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Abstract
Progesterone may have actions independent of intracellular progestin receptors (PRs) to influence
depressive behavior. To investigate this, we examined effects of progesterone (P; 10 mg/kg, SC)
on the depressive behavior of mice in the forced swim test (FST). In Experiment 1, subjects were
4 to 6 months old, intact or ovariectomized (OVX) female and intact or gonadectomized (GDX)
male, C57/BL6 mice. Progesterone reduced depressive behavior of young diestrous and OVX
mice but male mice were impervious to effects of P. In Experiment 2, subjects were intact aged
(20–28 months old) C57/BL6 female and male mice. Progesterone reduced depressive behavior of
aged female and male C57/BL6 mice, albeit effects were greater among males. In Experiment 3,
effects of P were examined in 4 to 6 months old, gonadally-intact, female and male mice that were
wildtype or PR knockouts (PRKOs). Progesterone decreased depressive behavior of young adult,
wildtype and PRKO mice, which showed greater immobility than did their wildtype counterparts.
In Experiment 4, subjects were 18–24 months old wildtype or PRKO mice (Exp 4). Progesterone
decreased immobility among wildtype and PRKO mice (which were not different in terms of their
baseline depressive behavior). Together these data demonstrate that P decreases depressive
behavior of young and older adult C57/BL6, wildtype and PRKO mice, which suggest that acute
anti-depressant effects of P may occur independent of actions at “classic” PRs.
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1. Introduction
Major depression affects 5 to 10% of the population, is a leading cause of disability, and has
significant personal and therapeutic costs. The current conventional antidepressants
therapeutics, such as selective serotonin reuptake inhibitors, have limited therapeutic
efficacy, latencies of 2–6 weeks for effects, and side-effects which limit compliance
(Shelton, 2009). The mechanisms underlying the etiology, symptomatology, and/or
treatment of depression need to be better understood.
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The prevalence of major depression is about twice as high among women than men, and is
most evident during the reproductive years (Steiner et al., 2003). Beginning in adolescence,
females experience depressive disorders at higher rates than do males (Steiner et al., 2003).
Clinical studies show the prevalence of depression are increased with the hormonal
transitions during the perimenstruum, post-partum or perimenopausal periods (Freeman et
al., 2002; Paoletti et al., 2001; Pisani et al., 1998; Rasgon et al., 2005; Robinson, 2001).
Among some women, depletion of ovarian hormones, due to surgical or natural menopause,
is associated with increases in depression (Gilbert Evans et al., 2005; Girdler et al., 2001;
Halbreich and Kahn, 2001; MacDonald et al., 1991; Osterlund et al., 2005; Rapkin et al.,
2002; Stahl, 1997; Zonana and Gorman, 2005). These findings imply a role of gonadal
hormones.

Progesterone (P) might be involved in the mechanisms underlying depression. Premenstrual
syndrome, premenstrual dysphoric disorder, and post-partum depression are defined by their
association with reproductive events, which are characterized by low endogenous levels of
P. Some pharmacotherapies which are used to treat depression have some of their effects in
association with increasing levels of progestogens (Griffin and Mellon, 1999; Uzunov et al.,
1996, 1998). Given these clinical findings, the role and neurobiological mechanisms of P
relevant for depression need to be better understood.

In animal models, P can reduce depressive behavior. First, less depressive behavior is seen
when there are natural elevations in progestogen levels. For example, rats in behavioral
estrus show less depressive behavior than do rodents in other phases of the estrous cycle
(Becker and Cha, 1989; Bitran et al., 1991; Frye et al., 2000a; Gulinello et al., 2003; Walf et
al., 2006). Pregnant rats also show less depressive behavior than do post-parturient rats,
which have lower endogenous progestogen levels (Frye and Walf, 2002, 2004). Second,
removal of the primary endogenous source of progestins, the ovaries (ovariectomy; OVX)
increases depressive behaviors of rodents (Frye and Walf, 2002; Frye and Wawrzycki, 2003;
Walf et al., 2006). Third, administration of P, compared to vehicle, to OVX rodents
decreases depressive behavior (Frye et al., 2004; Frye and Walf, 2004; Walf et al., 2006).
Thus, P can have anti-depressant effects in animal models.

