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Abstract

Withdrawal from high levels of progesterone in rodents has been proposed as a model for premenstrual syndrome or postpartum depression.
Forced swim test (FST) immobility, used to model depression, was assessed in intact female DBA/2J mice following progesterone withdrawal
(PWD) or treatment with the Sa-reductase inhibitor finasteride. Following 5 daily progesterone injections (5 mg/kg IP) FST immobility increased
only in mice withdrawn for 3 days (»<.05). In another experiment, 3 days of PWD significantly decreased levels of progesterone compared to
0 days of withdrawal, but progesterone levels at 3 days of PWD did not differ from vehicle-treated controls. In a final study, mice received daily
injections of progesterone (5 mg/kg IP) for 8 days, with 0 mg/kg, 50 mg/kg, or 100 mg/kg finasteride co-administered for the last three days. Mice
that received 100 mg/kg finasteride, but not 50 mg/kg finasteride, displayed increased FST immobility. PWD and finasteride treatment, both of
which reduce allopregnanolone levels, were associated with increased FST immobility in female DBA/2J mice. These findings suggest that
decreased levels of the GABAergic neurosteroid allopregnanolone contribute to symptoms of PWD. Future studies of PWD may provide

information about human conditions that are associated with hormone changes such as premenstrual syndrome or postpartum depression.

© 2007 Elsevier Inc. All rights reserved.
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Beginning in adolescence, females experience affective
disorders at higher rates than males, partially due to sex-
specific disorders such as premenstrual syndrome (PMS) and
postpartum depression (McGrath et al., 1990, Steiner et al.,
2003). Progesterone secretion is dramatically reduced prior to
menstruation or following childbirth. These periods of proges-
terone clearance have been called “progesterone withdrawal”
(PWD), and are associated with dynamic (but species-
dependent) biological events in females (MacDonald et al.,
1991). Given the temporal association between PWD and PMS
or postpartum depression, studies that elucidate the effects of
PWD may lead to increased understanding of these disorders.

Emerging evidence about the cellular actions of progesterone
and its metabolites in the brain has stimulated research
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regarding neuroendocrine correlates of behaviors. In addition
to the actions of progesterone on intracellular and membrane-
bound receptors, progesterone can be metabolized to a number
of neuroactive steroids. Reports have demonstrated roles for
progesterone or its metabolites in a variety of scenarios
including pain perception (Choi et al., 2006; Frye et al.,
2004), anxiety (Lofgren et al., 2006; Smith et al., 2004, 2000),
learning and memory (Djebaili et al., 2004), seizure suscepti-
bility (Belelli et al., 1989; Finn and Gee, 1994; Frye et al., 2002;
Hsu and Smith, 2003; Kokate et al., 1994, 1996), depression
(Rasmusson et al., 2006), and alcohol dependence (Cagetti
et al., 2004; Devaud et al., 1996; Finn et al., 2004a,b, 2006b).

Among these metabolites, allopregnanolone (ALLO, 3a-
hydroxy-5a-pregnan-20-one) has been of particular interest.
ALLO is an A-ring reduced metabolite of progesterone that is a
positive allosteric modulator of the type-A ~y-aminobutyric acid
receptor (GABAR), an inhibitory neurotransmitter receptor
found on most neurons in the central nervous system (Majewska,
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1992). Low nanomolar concentrations of ALLO can increase
Cl'" influx at GABAARSs (e.g., Belelli et al., 1990; Majewska,
1992; Morrow et al., 1987), thereby enhancing GABAergic
neurotransmission. Since plasma concentrations of progesterone
are correlated with neural ALLO levels (Corpéchot et al., 1993),
changes in progesterone secretion across the menstrual cycle
should alter ALLO concentrations in the brain, with a
concomitant change in GABA AR modulation.

