrous
(striped bars), diestrous (gray bars), and intact male rats (open bars). Bars
with different letters are significantly different from each other (P <.05).
Bottom panel represents the total number of closed arm entries (£S.E.M.)
on the elevated plus-maze of proestrous (black bars), estrous (striped bars),
diestrous (gray bars), and intact male rats (open bars). Bars with different
letters are significantly different from each other (P <.05).
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Fig. 3. The top panel represents the total duration of open arm time
(£S.E.M.) on the elevated plus-maze of proestrous (black bars), estrous
(striped bars), diestrous (gray bars), and intact male rats (open bars). Bars
with different letters are significantly different from each other ( P<.05).
Bottom panel represents the total duration of closed arm time (+S.E.M.) on
the elevated plus-maze of proestrous (black bars), estrous (striped bars),
diestrous (gray bars), and intact male rats (open bars). Bars with different
letters are significantly different from each other ( P<.05).

hormone conditions and testing altered steroid concentra-
tions. Where appropriate, ANOVAs were followed by
Fisher’s post-hoc tests and least squares mean comparisons
between groups.

2. Results
2.1. Horizontal crossings

There was a tendency for proestrous females to make
more beam breaks in the horizontal crossing task than males
[F(3,75)=2.271, P<.087; see Table 1].
2.2. Open field

The proestrous and estrous females entered significantly

more peripheral [ F(3,75)=3.082, P<.03; see Fig. 1] and
total squares [F(3,75)=3.456, P<.03] than did males.
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Fig. 4. Represents the latency to emerge from a tube in seconds (£ S.E.M.)
of proestrous (black bars), estrous (striped bars), diestrous (gray bars), and
intact male rats (open bars). Bars with different letters are significantly
different from each other (P <.05).

There was no significant difference between groups in the
total number of central squares entered. The average number
of central squares entered by each group was proestrus 33
(£4), estrus 37 (£6), diestrus 27 (+6), male 20 (£4).

2.3. Elevated plus-maze

The number of entries to the open arms [F(3,75)=
17.554, P <.0001], the number of entries to the closed arms
[F(3,75)=3.556, P <.01], the amount of time spent on the
open arms [ F(3,75)=19.926, P <.0001], and the amount of
time spent on the closed arms [ F(3,75) =16.571, P <.0001]
of the elevated plus-maze varied between the groups.
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Fig. 5. Figure represents total duration of time spent interacting with
conspecific in seconds (+S.E.M.) of proestrous (black bars), estrous
(striped bars), diestrous (gray bars), and intact male rats (open bars). Bars
with different letters are significantly different from each other ( P <.05).
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Fig. 6. Represents total duration of freezing in seconds (£S.E.M.) of
proestrous (black bars), estrous (striped bars), diestrous (gray bars), and
intact male rats (open bars). Bars with different letters are significantly
different from each other (P <.05).

Proestrous rats had significantly more entries to the open
arms and closed arms (and likewise the total number of arm
entries, F(3,75)=11.033, P <.0001) than did estrous, dies-
trous, or male rats (see Fig. 2). The duration of time spent on
the open arms was significantly greater in the proestrous rats
compared to all other groups (see Fig. 3, top). The duration
of time spent on the closed arms was significantly less in the
proestrous rats compared to estrous, diestrous, and male rats
(see Fig. 3, bottom).

2.4. Emergence test

The latency for the rats to emerge completely from the
cylinder was significantly shorter for proestrous than for
estrous and diestrous but not male rats [ F(3,75)=2.810,
P <.04; see Fig. 4].

2.5. Holeboard

The incidence of head dips did not vary among the
groups. The average number of head dips for each group
was proestrus (3.2+0.6), estrus (2.6+0.6), diestrus
(2.7+0.7), and male (1.2+0.4). The total number of rear-
ings was not different across conditions and the total rear-
ings for each group were proestrus (14.3+1.8), estrus
(13.5+1.7), diestrus (14.8£2.5), and male (9.5+1.8).