Progesterone controls several biological processes through interactions with its classical or
nuclear receptor (PR); however, some effects of P require its conversion by 5α-reductase
enzymes to dihydroprogesterone, which is then metabolized to 5α-pregnan-3α-ol-20-one
(3α,5α-THP) by 3α-hydroxysteriod dehydrogenase enzymes. In animal models,
administration of P or 3α,5α-THP produce similar anti-depressant behavior (Frye and Walf,
2002; Hirani et al., 2002; Walf and Frye, 2007). The effects of P to reduce depressive
behavior are attenuated when drugs that block conversion of P to 3α,5α-THP are co-
administered or when P is administered to 5α-reductase knockout mice that cannot convert
P to 3α,5α-THP (Khisti et al., 2000; Khisti and Chopde, 2000; Frye et al., 2004; Frye and
Walf, 2004; Hirani et al., 2002; Walf et al., 2006). Moreover, the selective-serotonin
reuptake inhibitor, fluoxetine, has anti-depressant effects and concomitantly increases
formation of 3α,5α-THP (Hirani et al., 2002). Finally, an animal model of depression
involves socially-isolating mice, which decreases 3α,5α-THP levels, but can be reversed by
fluoxetine, P or 3α,5α-THP administration (Hirani et al., 2002; Matsumoto et al., 1999;
Pinna et al., 2009). In physiological concentrations, 3α,5α-THP is devoid of affinity for PRs
(Rupprecht et al., 1996). Some effects of P require its conversion into 3α,5α-THP, which
interacts with GABAA/benzodiazepine receptors (GBRs) at low concentrations to increase
the frequency and/or duration of openings of GABA-gated chloride channels (Lambert et al.,
1995; Majewska et al., 1986; Paul and Purdy, 1992). As such, we examined effects of P on
depressive behavior in the forced swim test (FST) of young and aged adult, C57/BL6 or
wildtype and PR knockout (PRKO) mice. We hypothesized that if P has effects on
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depressive behavior that involve formation of 3α,5α-THP, and actions independent of PRs,
then administration of P to PRKOs and wildtype mice should similarly reduce depressive
behaviors.

2. Methods
2.1. Animal and housing

All procedures were pre-approved by The Institutional Animal Care and Use Committee at
The University at Albany-SUNY. Mice were group-housed with free access to Purina Rat
Chow and water in their home cages. Mice were housed in a room that had a reversed 12/12
h light/dark cycle (lights on 0800 h).

In Experiment 1, subjects were young (between 4 and 6 month of age) adult C57/BL6 mice
that were bred in the Life Science Laboratory Animal Care Facility at SUNY-Albany. Mice
(N=48) were female (intact or OVX n=6 in each condition) or male (intact or GDX n=6 in
each condition). Intact females were tested in their diestrous phase to control for low
hormonal levels that are typical of this phase in the estrous cycle (Frye and Walf, 2002,
2004; Walf et al., 2006).

In the Experiment 2, subjects were aged C57/BL6 mice (average age 24 months, range 20–
28 months; N=16; n=8 in each sex) mice that were bred in the Life Science Laboratory
Animal Care Facility at SUNY-Albany.

In Experiment 3, subjects were young adult (between 4 and 6 months of age) wildtype and
PRKO mice that were bred in the Life Science Laboratory Animal Care Facility at SUNY-
Albany. Mice (N=52) were intact female wildtype (n=12) or PRKO (n=12) mice and intact
male wildtype (n=16) or PRKO mice (n=12).

In Experiment 4, subjects were wildtype or PRKO mice (average age 20 months, range 18–
24 months; N=13; n=6 in each genotype) that were bred in the Life Science Laboratory
Animal Care Facility at SUNY-Albany. Mice were intact female wildtype (n=3) or PRKO
(n=3) mice and intact male wildtype (n=3) or PRKO mice (n=4).

2.2. Genotype
PRKO and wildtype mice are indistinguishable based upon their phenotype. As such, mice
were genotyped by genomic DNA isolated from tails and subsequent analyses by
polymerase chain reaction (PCR). PCR was performed by denaturing the DNA at 95 °C for
5 min, followed by 30 cycles of amplification: 94 °C for 1 min, 60 °C for 1 min, 72 °C for 1
min and a final primer extension step at 72 °C for 10 min. The following PR specific
primers were used: P1 (5′-TAGACAGTGTCTTAGACTCGTTGTTG-3′), P2 (5′-
GATGGGCACATGGATGAAATC-3′), and a neo gene-specific primer, N2 (5′-
GCATGCTCCAGACTGCCTTGGGAAA-3′). Bands of approximately 565 and 500 bp
were amplified for wildtype and PRKO mice, respectively.