There is conflicting evidence on the role of ALLO in
psychopathology. In one of the early investigations in this line
of research, Schmidt and coworkers (1994) found no difference
in plasma ALLO levels at a single time point during the luteal
phase in women with and without PMS. A subsequent study
found that women with PMS had lower plasma ALLO
concentrations compared to control participants at 12 days,
but not 5 days after luteinizing hormone (LH) surge (Rapkin
et al., 1997). Importantly, Rapkin and coworkers (1997) used
time points that surrounded a period of progesterone withdraw-
al, as confirmed by a main-effect of time (5 day vs. 12 day post-
LH surge) on plasma progesterone levels. Thus, while the
evidence is mixed, reports such as those of Rapkin and
colleagues (1997) have supported the idea that women with
PMS have lower ALLO during the luteal phase of the menstrual
cycle than women without PMS (Bernardi et al., 2004),
consistent with the idea that it is the decline in ALLO that
precipitates the symptoms of PMS.

There is also evidence that women have decreased ALLO
following childbirth (Gilbert Evans et al., 2005), the period
when they are susceptible to postpartum depression. Interest-
ingly, clinical studies in small cohorts of patients with unipolar
depression have documented an inverse relationship between
endogenous ALLO levels and depression severity (discussed in
Uzunova et al., 2006). Furthermore, in vitro methods have
demonstrated that several antidepressant medications favor the
production or synaptic accumulation of ALLO (Griffin and
Mellon, 1999; Pinna et al., 2006; Schiile et al., 2006). The
hypothesis that GABA sRs are involved in depression has been
strengthened by the finding that the selective serotonin reuptake
inhibitor fluoxetine increased ALLO levels in depressed
patients during the same time frame as the onset of its
antidepressant efficacy (Romeo et al., 1998; but see Uzunova
et al., 2006). Notably, ALLO levels were not increased in
patients that did not respond to the antidepressant therapy (i.e.,
no improvement in symptoms of depression).

Progesterone, ALLO, and other steroid manipulations have
been used to model symptoms related to steroid withdrawal in
behavioral studies with laboratory animals. Animal models of
anxiety-related behaviors have consistently shown an increase
in anxiety during steroid withdrawal (e.g., Bitran and Smith, 2005;
Smith et al., 1998, 2004, 2006; see also discussion), while animal
models of depression-like behaviors have received less
attention. In procedures designed to model menopause-associ-
ated changes or postpartum depression, hormone withdrawal
has been shown to increase depression-like behavior, measured
in the forced swim test (FST). An increase in FST immobility is
interpreted as an increase in depression-like behavior whereas a
decrease in FST immobility is interpreted as an antidepressant

effect (for review, see Cryan et al., 2002). Bekku and coworkers
(2007) found that ovariectomy in mice resulted in increased
FST immobility from approximately 10—18 days post surgery,
compared to sham-operated females (see also the results of
Galea et al., 2001; Stoffel and Craft, 2004). However, while
these studies clearly demonstrate that steroid withdrawal
resulted in altered FST behavior, estrogens and progestins
were both manipulated in these procedures making it difficult
to attribute the behavioral changes to one hormone family.

Taken together, two recent reports offer support for the
hypothesis that ALLO withdrawal, as a result of PWD, results in
a depression-like state in rats. In the first report, anxiety-like and
depression-like behaviors in rats were increased by rapid PWD,
compared to slower PWD. Saavedra and coworkers (2006)
injected ovariectomized rats with progesterone such that one
group received equal daily amounts of progesterone for five days,
while the other group received a higher dose of progesterone on
the first day, which was gradually tapered over the following four
days. These two groups received the same cumulative dose of
progesterone, but when tested on the sixth day the group that
had received tapered progesterone injections spent less time
immobile in the FST versus the group that had progesterone
abruptly discontinued. In the second study, rats injected with
ALLO showed decreased immobility in the FST, but coadmin-
istration of the GABA AR antagonist picrotoxin blocked ALLO’s
effect on FST immobility (Rodriguez-Landa et al., 2007).
Collectively, PWD increased FST immobility (depression-like
behavior), ALLO decreased FST immobility (an antidepressant-
like effect), and application of a GABA AR antagonist blocked the
antidepressant effect of ALLO. These studies support the current
hypothesis that ALLO withdrawal may underlie depression-like
behavior following PWD.