2.6. Social interaction

The total duration of time spent in contact with a
conspecific in genital investigation, sniffing, crawling over
and under, tumbling, boxing, and grooming was signifi-
cantly higher [F(3,75)=11.285, P<.0001] in proestrous
rats compared to all other groups (see Fig. 5).

2.7. Tailflick

There was a tendency for proestrous females to have
longer tailflick latencies than diestrous and male, but not
estrous, rats (see Table 1).

2.8. Pawlick

The latency to lick the hindpaw did not vary as a function
of cycle phase or sex. The pawlick latencies for each group
were proestrus (117.8£11.9), estrus (102.0+£12.3), diestrus
(107.8£11.0), male (140.8 +£12.3).

2.9. Defensive burying
The duration of freezing following shock was signifi-

cantly less in proestrous compared to estrous, diestrous, and
male rats [ F(3,75)=11.426, P <.0001; see Fig. 6]. There
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Fig. 7. The top panel depicts plasma progestin concentrations (mean ng/
ml+S.EM.) for proestrous (black symbols), estrous (striped symbols),
diestrous (gray symbols), and male rats (open symbols). Asterisk indicates a
significant difference (P <.05). Bottom panel depicts progestin concentra-
tions in hippocampal tissues (mean ng/g+S.E.M.) for proestrous (black
symbols), estrous (striped symbols), diestrous (gray symbols), and male rats
(open symbols). Progesterone concentrations are denoted by triangles and
3a,5a-THP is indicated by squares. Asterisk indicates a significant
difference ( P<.05).
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was no significant difference in burying time for proestrus
(228.0+£30.4), estrus (147.9+37.6), diestrus (161.0+40.6),
or males (161.4+40.4). The height of sawdust did not vary
among the groups and the sawdust height for each group
was proestrus (4.8+0.2), estrus (4.1£0.3), diestrus
(3.9+0.3), and males (4.2+0.3).

2.10. Radioimmunoassay of plasma and brain progesterone
and 3o,50-THP

Proestrous females had significantly higher plasma pro-
gesterone [ F(3,64)=14.463, P <.0001] and 3o,5a-THP
[F(3,64)=5.071, P <.003] than all other groups (see Fig.
7, top). Hippocampal progesterone [F(3,64)=11.046,
P <.0001] and 3a,5a-THP [F(3,64)=12.098, P <.0001]
were significantly higher in proestrous females compared to
all other groups (see Fig. 7, bottom). There were no
differences between behaviorally tested and non-tested rats
for plasma or hippocampal progesterone or 3a,5a-THP.
Hormone condition and testing did not interact to influence
plasma or hippocampal progestin concentrations.

3. Discussion

Proestrous females exhibited more anxiolytic-like beha-
vior than other groups on some, but not all, of the tasks and
had significantly higher hippocampal and plasma progeste-
rone and 3a,5a-THP levels than did all other females and
males. The increased anxiolytic-like behavior of the proes-
trous rats, compared to all other groups, was demonstrated
by significantly more open arm entries and time in the
elevated plus-maze, longer social interactions with conspe-
cifics, and less freezing time in response to shock. The
number of closed arm entries and total amount of closed arm
time also varied across groups with proestrous females
having significantly more closed arm entries and less closed
arm time than all other groups. In addition to this, proestrous
females had significantly shorter emergence latencies than
did estrous and diestrous, but not male, rats. Proestrous and
estrous females exhibited significantly more peripheral
square entries in the open field than did males. There was
a trend for the proestrous females to make more beam
breaks than the males in the horizontal crossing; however,
there were no significant differences among the groups in
the holeboard task. Although, there were no differences
among the groups in the pawlick task, proestrous females
tended to have longer tailflick latencies than diestrous or
male, but not estrous, rats. Tested and non-tested animals
were not different in concentrations of plasma or hippocam-
pal progesterone or 3a,5a-THP. Progesterone and 3,5
THP levels were significantly increased in proestrous
females compared to all other groups. Together, these data
indicate that proestrous increases in some anxiolytic-like
behaviors coincide with elevated levels of endogenous
circulating and hippocampal progestin concentrations.