2.3. Surgery
All mice in Experiment 1, around 4 months of age, were administered sodium pentobarbital
anesthesia (70 mg/kg; intraperitoneally). Male mice were either gonadectomized (n=12) or
sham surgerized (n=12). Female mice were either ovariectomized (n=12) or sham surgerized
(n=12). Four to six weeks following surgery, which is the requisite time frame to enable
androgen levels to reach nadir, males were randomly-assigned to receive P or vehicle and
were tested, as described below, 1 h later. One to two weeks after surgery, which is the
requisite time frame to enable estrogen and progestin levels to clear following ovariectomy,
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females were randomly-assigned to receive P or vehicle and were tested, as described below,
1 h later.

All mice in Experiments 2, 3 and 4 were used intact. Intact, aged mice can have significantly
lower levels of hormones than do their younger counterparts (Nelson et al., 1992; Perrot-
Sinal et al., 1998). Mice entering middle-age (typically 10–14 months of age) can have a
period of constant estrous, as in rats, where they show relatively high and sustained levels of
estrogens. This is followed by a persistent diestrous phase characterized by low levels of
estrogens. As such, older mice were utilized in this study to minimize the potential that sex
differences and/or age effects for forced swim test behavior were due to estrous cycle phase.
Although older mice were not cycled daily to determine their endogenous hormone
condition, we have previously reported that mice of this same age have significantly lower
levels of estrogens and progestogens compared to younger female mice (Frye et al., 2006b).
Moreover, surgery in aged mice would be expected to produce attrition. Mice in
Experiments 2 and 4 were not surgerized to minimize attrition. Mice in Experiment 3 were
not surgerized, so that they could serve as younger, comparison animals for those subjects in
Experiment 4. Gonadally-intact female mice were tested when in the diestrous phase of the
estrous cycle.

2.4. Hormonal milieu
Progesterone was obtained from Sigma Chemical Co. (St. Louis, MO) and dissolved in
propylene glycol to a concentration of 10 mg/ml. Mice were randomly-assigned to receive
subcutaneous injection of P (10 mg/kg) or vehicle (propylene glycol) 1 h prior to behavioral
testing. We chose this regimen as it produces proestrous-like, physiologically-relevant levels
of P and 3α,5α-THP, when administered to young or older adult mice (Frye and Vongher,
2001; Frye et al., 2006a,b).

2.5. Behavioral test: Porsolt forced swim task
FST remains one of the most commonly-used tools to investigate depressive behavior of
mice. The FST is a good screening tool for anti-depressants as it has strong reliability and
predictive validity among mice (Barros and Ferigolo, 1998; Petit-Demouliere et al., 2005).
In the FST, immobility time is an indicator of depressive behavior. Immobility is defined as
the absence of active behaviors (i.e. swimming, jumping, or diving) and after a brief period
of vigorous activity in the water, mice adopt a characteristic immobile posture which is
readily identifiable and quantifiable (Porsolt et al., 1977). The general activity test is
commonly used as a complement of the FST to address non-specific actions of
antidepressant treatments (Borsini and Meli, 1988; Porsolt et al., 1978). Compounds that
increase the active behaviors in the FST, irrespective of effects on locomotor activity, are
considered to possess antidepressant-like actions (Borsini and Meli, 1988; Porsolt et al.,
1978). Although high concentrations of progestogens can decrease motor behaviors (Vivian
et al., 1997), we have previously demonstrated that this P regimen to mice of these ages does
not produce ataxia or disruptive effects on motor behavior (Frye et al., 2006a).

The protocol in our lab for the FST was modified from that previously described (Frye et al.,
2004). Briefly, mice were placed in a glass cylinder, which was 20.5 cm in diameter and
21.5 cm in depth, and was filled with 18 cm of 25 °C water (Frye et al., 2004). Following
the test, mice were removed from the pool, carefully dried with paper towels and placed in a
single cage until they were dry, and then they were returned to their home cages.

