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Abstract
There may be a role of age-related decline in androgen production and/or its metabolism for late-
onset depression disorders of men and women. Thus, the antidepressant-like effects of testosterone
(T) and its metabolites are of interest. Given that these androgens have disparate mechanisms of
action, it is important to begin to characterize and compare their effects in an aged animal model.
We hypothesized that there would be sex differences in depression behavior of aged mice and that
androgens would reduce depression-like behaviors in the forced swim test. To investigate this, male
and female mice (~24 months old) were subcutaneously administered T, or one of its 5α-reduced
metabolites (dihydrotesterone- DHT, 5α-androstane,17β-diol-3α-diol), or aromatized metabolite
(estradiol- E2), or oil vehicle. Mice were administered androgens (1 mg/kg) 1 hour before being
tested in the forced swim test, an animal model of depression. We found that males spent more time
immobile, and less time swimming, than females. Administration of T, DHT, or 3α-diol similarly
reduced time spent immobile, and increased time spent struggling, of male and female mice. E2,
compared to vehicle-administration, decreased time spent immobile of males and females, but
increased time spent swimming of females and time spent struggling of male mice. Together, these
data suggest that T and its 5α-reduced and aromatized metabolites have anti-depressant-like effects
in aged male and female mice.
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1. Introduction
The prevalence of depression disorders in the aged population is a major public health concern.
It is estimated that in the next 10–15 years, depression will be second, after heart disease, as a
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major contributor to global disease burden [1]. As such, factors, such as steroid hormones, that
change with aging and may contribute to the etiology and/or treatment of depression are of
great interest.

There are several endocrine changes with aging in men and women, with the net effect of
reducing gonadal steroids, such as androgens and estrogens. The menopause of women
typically involves a reduction in menstrual cyclicity and an abrupt decline in circulating levels
of estrogens with aging. In aged men, there is a more progressive decline in androgen levels
until acyclicity in circadian rhythms of androgen production, termed andropause, occurs.
Unlike menopause, which typically occurs in women in their late 40s and early 50s, andropause
occurs much later. In fact, in 75 year old men, plasma levels of testosterone (T), the main
androgen produced by the testes, are 35% lower than those in younger men and only about
25% of this cohort could be considered T-deficient [2]. Despite differences in the timeframes
in which these endocrine changes occur, it has been suggested that changes in cognitive
performance and increases in depression disorders with aging may be related to reductions in
androgens and estrogens in men and women [3], [4], [5], and [6]. For example, in men aged
50–89, depression increased with age and this was related to reductions in bioavailable T [7].
Another way to consider the role of androgens in depression is by examining hypogonadal
populations. IIn hypogondal men (30–65 years old) with depression that is refractory to
antidepressant treatments, administration of T for 8 weeks improved mood and other symptoms
of depression, such as reductions in sleep, appetite, and libido [8]. Thus, androgen-replacement
to individuals with hypogonadism and/or aging individuals as an antidepressive intervention
is of interest.

A recent study investigated T levels and depression scores in men and women 70–79 years old
and found that, in men and women, low total or free T levels, respectively, were associated
with higher depression scores of men and women [10]. However, measuring the effects of T
is complicated by the fact that its metabolites also have clear functional effects. E2 is produced
by aromatization of T in males and females (albeit levels of ovarian E2 in females fluctuate
and reach greater asymptotic levels than are observed in males) and changes in endogenous
E2, or E2 extirpation and replacement, in young and aged rodents enhance affective behaviors
(i.e. anxiety, fear, depression, etc) [9]. T can also be metabolized to dihydrotestosterone (DHT)
and 5α-androstane, 17β-diol (3α-diol) by actions of 5α-reductase and 3α-hydroxysteroid
dehydrogenase (3αHSD) and are then non-aromatizable to E2. DHT and/or 3α-diol
administration reduce anxiety and depressive behaviors of gonadectomized young or aged mice
[11], [12], [13], [14] and [15]. Thus, it is not entirely clear whether age-related increases in
depression are due to actions of T as a prohormone in both males and females. Clearly, the role
of T and its metabolites for depression needs further investigation.

Whether there are sex differences in response to T and its metabolites for depressive behavior
of aged individuals is not known. Using immobility in the forced swim test as a measure of
depression-like behavior, we have found that there are sex differences in responses to
progesterone in young and aged male mice. Administration of progesterone decreases
immobility in the forced swim test of young, ovariectomized and aged intact female mice
[16]. In contrast, progesterone did not alter behavior of young male mice but had robust effects
to reduce immobility of aged male mice. Given the potential role of androgens in depression
disorders, it was important to characterize the effects T and its metabolites would have on
immobility in the forced swim test of aged mice. In the present study, behavior of aged male
and female mice in the forced swim test was compared following administration of vehicle, T,
DHT, 3α-diol, or E2. We hypothesized that there would be sex differences in depression
behavior and that androgens would reduce time spent immobile in the forced swim test.
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2. Methods
All methods were approved by the Institutional Animal Care and Use Committee at University
at Albany- SUNY, and were done in accordance with established standards of humane animal
use.