The present findings are consistent with the literature
that suggests progesterone metabolism to 3c,5a-THP may
mediate changes in behavior on tasks of anxiety. For
example, administration of progesterone or 3o,5a-THP
induces analgesia [25—27] and anxiolytic-like behavior in
male and female rodents [8,11,14,48]. Progesterone’s
anxiolytic effect is attenuated by co-administration of a
Sa-reductase inhibitor, which blocks progesterone’s con-
version to 3a,5a-THP [9]. In addition to this, there are
estrous cycle variations in females’ responses to aversive
stimuli; proestrous females engage in less defensive
burying compared to rats in other phases of the estrous
cycle [19]. Further, precipitating withdrawal from pro-
gesterone by administering the metabolism inhibitor,
indomethacin, increases defensive burying compared to
vehicle-administered rats [30].

It is likely that peripheral progesterone and 3a,5a-THP
mediate changes in anxiolytic-like behaviors through
central actions of progestins at GBRs. 3a,5a-THP release
elicited in the hippocampus by activation of peripheral
benzodiazepine receptors produces anxiolytic-like effects
in rats [6]. As well, RU38486, the PR blocker, which
would be expected to attenuate progesterone but not
3a,50-THP’s action, does not prevent the anxiolytic
action of progesterone [9]. Further, GBR antagonists
prevent progestin-induced anxiolysis. For example, co-
administration of the GBR blocker, picrotoxin, attenuates
pregnanolone-induced increases in open arm time in the
plus-maze [7]. Progestins’ ability to enhance GBR func-
tion correlates well with their anti-nociceptive effects
[26,27]. Taken together, previous findings and the present
data suggest that the actions of 3a,5a-THP at GBRs may
account for the anxiolytic-like behavioral changes seen in
proestrous rats.

This study is among the first to show increases in
endogenous 3c,50-THP in the hippocampal complex
coincident with changes in anxiolytic-like behaviors.
The increased levels of hippocampal and plasma proges-
terone and 3a,5a-THP observed in the proestrous (beha-
vioral estrus) females of this study are consistent with
findings previously reported by this and other labs
[12,21-23,37,51]. Cyclic changes in progestins were
observed both dependent and independent of behavioral
testing, consequently, it is unlikely that an anxiolytic state
caused the observed increases in central and circulating
steroid levels. Also, it is improbable that a third variable
caused changes in both behavior and steroid levels
because tested and non-tested animals had similar proges-
tin levels.