The duration of immobility was recorded for 10 min in Experiments 1, 3, and 4. In
Experiment 2, these older mice were only tested for 5 min because of concerns regarding
how mice this old would fare. Mice in Experiment 4 were on average of about 4 months
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younger than those in Experiment 2. They were tested for the full 10 min of the test, without
incident, so that their results could be assessed in comparison to the results in their younger
counterparts in Experiment 3. However, direct comparisons could not be completed between
Experiments 1 and 2.

2.6. Data analyses
For Experiment 1, three-way analyses of variance (ANOVAs) were used to evaluate effects
of sex (female, male), gonadal status (intact, OVX/GDX), and hormone condition (vehicle,
P). For Experiment 2, two-way ANOVAs were used to evaluate effects of sex (female,
male) and hormone condition (vehicle, P). For Experiment 3, three-way ANOVAs were
used to evaluate effects of sex (female, male), hormone condition (vehicle, P), and genotype
(wildtype, PRKO). For Experiment 4, two-way ANOVAs were used to evaluate effects of
genotype (wildtype, PRKO) and hormone condition (vehicle, P). There were too few
observations to assess sex differences; however, data are depicted by sex to enable
comparison with the results of Experiment 3. The α level for statistical significance was
P<0.05 and ANOVAs were followed by Fisher’s post hoc tests, as appropriate, to determine
group differences.

3. Results
3.1. Progesterone administration decreased depressive behavior of young adult, intact
female>OVX, or male mice

Sex (F (1, 40)=6.54, P=0.014), gonadal status (F (1, 40)=9.32, P=0.004), and P
administration (F (1, 40)=36.82, P<0.001) produced significant main effects. Males spent
more time immobile than did females. Removal of the gonads increased immobility
compared to that observed in gonadally-intact mice. Progesterone reduced time spent
immobile compared to vehicle-administration.

There were interactions between sex, gonadal status and P administration (F (1, 40)=18.81,
P<0.001) to influence time spent immobile. Progesterone had the most salient effects to
decrease the duration of immobility (depressive behavior) of gonadally-intact, diestrous
female mice. Progesterone also significantly decreased immobility of OVX mice. However,
young male mice seemed to be completely insensitive to the antidepressant-like effect of P.
See Fig. 1.

3.2. Progesterone decreased depressive behavior of aged adult, female or male mice
There were main effects of P to decrease depressive behavior (F (1, 12)=15.75, P<0.002),
but no main effects of sex (F (1, 12)=0.71, P=0.42), to influence time spent immobile.
Progesterone reduced immobility compared to vehicle administration. However, there was a
significant interaction between sex and P administration (F (1, 12)= 5.23, P=0.04), such that
P decreased immobility more so among aged male, compared to aged female, mice (Fig. 2).

3.3. Progesterone decreases depressive behavior of young adult, wildtype and PRKO
mice: PRKOs show greater immobility than do wildtype mice

Progesterone (F (1, 44)=4.85, P<0.032) and genotype (F (1, 44)= 0.71, P=0.42), but not sex
(F (1, 44)=0.14, P=0.70), produced main effects on time spent immobile. Progesterone
decreased the duration of time spent immobile compared to vehicle administration. Young
adult, wildtype mice spent less time immobile than did young adult, PRKO mice (Fig. 3).
There were no significant interactions between variables.
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3.4. Progesterone decreases depressive behavior of older adult, wildtype and PRKO mice
Progesterone (F (1, 8)=14.30, P<0.005), but not genotype (F (1, 8)= 0.17, P=0.69),
influenced time spent immobile in the FST of older wildtype and PRKO mice. Progesterone
similarly decreased immobility of older adult wildtype and PRKO mice (Fig. 4). [Although
there were no sex differences, data are shown by sex for comparing age-related changes
between Experiments 3 and 4.]

4. Discussion
These findings supported the hypothesis that P can reduce depressive behavior in the FST of
younger and older, female and male, C57/BL6, wildtype and/or PRKO mice. In Experiment
1, P reduced depressive behavior among young adult intact females, more so than their OVX
counterparts and these effects among females were greater than those seen among intact or
GDX male mice whereas the young males seemed insensitive to progesterone. In
Experiment 2, among older adult, gonadally-intact C57/BL6 mice, P reduced depressive
behavior of female and male mice, albeit the effects were greater in male mice. In
Experiment 3, P decreased immobility among young adult wildtype and PRKO mice, albeit
PRKO mice showed more depressive behavior than did their wildtype counterparts. In
Experiment 4, among older adult wildtype and PRKO mice, P reduced depressive behavior
compared to that of vehicle-administration. Together, these data suggest P can exert acute
activational effects to decrease depressive behavior among younger and older adult female
and male C57/BL6, wildtype and/or PRKO mice.