The current studies build on the work described above by
examining the behavioral effects of PWD without simulta-
neously manipulating estrogens. This was accomplished by
adapting procedures previously used in electrophysiological
and neurochemical studies. Costa and coworkers (1995) found
that treating intact female rats with daily 5 mg progesterone
injections (5 days/week for 1-3 weeks) significantly increased
brain ALLO levels at 0 days of PWD, but ALLO levels were
diminished after one, three, or five days of withdrawal. Dazzi
and coworkers (2002) found that treating male rats with 5 mg/
kg progesterone for 5 days resulted in increased brain levels of
ALLO that remained elevated 25—-30 h after the fifth injection.
Taking both of these studies into consideration, we predicted
that the 5 mg/kg treatment regimen in intact female mice would
result in a withdrawal syndrome after 3 days, if not after 1 day.

The present experiments were conducted to test the hypothesis
that PWD and ALLO withdrawal result in depression-like
behavior in intact female mice, measured by FST immobility. In
our first experiment we sought to identify the time point(s) when
FST immobility increased following discontinuation of proges-
terone administration. We next confirmed that the progesterone
injection regimen decreased plasma progesterone levels during
PWD. Finally, we tested whether blocking the metabolism of
progesterone to neuroactive steroids (such as ALLO) was
sufficient to induce FST immobility. For this experiment we
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Table 1
Schedule of injections and testing in the FST
Group Days
1-4 5 6 7 8
Experiment la
VEH VEH VEH, FST
0d PWD PRO PRO, FST
1d PWD PRO PRO FST
2 d PWD PRO PRO FST
3dPWD PRO PRO FST

Experiment 2

0 mg/kg PRO PRO
50 mg/kg PRO PRO
100 mg/kg PRO PRO

PRO, VEH PRO, VEH PRO, VEH, FST
PRO, FIN PRO, FIN PRO, FIN, FST
PRO, FIN PRO, FIN PRO, FIN, FST

Note. Drug-injection abbreviations used: PRO, progesterone; VEH, vehicle;
FIN, finasteride. “FST” indicates the day of FST testing.

used the Sa-reductase inhibitor finasteride, which blocks the
conversion of progesterone to Sa-dihydroprogesterone, the
metabolic precursor of ALLO, and causes a downstream
reduction in ALLO levels (e.g., Frye and Walf, 2002; Reddy
et al., 2001; Rhodes and Frye, 2001; VanDoren et al., 2000).

1. Methods
1.1. Animals

Female DBA/2J mice were obtained from The Jackson
Laboratory (Davis, CA) and housed in the Veterinary Medical
Unit at the Veterans Affairs Medical Center (VAMC) in Portland,
OR. Mice were housed four to a cage except two cages (3 mice/
cage) in Experiment la. All mice were housed in Maxi-Miser #1
cages (Thoren Caging Systems, Hazelton, PA) with 0.25-in Bed-
o’cobs bedding (Andersons Inc., Maumee OH). All mice were
housed in a temperature controlled room (21=+1 °C). Throughout
each experiment, mice were maintained on a 12 h/12 h light
cycle (lights on at 0600 h) with ad libitum access to mouse chow
(LabDiet 5001 Rodent Diet, PMI International) and tap water.
All mice were allowed to acclimate to their caging location and
conditions for at least a week prior to commencement of

injections, and received ear punches for identification prior to
receiving their first injection.

1.2. General experimental design

The following experiments were designed to test associa-
tions between PWD and depression-like behavior. Based on the
procedures used by Costa and coworkers (1995) and Dazzi and
coworkers (2002), our general experimental design was to give
all experimental groups of mice a five- or six-day treatment of
progesterone, followed by a three-day treatment specific to the
experimental group. Table 1 presents the schedule of injections
and behavioral testing in the FST (Experiments 1a and 2). Table 2
shows the schedule of injections and blood collection for
measurement of progesterone levels (Experiment 1b). All pro-
cedures described herein were approved by the Portland VAMC
Institutional Animal Care and Use Committee and were
conducted in accordance with the guidelines discussed in the
“Guidelines for the Care and Use of Mammals in Neuroscience
and Behavioral Research” (National Research Council, 2003).