The concurrent proestrous increases in anxiolytic-like
behavior and progestin concentrations presently demon-
strated should be interpreted with caution for several
reasons. First, this study does not demonstrate a causal
relationship that alterations in peripheral or hippocampal
progestin concentrations induce the behavioral variations
observed over the estrous cycle and between the sexes.
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Indeed, there are estrous variations in a number of beha-
viors that progestin fluctuations may influence directly or
indirectly to produce some of the changes seen here. In
particular, phase of the estrous cycle influences activity
[3,13], appetite [31,40,56,57], sensitivity to environmental
stimuli [25], stress responsiveness [15,55], and anxiety
[2,3,8,34,39]. Indeed, in the present study differences in
activity and pain sensitivity may have influenced perfor-
mance. For example, proestrous rats demonstrated an
increase in total entries in the plus-maze and open field,
as well as beam breaks. Also, proestrous rats had longer
tailflick latencies and decreased freezing following shock.
Because activity and pain sensitivity varied, it is possible
that performance on these “anxiety” tasks may be due to
changes in anxiety, as well as other contributing factors.
Second, there also may be other environmental factors that
mediate the dramatic changes in anxiety-like behavior seen
across hormonal and reproductive states. For example, one
environmental factor that may have influenced our results
is that the order in which these tests were administered
was not validated, e.g., the effects of one or more of these
tasks may have confounded animals’ behavior on subse-
quent tasks. Other researchers have used a series of
behavioral tasks to assess more than one model of animal
anxiety in a single investigation [39,49] as there is not one
single index of anxiety-like behavior in animals. NB: All
of the animals were tested in all of the tasks and in the
same order, consequently any possible order effects were
uniformly distributed across all subjects and all conditions.
Third, there also may be other endogenous physiological
factors that mediate anxiety-like behaviors. A recent study
indicates 3a,5a-THP concentrations are not the sine qua
non for anxiolytic-like behavioral changes. Lactating rats
with low progestin levels show increased open arm time in
the plus-maze; administration of a Sa-reductase inhibitor,
to limit even further the already low 3a,5a-THP concen-
trations, fails to reduce open arm time [42]. One inter-
pretation of these findings is that dramatic increases in
30,5a-THP during pregnancy change the sensitivity of
GBRs for 3a,5a-THP, such that GBR sensitivity may be
a more important mediator of anxiety in lactating rats than
are 3a,5a-THP concentrations. However, it is important to
consider that changes in other physiological parameters
may also mediate such effects. Fourth, it has not been
clearly established that traditional tests of anxiety measure
the same variables in both sexes [39]. A recent factor
analysis of male and female behavior in anxiety tasks
suggests that male rats are motivated by sex and anxiety,
whereas female rats are driven by activity [18]. In addition
to this, males and females or females in different phases of
the estrous cycle may vary on changes in other behaviors/
states, responsiveness to other environmental factors, and/
or other physiological parameters.

In summary, these data demonstrate that increases in
some anxiolytic behavior of proestrous rats occur coin-
cident with elevations in circulating and central proges-

terone and 3q,5a-THP in the hippocampus. These
findings suggest that these increases in endogenous
progestins may modulate the observed behavior changes.
Endogenous changes in progesterone and 3a,5a-THP
and their subsequent actions at GBRs in the hippocam-
pus may mitigate endogenous variations in anxiolytic-
like behavior.

Acknowledgments

This research was supported by grants from The
Whitehall Foundation (96-10) and by the National Science
Foundation (95-14463; 98-96263). We thank Dr. Robert
Rosellini for his assistance with the horizontal crossing and
defensive burying techniques.

References

[1] Akwa Y, Purdy RH, Koob GF, Britton KT. The amygdala mediates the
anxiolytic-like effect of the neurosteroid allopregnanolone in rat. Be-
hav Brain Res 1999;106:119-25.

[2] Anderson EE. The sex hormones and emotional behavior: 1. The
effect of sexual receptivity upon timidity in the female rat. Gen Psy-
chol 1940;56:149—-58.

[3] Archer J. Rodent sex differences in emotional and related behaviors.
Behav Biol 1975;14:451-79.

[4] Bardo MT, Valone MJ. Morphine-conditioned analgesia using a taste

cue: dissociation of taste aversion and analgesia. Psychopharmacology

1994;114:269—-74.

Bitran D, Dugan M, Renda P, Ellis R, Foley M. Anxiolytic effects of

the neuroactive steroid pregnanolone (3a-OH-53-pregnan-20-one)

after microinjection in the dorsal hippocampus and lateral septum.

Brain Res 1999;850:217-24.

Bitran D, Foley M, Audette D, Leslie N, Frye CA. Activation of

peripheral benzodiazepine receptors in the hippocampus stimulates

allopregnanolone synthesis and produces anxiolytic effects. Psycho-
pharmacology 2000;151:64—71.

Bitran D, Hilvers RJ, Kellogg CK. Anxiolytic effects of 3a-hydroxy-

5a(3)-pregnan-20-one-endogenous metabolites of progesterone that

are active at the GABA4 receptor. Brain Res 1991;561:157—61.