There have been contradictory findings with respect to sex differences in the FST. Previous
reports have indicated that females are more active than male rats (Dalla et al., 2008; Yang
et al., 2007), male rats show more immobility than do females (Ferigolo et al., 1998; Paré
and Redei, 1993), or there are no sex differences (Andrade et al., 2007; David et al., 2001).
When comparisons are made between females in low P phases of the estrous cycle, such as
diestrous, they typically demonstrate greater immobility than do males (Frye and
Wawrzycki, 2003). Indeed, here we see that in Experiment 1, young diestrous or OVX mice
show more depression-like behavior than did male mice. However, these sex differences in
depressive behavior were not evident among older mice, in Experiments 2 and 4. The
greater immobility of diestrous and OVX rodents suggests that young adult female mice
with low levels of steroids, due to cycle phase or ovariectomy, may be predisposed to more
depressive-like behavior.

Over reproductive cycles of female rodents, more depressive behavior typically occurs when
hormone levels are low. For example, proestrous or pregnant rats that have higher levels of
steroid hormones show less depressive behavior in the FST than do diestrous, post-partum
or male rats that have lower level of hormones (Frye and Walf, 2002, 2004; Walf et al.,
2006). Further, in the differential reinforcement model of depression, depressive behavior is
increased among rats 3 days postpartum, which should have lower and transitioning levels
of steroid hormones (Molina-Hernández et al., 2000). Although these findings imply that
depressive behavior is greater when hormone levels are low, there are variations in both
estrogens and progestogens, which make it difficult to attribute variations in behavior to
hormonal status.

Experimental manipulations that involve removing the primary source of steroid hormones
demonstrate that more depressive behavior occurs with extirpation of the ovaries. In general,
results from most animal models, show that OVX, which decreases steroid levels, increases
depressive behavior compared to that of intact controls. Between 7 and 18 days after OVX,
increases in depression-like behavior, such as immobility in the FST, of young adult mice
and rats are observed (Bekku et al., 2006; Frye and Walf, 2002, 2004; Galea et al., 2001;
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Stoffel and Craft, 2004). Notably, these OVX-induced increases in immobility occur as long
as mice are not treated with hormones (Bekku and Yoshimura, 2005). While these results
clearly demonstrate that the absence of steroids increase depressive behavior, OVX reduces
both estrogens and progestogens, which make it difficult to attribute depressive behavior to
changes in either hormone. Estrogen can mitigate depressive behavior, but some of these
effects may also be related to estrogen’s capacity to increase formation of progestogens by
enhancing activity of P metabolism enzymes (Cheng and Karavolas, 1975; Vongher and
Frye, 1999). Another consideration to make is the role of gonadectomy. The antidepressant-
like action of fluoxetine in the forced swim test is reduced by orchidectomy (Estrada-
Camarena et al., 2004; Martinez-Mota and Fernandez-Guasti, 2004). Thus, removing
endogenous steroids can increase depressive behavior in rodent models.

The results of the current studies confirm and extend prior reports that indicate that
administration of P can reduce depressive behavior in rodents. Acute administration of P
reverses the depressant effects of OVX on behavior of rats in the FST (Frye and Walf,
2002). As well, administration of P four times daily to mice reversed the depressant effect of
OVX on immobility behavior in the tail suspension test (Bernardi et al., 1989). Interestingly,
abrupt withdrawal from P administration can also increase depressive behavior. In support,
OVX rats that were administered P daily for 5 days showed less depressive behavior when
tested on the sixth day in the FST if they had received tapered P injections rather than
having P abruptly discontinued (Saavedra et al., 2006). Here we see that P administration to
young adult female mice with low P levels decreased their immobility, although young adult
males were impervious to antidepressant effects of P (Experiment 1). Whereas, among older
adult C57/BL6 mice, P decreased immobility among male and female mice (Experiment 2).
Progesterone also reduced depressive behavior when administered to young or older adult
wildtype or PRKO mice, irrespective of sex (Experiments 3 and 4). Thus, these results
largely show that actions at “classic” PRs do not seem to mediate the acute antidepressant-
like effect of P in young adult or aged female or male mice; however, the lack of effects of P
in young adult males suggests a potential difference or age-related change in P’s mechanism
of action.