Mice were not ovariectomized for these experiments, because
we wanted the control group to experience normal fluctuations in
steroid hormones (which would not be the case with ovariectomy,
even with hormone replacement). Additionally, withdrawal from
daily progesterone injections in intact female mice (3 injections of
5 mg/kg over 48 h; Gulinello and Smith, 2003) and rats (Costa
et al., 1995) significantly increased anxiety-related behavior and
decreased GABALR sensitivity, respectively.

1.3. Drugs

All drugs were injected intraperitoneally (IP). The vehicle for
all injections was 20% w/v 2-hydroxypropyl-p-cyclodextrin
(Cargill, Cedar Rapids, IA) in 0.9% saline (Baxter Healthcare,
Deerfield, IL), and all injections were given in volumes of
10 mL/kg. Progesterone (Experiment 1a, Sigma, St. Louis, MO;
Experiments 1b and 2, Steraloids, Newport, RI) was injected at
a dose of 5.0 mg/kg. In Experiment 2, finasteride (Steraloids)
was administered as an additional injection of 0 mg/kg
(control), 50 or 100 mg/kg. Drug or vehicle injections were
performed at 1000—1230 h.

Table 2
Schedule of injections and blood collection for progesterone measurement
Group Days
1 2-4 5 6 7 8 9
Experiment 1b
0.5h PRO (0.5 h)
2h PRO (2 h)
8h PRO (8 h)
0dPWD PRO PRO PRO (2 h)
VEH VEH VEH VEH VEH (2 h)
1 d PWD PRO PRO PRO PRO VEH (2 h)
3dPWD PRO PRO PRO PRO VEH VEH VEH (2 h)

Note. Drug-injection abbreviations used: PRO, progesterone; VEH, vehicle. Time intervals in parentheses indicate the interval between the final injection and blood

collection.
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1.4. Porsolt Forced Swim Test (FST)

As a measure of depression-like behavior, the FST was per-
formed using slight modifications of the methods described by
Lucki and coworkers (2001). Prior to testing each mouse, the clear,
colorless, cylindrical testing tank measuring 21.5 cmx24.5 cm
(inner diameter x height) was filled with 25+2 °C water to a height
of 15+1 cm. To test a subject, the mouse was dropped from a
height of approximately 20 cm above the upper rim of the testing
tank while a video camera recorded the mouse’s behaviors during
the testing session. Six min after the mouse was dropped into the
testing tank, she was removed and transferred to a holding cage.
All testing occurred from 1300—1800 h. Mice were euthanized
following testing by CO, asphyxiation. A single, experienced ob-
server, blinded to the experimental conditions of individual mice,
scored each mouse from videotape. In keeping with the methods of
Lucki and coworkers, only the last 4 min of each 6 min test session
was used for scoring. Since mice swim in bouts interspersed with
periods of floating, a stopwatch was used to record cumulative
immobility of each subject. A mouse was considered to be im-
mobile when the observer judged that she was exhibiting no overt
behaviors other than small postural movements.

1.5. Experiment la: time course of PWD, measured by FST
behavior

DBA/2J mice aged approximately 11—-12 weeks on the test
days were used. Mice were injected with progesterone once
daily for five days and tested in the FST on the same day as the
last injection of progesterone (n=12, “0 d PWD” group), or one
day, two days, or three days (“1 d PWD,” “2 d PWD,” and “3 d
PWD” groups, respectively; n=14/group) after the last
progesterone injection. A fifth group (n=12, “VEH” group)
received vehicle injections for five days and was then tested in
the FST. Table 1 shows the daily schedule of progesterone or
vehicle injections, and indicates the days of forced swim testing
for each group.