Bitran D, Hilvers RJ, Kellogg CK. Ovarian endocrine status modu-

lates the anxiolytic potency of diazepam and the efficacy of GABA-

benzodiazepine receptor-mediated chloride ion transport. Behav Neu-
rosci 1991;105:653-62.

[9] Bitran D, Shiekh M, McLeod M. Anxiolytic effect of progesterone is
mediated by the neurosteroid allopregnanolone at brain GABA, re-
ceptors. J Neuroendocrinol 1995;7:171-7.

[10] Blizard DA, Lipman HR, Chen JJ. Sex differences in open-field be-
havior in the rat: the inductive and activational role of gonadal hor-
mones. Physiol Behav 1975;14:601—8.

[11] Brot MD, Akwa Y, Purdy RH, Koob GF, Britton KT. The anxiolytic-
like effects of the neurosteroid allopregnanolone: interactions with
GABA,4 receptors. Eur J Pharmacol 1997;325:1-7.

[12] Butcher RL, Collins WE, Fugo NW. Plasma concentration of LH,
FSH, prolactin, progesterone, and estradiol-173 throughout the 4-
day estrous cycle. Endocrinology 1974;94:1704-8.

[13] Calhoun JB. The ecology and sociology of the Norway rat. Washing-
ton, DC: US Department of Health, Education, and Welfare, 1963.

[14] Carboni E, Wieland S, Lan NC, Gee KW. Anxiolytic properties of
endogenously occurring pregnanediols in two rodent models of anxi-
ety. Psychopharmacology 1996;126:173-8.

[5

=

[6

[}

17

—

(8

[t



C.A. Frye et al. / Pharmacology, Biochemistry and Behavior 67 (2000) 587-596 595

[15] Critchlow V, Liebelt A, Bar-Sela M, Mountcastle W, Lipscomb HS.
Sex differences in resting pituitary—adrenal function in the rat. Am J
Physiol 1963;205:807—15.

[16] D’Amour FE, Smith DL. A method for determining loss of pain
sensation. J Pharmacol Exp Ther 1941;72:74-9.

[17] Dunn RW, Reed TAW, Copeland PD, Frye CA. The nitric oxide
synthase inhibitor 7-nitroindazole displays enhances anxiolytic effi-
cacy without tolerance in rats following subchronic administration.
Neuropharmacology 1998;37:899—-904.

[18] Fernandes C, Gonzalez ML, Wilson CA, File SA. Factor analysis
shows that female rest behavior is characterized primarily by activity,
male rats are driven by sex and anxiety. Pharmacol Biochem Behav
1999;64:731-8.

[19] Fernandez-Guasti A, Picazo O. Changes in burying behavior during
the estrous cycle — effect of estrogen and progesterone. Psychoneur-
oendocrinology 1992;17:681-9.

[20] Finn DA, Gee KW. The estrous cycle, sensitivity to convulsants and

the anticonvulsant effect of a neuroactive steroid. J Pharmacol Exp

Ther 1994;271:164—70.

Freeman MC, Dupke KC, Croteau CM. Extinction of the estrogen-

induced daily signal for LH release in the rat: a role for the proestrous

surge of progesterone. Endocrinology 1976;99:223-9.

[22] Frye CA, Bayon LE. Seizure activity is increased in endocrine states
characterized by decline in endogenous levels of the neurosteroid
3a,5a-THP. Neuroendocrinology 1998;68:272—80.

[23] Frye CA, Bayon LE. Mating stimuli influence endogenous varia-
tions in the neurosteroids 3a,5a-THP and 3a-diol. J Neuroendocri-
nol 1999;11:839—48.

[24] Frye CA, Bayon LE, Pursnani NK, Purdy RH. The neurosteroids,
progesterone and 3a,5a-THP, enhance sexual motivation, receptivity,
and proceptivity in female rats. Brain Res 1998;808:72—83.

[25] Frye CA, Bock BC, Kanarek RB. Hormonal milieu affects tailflick
latency in female rats and may be attenuated by access to sucrose.
Physiol Behav 1992;52:699—-706.