The results of the current studies also provide insight into sex differences and age-related
changes in depressive behavior. In Experiment 2, there was a difference in the control levels
of immobility between aged male (~95 s) and female (~65 s) mice. Progesterone reduced
depressive behavior to ~40 s for both sexes. Although P decreased immobility in each of our
studies, these sex differences observed in Experiments 1 and 2 were not confirmed in
Experiments 3 and 4. One explanation for seeing sex differences in Experiments 1 and 2 but
not in 3 and 4, is that these are different strains of mice. Other factors may have something
to do with the shorter duration of the test period for subjects in Experiment 2. This was
among some of our first studies examining effects on FST in mice up to 28 months of age.
We were concerned that these aged mice would not perform well, and so we chose to test
them in abbreviated session. This was unfortunate as we were unable to compare whether
older mice of the same strain would show more immobility compared to their younger
counterparts. Indeed, there is evidence that older mice may spend more time immobile than
do their younger counterparts (Chaves et al., 2009). However, comparing across
Experiments 3 and 4, we see some indication for the duration of immobility to be longer
among the older female, but not male, wildtype and PRKO mice. As well, it is important to
consider possible strain differences as there are clear differences among baseline levels of
immobility among females in Experiments 1 and 3.

An intriguing possibility is that sex and/or age difference in the antidepressant-like effects of
P may occur through its conversion to 3α,5α-THP. Progesterone can have actions through
intracellular and membrane-bound PRs (mPRs), but 3α,5α-THP is a positive allosteric
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modulator of GBRs (Belelli et al., 1990; Majewska, 1992; Morrow et al., 1987). Formation
of 3α,5α-THP may be essential for some anti-depressant effects of steroid hormones. First,
acute administration of 3α,5α-THP decreases immobility time of mice or rats in the FST
(Frye and Walf, 2004; Hirani et al., 2002; Rodríguez-Landa et al., 2007). Second, when
formation of 3α,5α-THP is attenuated pharmacologically, or due to a genetic deficiency in
metabolism enzymes, P does not produce anti-depressive behavior in the FST of mice or rats
(Frye et al., 2004; Frye and Walf, 2004; Hirani et al., 2002). Third, several antidepressant
medications enhance the production or synaptic accumulation of 3α,5α-THP (Frye and
Seliga, 2003; Griffin and Mellon, 1999; Marx et al., 2003; Pinna et al., 2006; Schüle et al.,
2006). Moreover, when these anti-depressant are administered to mice they enhance the
anti-depressant effects of 3α,5α-THP in the FST (Hirani et al., 2002; Urani et al., 2001).
Fourth, results of our experiment suggest that mice that have higher endogenous 3α,5α-THP
levels may be more responsive to P. In support, P administration produced the greatest anti-
depressant behavior among young female intact or OVX mice as compared to males. Female
mice have higher endogenous 3α,5α-THP levels than do male mice (Finn et al., 2004a). As
well, aged mice in the present study showed less anti-depressive behavior compared to their
younger counterparts, and there is age related decline in the capacity to metabolize P to 3α,
5α-THP (Genazzani et al., 2004). Notably, aged males in the present study had a better
response to P and the capacity to form 3α,5α-THP declines less dramatically at reproductive
senescence among males compared to females. Anti-depressant effects of 3α,5α-THP to
decrease FST immobility of rats or mice is blocked by co-administration of GBR antagonists
(Hirani et al., 2002; Rodríguez-Landa et al., 2007). Although 3α,5α-THP has agonist-like
actions at GBRs (Majewska et al., 1986), it is devoid of affinity for PRs (Iswari et al., 1986;
Smith et al., 1974). Results of the present experiments, that P has acute, anti-depressant
effects when administered to wildtype and PRKO mice, suggest that actions at PRs may not
be required for its anti-depressant effects. However, this does not rule out acute actions of
progestogens at mPRs or other neurotransmitter targets. Moreover, it is possible that PRs
may play an organizing action relevant for depressive behavior, as suggested by the longer
duration of immobility among older PRKO, compared to wildtype, mice.