1.6. Experiment 1b: time course of progesterone levels
during PWD

1.6.1. General methods

DBA/2J mice aged approximately 11—-12 weeks on test days
(n=5-7/group) were used to determine plasma progesterone
levels at three time points following a single 5 mg/kg IP injec-
tion (“0.5 h,” “2 h,” and “8 h” groups), or at three time points
following repeated daily injections of 5 mg/kg progesterone IP
for 5-6 days (“0 d PWD,” “1 d PWD,” and “3 d PWD” groups).
Blood was collected from 0 d PWD group two hours after the
last progesterone injection. Mice in the | d PWD and 3 d PWD
groups received daily vehicle injections for one or three days
(respectively) following the last progesterone injection, and
blood was collected from these groups two hours after the last
vehicle injection. A seventh group (“VEH”) was used to deter-
mine average plasma progesterone levels in mice receiving
daily IP injections of vehicle for six days. Blood was collected
from the VEH group two hours after the last vehicle injection.

Table 2 shows the daily schedule of progesterone or vehicle
injections, and interval after which blood was collected fol-
lowing the last injection.

An original goal was to measure ALLO levels, in addition to
progesterone levels. However, decreased sensitivity of the
antibody following long-term storage prohibited these determi-
nations. Nonetheless, previous work has confirmed that the
progesterone injection regimen significantly increased brain
ALLO levels and produced a decrease during PWD (e.g., Costa
et al., 1995; Dazzi et al., 2002; Gulinello and Smith, 2003).

1.6.2. Plasma progesterone determination

Mice were decapitated at the times indicated above. Trunk
blood was collected into 4 mL tubes containing 7.2 mg EDTA on
ice, which were then centrifuged at 850 g and 4 °C for 20 min.
Following centrifugation, the plasma fraction was aspirated and
stored in separate tubes at —80 °C until assayed. Plasma proges-
terone concentrations were determined by radioimmunoassay
using a commercially available kit (Coat-A-Count progesterone
kit, Diagnostic Products Corporation, Los Angeles, CA) according
to the manufacturer’s instructions. Briefly, 100 pL of each standard
(in duplicate), sample, or diluted sample was vortexed with 1.0 mL
['%°1] progesterone and incubated in the provided tubes coated
with rabbit antibodies for progesterone at room temperature for 3 h.
Following incubation, tubes were decanted and bound radioactiv-
ity was quantified with a standard gamma counter. Because pro-
gesterone concentrations were expected to vary widely among
treatment groups, all samples were assayed at their full con-
centration but some samples were additionally assayed after being
diluted. To improve precision, reported plasma progesterone
concentrations are based on the dilution at which counts were best
contained within the linear portion of the standard curve.

Counts per minute were normalized and fit to a least-squares
regression equation produced by log-logit transformation of the
standards (0.1-40 ng/mL) using Prism 4 (GraphPad Software,
Inc., San Diego, CA). Mass of samples was calculated by
interpolation of the standards. The minimal detectable limit of
the assays ranged from 0.14-0.22 ng/mL. Intra-assay coeffi-
cients of variation were less than or equal to 4.1%, and the inter-
assay coefficient of variation was less than 8.6%.

1.7. Experiment 2: effect of finasteride on PWD-induced
behavior in the FST

DBA/2J mice aged approximately 12—13 weeks on test day
were used. On days 1-5 of the experiment, mice (n=12/group)
received daily injections of progesterone. Then on days 6—8 of
the experiment, separate groups of mice received daily
injections of progesterone with additional injections of vehicle
(“0 mg/kg” group), 50 mg/kg finasteride (“50 mg/kg” group), or
100 mg/kg finasteride (“100 mg/kg” group). All mice were
tested in the FST on day 8 of the experiment, approximately 2—
4 h after the last injection. Table 1 shows the daily schedule of
progesterone, vehicle, or finasteride injections, and indicates the
day of testing for all groups. The doses of finasteride that were
chosen have previously been shown to significantly decrease
ALLO levels following a systemic progesterone injection (e.g.,
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Seconds Immobile

VEH

0dPWD 1dPWD 2dPWD 3dPWD

Fig. 1. Mean (+ SEM) seconds of immobility in the FST in female DBA/2J mice
following different intervals of withdrawal (group labels) from repeated 5 mg/kg
IP injections of progesterone, or following repeated vehicle injections. *p<.05
compared to 3 d PWD group by Tukey HSD.