[26] Frye CA, Duncan JE. Progesterone metabolites, effective at the GA-
BA, receptor complex, attenuate pain sensitivity in rats. Brain Res
1994,643:194-203.

[27] Frye CA, Duncan JE. Estradiol benzoate potentiates neuroactive
steroids’ effects on pain sensitivity. Pharmacol Biochem Behav
1995;53:27-32.

[28] Frye CA, Erskine MS. Influence of time of mating and paced copula-
tion on induction of pseudopregnancy in cyclic female rats. J Reprod
Fertil 1990;90:375—-85.

[29] Frye CA, McCormick CM, Coopersmith C, Erskine MS. Effects

of paced and non-paced mating stimulation on plasma progeste-

rone, 3a-diol and corticosterone. Psychoneuroendocrinology 1996;

21:431-9.

Gallo MA, Smith SS. Progesterone withdrawal decreases latency to

and increases duration of electrified prod burial: a possible rat model

of PMS anxiety. Pharmacol Biochem Behav 1993;46:897—904.

[31] Ganesan R. The aversive and hypophagic effects of estradiol. Physiol
Behav 1994;55:279—85.

[32] GeJ, Barnes NM, Costall B, Naylor RJ. Effect of aversive stimulation
on 5-hydroxytryptamine and dopamine metabolism in the rat brain.
Pharmacol Biochem Behav 1997;58:775-81.

[33] Gould E, Woolley CS, Frankfurt M, McEwen BS. Gonadal steroids
regulate dendritic spine density in hippocampal pyramidal cells in
adulthood. J Neurosci 1990;10:1286-91.

[34] Gray JA, Levine SA. Effects of induced oestrus on emotional behavior

in selected strains of rats. Nature 1964;201:1198—-2000.

Harrison NL, Majewska MD, Harrington JW, Barker JL. Struc-

ture—activity relationships for steroid interaction with the -y-ami-

nobutyric acid A receptor complex. J Pharmacol Exp Ther 1987;

241:346-53.

Heinsbroek RPW, van Haaren F, Zantvoord F, van de Poll NE. Dis-

criminative stimulus properties of pentobarbital and progesterone in

male and female rats. Pharmacol Biochem Behav 1987;28:371—4.

21

—

[30

=

[35

[t}

[36

)

[37] Horikoshi H, Suzuki Y. On circulating sex steroids during the estrous
cycle and the early pseudopregnancy in the rat with special reference
to its luteal activation. Endocrinol Jpn 1974;21:69—79.

[38] Iswari S, Colas AE, Karavolas HJ. Binding of Sa-dihydroprogester-
one and other progestins to female rat anterior pituitary nuclear ex-
tracts. Steroids 1986;47:189-203.

[39] Johnston AL, File SE. Sex differences in animal tests of anxiety.
Physiol Behav 1991;49:245-50.

[40] Kanarek RB, Beck JM. Role of gonadal hormones in diet selection
and food utilization in female rats. Physiol Behav 1980;24:381—6.

[41] Kawakami M, Teresawa E, Ibuki T. Changes in multiple unit activity in
the brain during the estrous cycle. Neuroendocrinology 1970;6:30—48.

[42] Kellogg CK, Barrett KA. Reduced progesterone metabolites are not
critical for plus-maze performance of lactating female rats. Pharmacol
Biochem Behav 1999;63:441-8.

[43] Korol DL, Unick K, Goosens K, Crane C, Gold PE, Foster TC.
Estrogen effects on spatial performance and hippocampal physiology
in female rats. Soc Neurosci Abstr 1994;20:1436.

[44] Long JA, Evans HM. Oestrus cycle in the rat and its associated
phenomena. Mem Univ Calif 1922;6:1—146.

[45] Majewska MD, Harrison NL, Schwartz RD, Barker JL, Paul SM.

Steroid hormone metabolites are barbiturate-like modulators of the

GABA receptor. Science 1986;232:1004—7.