Anti-depressant like effects of 3α,5α-THP may involve neurogenesis in brain regions, such
as the hippocampus. In people, there is an inverse relationship between 3α,5α-THP
concentrations and severity of depression and therapeutic effects of antidepressants coincide
with normalization in 3α,5α-THP levels (Nappi et al., 2001; reviewed in Pinna, 2010;
Uzunova et al., 1998). Impaired neurogenesis may be an important factor in vulnerability to
depression and stimulation of neurogenesis may be essential for effective antidepressant
treatment (Kempermann and Kronenberg, 2003; Malberg and Blendy, 2005). Whether 3α,
5α-THP’s effects relevant for depression involve neurogenesis in the hippocampus is a topic
of ongoing investigation.

The nature of progestogens effects need to be better understood. Indeed, a role of P or 3α,
5α-THP has been implicated in pain perception (Bradshaw and Berkley, 2003; Bradshaw et
al., 1999; Choi et al., 2006; Frye et al., 2004), anxiety (Frye et al., 2004; Frye and Walf,
2002, 2004; Löfgren et al., 2006; Lonstein, 2007; Smith et al., 2004, 2006), learning and
memory (Djebaili et al., 2004; Walf et al., 2006), seizure susceptibility (Belelli et al., 1990;
Finn and Gee, 1994; Frye et al., 2000a,b, 2002; Frye and Muscatiello, 2001; Hsu and Smith,
2003; Kokate et al., 1994, 1996), depression (Frye et al., 2004, 2006a,b; Frye and Walf,
2004; Rasmusson et al., 2006; Walf et al., 2006), stress-related disorders (Dong et al., 2001;
Matsumoto et al., 1999, 2005, 2007; Pinna et al., 2003; Pinna, 2010; Serra et al., 2000,
2007) and drug effects (Cagetti et al., 2004; Devaud et al., 1996; Finn et al., 2004a,b, 2006).
How, these effects relate to the anti-depressant effects seen here require further
investigation. Moreover, there is also evidence that P or 3α,5α-THP can have paradoxical
effects on many of these parameters (Shen et al., 2007). As such, further research is required
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to fully understand the role of progestogens in the etiological, therapeutic treatment, and/or
prognosis of affective processes.
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Fig. 1.
Mean duration of immobility (s) in the forced swim task of young, adult (4–6 months of age)
intact or ovariectomized female (far and middle left panels respectively) and male young,
adult intact or gonadectomized (far and middle right panels respectively) C57/BL6 mice
(n=6 in each conditions) administered vehicle control (white bar) or progesterone (black
bar). Females showed significantly more immobility than did males. Mice that had their
gonads removed spent significantly more time immobile. Progesterone significantly
decreased immobility. *** denotes a significant interaction between sex, gonadal status, and
progesterone condition, that was due to progesterone reducing depressive behavior most
among intact, diestrous and ovariectomized mice (p<0.05).

Frye Page 15

Pharmacol Biochem Behav. Author manuscript; available in PMC 2012 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Mean duration of immobility (s) in the forced swim task of aged, adult (20–28 months of
age) intact female (left panel) and male (right panel) C57/BL6 mice (administered vehicle
control (white bar)) or P (black bar) tasks (n=4 in each conditions). Progesterone
significantly decreased immobility. * denotes a main effect of progesterone to decrease
immobility compared to vehicle. *** denotes a significant interaction between sex and
progesterone condition, that was due to progesterone reducing depressive behavior most
among male mice (p<0.05).
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Fig. 3.
Mean duration of immobility (s) in the forced swim task of young adult (4–6 months of age)
intact female wildtype and progestin receptor knockout mice (n=6 in each condition) (left
panel) and male wildtype (n=8 in each condition) and progestin receptor knock mice (n=6 in
each condition) (right panel) administered vehicle control (white bar) or P (black bar). *
denotes a main effect of progesterone to decrease immobility compared to vehicle. **
denotes significantly more time spent immobile among progestin receptor knockout
compared to wildtype mice (p<0.05).
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Fig. 4.
Mean duration of immobility (s) in the forced swim task of aged, adult (18–24 months of
age) intact wildtype (left panel) and progestin receptor knockout (right panel) mice
administered vehicle control (white bar) or P (black bar) (n=3–4 in each conditions). *
denotes an effect of progesterone to decrease immobility compared to vehicle controls
(p<0.05).
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