Rhodes and Frye, 2005) or in pseudopregnant animals (e.g.,
Reddy et al., 2001).

1.8. Statistical analysis
One-way analysis of variance (ANOVA) was used to test for

omnibus differences in FST immobility or plasma progesterone
concentrations for all experiments. To minimize type I error
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Fig. 2. Mean (+SEM) ng/mL of progesterone in plasma from female DBA/2J
mice. (A) Blood was collected at various times (group labels) following a single
5 mg/kg IP injection of progesterone. *p<.05 compared to 0.5 h group by Tukey
HSD. (B) Blood was collected at various times of withdrawal (group labels)
following repeated 5 mg/kg IP injections of progesterone, or after repeated
vehicle injections. *p<.05 compared to 0 d PWD group by Tukey HSD.

inflation, significant omnibus tests were followed by Tukey HSD
tests in all experiments. One mouse was removed from the
analysis of Experiment la (from the 1 d PWD group) after being
identified as a statistical outlier using the Studentized Residual
test. The .05 a-level (two-tailed) was adopted as the cutoff for
statistical significance in all analyses. Statistical procedures were
performed using SYSTAT 11 (Systat Software, San Jose, CA).

2. Results

2.1. Experiment la: time course of PWD, measured by FST
behavior

ANOVA was used to compare group means of FST im-
mobility (Fig. 1). The omnibus test revealed that depression-like
behavior differed among treatment groups, £ 60=3.97, p<.05.
Tukey HSD comparisons revealed that the 3 d PWD group
exhibited significantly more immobility in the FST than each of
the other groups. No other difference was determined among
these groups.

2.2. Experiment 1b: time course of progesterone levels
during PWD

ANOVA was performed on plasma progesterone concentra-
tions of blood collected from mice that received one 5 mg/kg
progesterone injection, and from mice that received repeated
progesterone or vehicle injections. An overall difference was
found among plasma progesterone concentrations taken at
different time points, Fe34= 60.6, p<.05. Post hoc tests
confirmed that plasma progesterone was significantly increased
at 0.5 h after injection, compared to all other groups. However,
progesterone levels did not differ significantly between 2 h or 8 h
after injection (Fig. 2). Progesterone levels were significantly
higher in the 0 d PWD group compared to the 3 d PWD group,
but progesterone levels in the 1 d PWD were not significantly
different from either the 0 d PWD or 3 d PWD groups.
Progesterone levels in the VEH group were significantly lower
than the 0 d PWD group and the 2 h group, but were not different

75+

Seconds Immobile

0 mg/kg 50 mg/kg

100 mg/kg
Finasteride Dose

Fig. 3. Mean (+ SEM) seconds of immobility in the FST in female DBA/2J mice
following repeated 5 mg/kg IP injections of progesterone, co-administered with
different doses of finasteride (group labels). *p<.05 compared to 100 mg/kg
finasteride dose by Tukey HSD.
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from the 3 d PWD group. Plasma progesterone levels in the 8 h
group were significantly lower than levels in the 0.5 h group, but
were not significantly different from any other group.

2.3. Experiment 2: effect of finasteride on PWD-induced
behavior in the FST

ANOVA was used to determine the effects of finasteride
treatment on FST immobility. An overall difference was found
among the finasteride dose groups, F 33=5.18, p<.05. Post hoc
Tukey HSD tests revealed that 100 mg/kg finasteride signifi-
cantly increased immobility in the FST, when compared to the
50 mg/kg or 0 mg/kg doses (Fig. 3). There was no difference in
immobility detected between the 0 mg/kg and 50 mg/kg doses.