McAuley JW, Reynolds 1J, Kroboth FJ, Smith RB, Kroboth PD. Or-

ally administered progesterone enhances sensitivity to triazolam in

postmenopausal women. J Clin Psychopharmacol 1995;15:3—11.

McCarthy MM, Felzenberg E, Robbins A, Pfaff DW, Schwartz-Giblin

S. Infusions of diazepam and allopregnanolone into the midbrain

central gray facilitate open-field behavior and sexual receptivity in

female rats. Horm Behav 1995;29:279-95.

[48] Mora S, Dussaubat N, Diaz-Veliz G. Effects of the estrous cycle and
ovarian hormones on behavioral indices of anxiety in female rats.
Psychoneuroendocrinology 1996;21:609—20.

[49] Pellow S, Chopin P, File SE, Briley M. Validation of open : closed arm
entries in an elevated plus-maze as a measure of anxiety in the rat. J
Neurosci Methods 1985;14:149—-67.

[50] Pellow S, File SE. Anxiolytic and anxiogenic drug effects on explora-

tory activity in an elevated plus-maze: a novel test of anxiety in the rat.

Pharmacol Biochem Behav 1986;24:525-9.

Purdy RH, Moore PH, Narasimha Roa P, Hagino N, Yamaguchi T,

Schmidt P, Rubinow DR, Morrow AL, Paul SM. Radioimmunoassay

of 3a-hydroxy-5a-pregnan-20-one in rat and human plasma. Steroids

1990;55:290-6.

Rodbard D, Hutt DM. Statistical analysis of radioimmunoassay and

immunoradiometric assays: a generalized, weighted iterative, least

squares method for logistic curve fitting. In: International Atomic

Energy Agency, editor. Symposium on radioimmunoassay and related

procedures in medicine. New York: Uniput, 1974, pp. 209—233.

Smythe JW, McCormick CM, Rochford J, Meaney MJ. The inter-

action between prenatal stress and neonatal handling on nocicep-

tive response latencies in male and female rats. Physiol Behav
1994;55:971-4.

Teresawa E, Timiras P. Electrical activity during the estrous cycle of

the rat: cyclic changes in limbic structures. Endocrinology 1968;

83:207-16.

[55] Viau V, Meaney MJ. Variations in the hypothalamic-pituitary-adrenal

response to stress during the estrous cycle in the rat. Endocrinology

1991;129:2503—11.

Wade GN. Sex hormones, regulatory behaviors, and body weight.

In: Rosenblatt JS, Hinde RA, Shaw E, Beer CG, editors. Advances

in the study of behavior, vol. 6. New York: Academic Press, 1976,

pp. 201-279.

[57] Wade GN, Gray JM. Gonadal effects on food intake and adiposity: a
metabolic hypothesis. Physiol Behav 1979;22:583—93.

[58] Warren SG, Humphreys AG, Muraska JM, Greenough WT. LTP va-
ries across the estrous cycle: enhanced synaptic plasticity in proestrous
rats. Brain Res 1995;703:26-30.

[46

[}

[47

—

[51

—

[52

—

—
W
W

—

[54

[y

[56

—



596 C.A. Frye et al. / Pharmacology, Biochemistry and Behavior 67 (2000) 587-596

[59] Wieland S, Lan NC, Mirasedeghi S, Gee KW. Anxiolytic activity of [61] Wu FS, Gibbs TT, Farb DH. Inverse modulation of y-aminobutyric
the progesterone metabolite Sa-pregnan-3a-ol-20-one. Brain Res acid- and glycine-induced currents by progesterone. Mol Pharmacol
1991;565:263 8. 1990;37:597-602.

[60] Woolley CS, McEwen BS. Estradiol mediates fluctuation in hippo- [62] Zangrossi H, File SE. Behavioral consequences in animal tests of
campal synapse density during the estrous cycle in the adult rat. J anxiety and exploration of exposure to cat odor. Brain Res Bull

Neurosci 1992;12:2549-54. 1992;29:381-8.