3. Discussion

These experiments were designed to adapt a previously
described PWD procedure for behavioral analysis, and to
determine whether the behavioral effect of PWD could be
replicated by withdrawing Sa-reduced neurosteroids (such as
ALLO). Experiment la determined that three days of PWD was
required to detect a significant increase in FST immobility. This
finding is consistent with recent reports of delayed increases in
FST immobility following steroid withdrawal (Bekku et al., 2007;
Stoffel and Craft, 2004), and of increased depression-like behavior
in rats at three days postpartum, as assessed in the differential
reinforcement of low response-rate model of depression (Molina-
Hermandez et al., 2000). In the case of Stoffel and Craft (2004), rats
received progesterone and estradiol injections, separately or in
combination, for a period of more than three weeks. Bekku and
colleagues (2007) used multiple strains of mice (ICR, C57BL/6J,
DBA/2N, and CD-1) and assessed the effect of ovariectomy on
FST immobility. Although their results varied from the current
data in some ways, such differences may be the result of
differences in methodology. Importantly, despite differences in
methods, each of these studies reported an effect of steroid
withdrawal on FST that is consistent with the current work.

Experiment 1b was used to confirm the effects of this pro-
cedure on plasma progesterone levels. Plasma progesterone
concentrations were significantly increased at 0.5 h after
injection and remained elevated at 2 h after injection when
compared to levels observed in mice treated with vehicle or
withdrawn for three days. Progesterone levels two hours after a
single progesterone injection (2 h group) or two hours after
repeated progesterone injections (0 d PWD group) did not
differ, suggesting similar kinetics of progesterone during this
procedure. This experiment also demonstrated a significant
decrease in plasma progesterone levels at three days of
withdrawal from repeated progesterone injections, but not at
one day of withdrawal. However, plasma progesterone levels
were not different between vehicle-treated mice and mice
allowed to withdraw from progesterone for three days.

These findings indicate that there is not a simple relationship
between progesterone levels and FST immobility. Comparing
the results of Experiments la and 1b, these data show that low
levels of progesterone were not associated with increased FST

immobility among vehicle-treated mice, but that similarly low
levels of progesterone were associated with significantly
increased FST immobility following withdrawal from high
levels of progesterone. Taken in conjunction with the finding
that an abrupt drop in progesterone levels was associated with
increased FST immobility (Saavedra et al., 2006, see Introduc-
tion), these data suggest that a withdrawal-induced change in
progesterone levels reflects neuroadaptation to high levels of
progesterone or its metabolites.

Despite the temporal continuity between hormonal fluctuations
and PMS symptoms, several reports have suggested that hormones
are normal throughout the cycle in women with PMS (Halbreich,
2003). Thus, it is of great interest to explore hormone changes
outside the estrogen/progesterone dichotomy. One potential mech-
anism through which PWD might result in depression is through a
corresponding decrease in its GABAergic metabolite ALLO. This
hypothesis was tested by administering the Sa-reductase enzyme
inhibitor finasteride, which produces a concomitant decrease in
Sa-dihydroprogesterone and ALLO. In Experiment 2, mice that
received 100 mg/kg finasteride and progesterone exhibited a
significant increase in FST immobility versus mice that received
continuous progesterone. Also, the degree to which FST
immobility was increased by 100 mg/kg finasteride administration
was consistent with the degree of FST immobility produced by
three days of PWD. Since progesterone levels should not be
decreased in the mice receiving progesterone and finasteride in-
jections, these results demonstrate that withdrawal of Sa-reduced
steroids can mimic the behavioral effects of PWD. Thus, these
findings support the hypothesis that the effects of PWD on FST
immobility are mediated through ALLO withdrawal.

Several lines of evidence indicate that the progesterone
injection regimen utilized in the present study produces fluctua-
tions in ALLO levels that are temporally related to progesterone
levels, and that the use of finasteride can block the progesterone-
induced increase in ALLO levels. First, in intact female mice and
rats 3—5 daily progesterone injections produced high-physiological
levels of ALLO (Costa et al., 1995; Gulinello and Smith, 2003) that
are significantly decreased during PWD. Second, data from our
laboratory has shown an 80% decrease in brain ALLO levels at
24 h following injection of the 50 mg/kg dose of finasteride in male
mice (for a review on finasteride see Finn et al., 2006a), which is
consistent with data in rats (VanDoren et al., 2000). Since female
mice have higher endogenous ALLO levels than male mice (Finn
et al., 2004b) and since we administered exogenous progesterone,
we presumed that the 100 mg/kg dose of finasteride would be more
efficacious at decreasing endogenous ALLO levels. Third, the
50 mg/kg dose of finasteride significantly decreased ALLO levels
following a single progesterone injection (Rhodes and Frye, 2005),
whereas the 100 mg/kg finasteride dose significantly reduced
ALLO levels by 85% in pseudopregnant female rats without
altering plasma progesterone concentrations (Reddy et al., 2001).
Collectively, these findings suggest that the use of the 100 mg/kg
dose of finasteride in the present study should significantly reduce
ALLO to levels that have been reported to occur during PWD.

The present work adds to a line of research indicating a role for
ALLO in depression-like behavior in mice. For example, Frye and
coworkers (2004) previously reported that progesterone decreased
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FST immobility in wildtype mice but not in mice with a null
mutation for the Srd5al gene (encodes the type 1 Sa-reductase
enzyme). Also, systemic or intra-hippocampal administration of
finasteride (Frye and Walf, 2002) as well as intra-amygdala
injections of finasteride (Walf et al., 2006) increased FST
immobility in female rats. These bidirectional manipulations of
ALLO levels provide evidence for an inverse relationship between
ALLO levels and FST immobility, albeit not in the context of
PWD. In contrast, the efforts of other researchers (e.g., Bekku
et al, 2007; Molina-Hernandez et al., 2000) have reported
depression-like effects of PWD, but without specifically assessing
potential mechanisms underlying the effect. Thus, FST immobility
was previously studied in the context of acute ALLO manipulation
or progesterone withdrawal, and the current research combines
these lines of research.

Anxiety-like behaviors have been better characterized within
the context of PWD. Interestingly, while onset of FST immobility
appears to be delayed by some number of days, rodent models of
anxiety such as the elevated plus maze (EPM) show anxiogenic-
like responses as early as one day following PWD. For example,
Bitran and Smith (2005) induced PWD by ovariectomizing rats
after 10 days of hormonally-induced pseudopregnancy and found
that one day of PWD increased anxiety-like behavior in the EPM
compared to ovariectomized control rats. Similar effects in the
EPM were detected in rats after one day of PWD when proges-
terone was administered via implantation of a progesterone-filled,
silicone capsule, and withdrawal was achieved by removing the
capsule (Smith et al. 2004). Finally, three injections of progesterone
(5 mg/kg) or ALLO (10 mg/kg) significantly increased anxiety-like
behavior in the EPM at 3—4 h after the last injection in male and
female mice (Gulinello and Smith, 2003). Differences between the
effects of ALLO and progesterone on anxiety and depression may
have relevance to syndromes such as PMS, which has been
characterized as having highly variable symptom profiles (Chrisler
and Levy, 1990; Gotts et al., 1995; Halbreich, 2003).

It should be noted that research examining animal models of
PWD has utilized several methods to manipulate progesterone
levels (e.g., injections, osmotic capsules, pseudopregnancy,
ovariectomy). In addition, different species of rodents and
different strains within a given species can complicate direct
comparisons among these studies. However, despite variation in
progesterone methods, choice of animals, and other methodo-
logical details, many groups have found consistent effects of
steroid withdrawal on rodent behavior in models of anxiety or
depression. Thus, the effects of PWD appear to be robust, despite
methodological diversity.

These studies demonstrate that the present model of PWD,
chosen to reflect the shorter period of exposure to progesterone
during the menstrual cycle (as opposed to pregnancy), is
effective at increasing depression-like behavior in female mice
from an inbred strain. The procedures are quick and easy to
perform, requiring only eight days of experimentation, and
produce behavioral differences without resorting to surgeries or
manipulation of non-progestin steroids such as estrogens. While
not definitive, the results of Experiments 2 offer support for the
hypothesis that ALLO withdrawal may contribute to depres-
sion-like behavior associated with PWD. This model has the

potential to be incorporated into a variety of experimental
procedures that may further elucidate electrophysiological
changes in the nervous system, neuroanatomical correlates of
behavioral changes, and pharmacological dissociations of the
substrates underlying depression-like behavior following PWD.
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