2.1. Subjects and housing
Subjects were aged congenic C57/BL6 mice (average age 24 months, range 20–28 months;
N=46; n=26 males, n=20 females) bred in the Social Sciences Laboratory Animal Care Facility
at the University at Albany, SUNY. Mice were group-housed (2–5 per cage) with unlimited
access to Purina Rodent Chow and tap water in their home cages. Mice were housed in a
temperature-controlled room that had a reversed 12/12 hour light/dark cycle (lights on 0800
hr; off 2000 hr).

2.2. Natural hormonal milieu
Although a typical approach to investigate steroid-behavior interactions is to use extirpation
of the gonads and replacement of steroids, the advanced age of the subjects in this study
precluded this approach due to a likely risk of attrition following undergoing a surgical
procedure. As such, experimental mice were gonadally-intact in the present study. Intact, aged
mice have been reported to have significantly lower levels of gonadal hormones than do their
younger same-sex counterparts [17] and [18]. In mice of a similar background and age as those
in the present study and bred in our facility, we have shown that levels of androgens and E2
are comparable to young male and female mice that are gonadectomized or ovariectomized,
respectively [19] and [20].

2.3. Androgen administration
Male and female experimental mice (4–6/group) were randomly-assigned to receive a 1 mg/
kg subcutaneous injection of T, DHT, 3α-diol, E2, or sesame oil vehicle 1 hour before testing
in the forced swim test. This 1 hour dosing of these androgens produce levels of androgens in
aged, intact male mice that are similar to those observed in intact, young male mice [19].
Similarly, this timing of E2 dosing produces E2 levels in the hippocampus of aged mice that
are similar to those in young mice [20].

2.4. Behavioral testing- forced swim test
The forced swim test is typically utilized in examining depression-like behavior of rodents. It
has been validated in mice as a screening tool for potential pharmacological interventions in
depression [21] and [22]. The time spent by mice immobile, defined as floating or the absence
of active behaviors, such as swimming or struggling to escape chamber, is utilized as an index
of depression-like behavior. The protocol in our lab for the forced swim test was modified from
that previously described in mice [23] to take into account the advanced age of the subjects
and potential for difficulties due to the physical demands associated with performing this task.
In brief, mice were placed in a glass cylinder (diameter of 20.5 cm and depth of 21.5 cm) that
was filled with 18 cm of 25°C water for five minutes. The duration that mice spent immobile,
swimming, and struggling was recorded during the five minute task. Mice were removed from
the cylinder, gently dried with paper towels, and then placed in a transport cage without bedding
until they were dry.

2.5. Statistical Analyses
Two-way analyses of variance tests (ANOVAs) were utilized to determined effects of sex and
androgen administration for behavior in the forced swim test. Fisher’s LSD post hoc tests were
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utilized to determine group differences when main effects of these variables were revealed. A
p-value of ≤0.05 was considered significant.

3. Results
There were significant main effects of sex F (1, 36) = 6.37, p<0.02, and androgen administration
F (4,36) = 6.95, p<0.01, but not an interaction between these main effects, for time spent
immobile in the forced swim test of aged mice (Figure 1). Overall, aged male mice spent more
time immobile than did aged female mice Moreover, regardless of sex, androgen administration
decreased the amount of time spent immobile. Compared to vehicle, administration of T or its
metabolites, DHT, 3α-diol, or E2, significantly reduced time spent immobile.

There were significant main effects of sex F (1, 36) = 18.76, p<0.01, and androgen condition
F (4,36) = 7.44, p<0.01, as well as an interaction between these main effects F (4, 36) = 13.14,
p<0.01, for time spent swimming in the forced swim test (Table 1). Aged female mice spent
more time swimming than did aged male mice. Female, compared to male mice, had
significantly increased time spent swimming following administration of vehicle or E2, but not
T, DHT, or 3α-diol.

There was a significant main effect of androgen condition F (4,36) = 9.54, p<0.01, an
interaction between these main effects F (4, 36) = 5.92, p<0.01, but not a significant main
effects of sex, for time spent struggling in the forced swim test (Table 1). Compared to vehicle
administration, T, DHT, or 3α-diol significantly increased time spent struggling of male and
female mice, but E2 only increased time spent struggling in male mice.

4. Discussion
The results of the present study supported our hypothesis that there are sex differences in the
forced swim test behavior of aged mice and that androgen administration has anti-depressant-
like effects in aged male mice in this task. Overall, aged male mice spent more time immobile
than did age-matched female mice. Administration of T or its metabolites, DHT, 3α-diol, or
E2, significantly reduced the time spent immobile by both aged male and female mice. T, DHT,
or 3α-diol increased time spent struggling, of male and female mice. E2, compared to vehicle-
administration, increased time spent swimming of females and time spent struggling of male
mice. Thus, androgens can have anti-depressant-like effects in aged individuals.

The present data confirm and extend previous studies that reported effects of T and its 5α-
reduced metabolites for anxiety and depression behavior in animal models. Young, gonadally-
intact male rats have decreased anxiety and depression-like behavior compared to
gonadectomized counterparts, and administration of T or its metabolites decrease anxiety and
depression behavior [11], [12], [13], [14], and [24]. By using pharmacological means to reduce
the metabolism of T to DHT and, subsequent conversion to 3α-diol, these studies supported
the notion that T’s functional effects are through actions of 3α-diol [13]. Indeed, in our recent
study in aged mice, the most consistent anti-anxiety and cognitive-enhancing effects were
observed with administration of 3α-diol, compared to T [19]. Given that DHT and T, which
are both prohormones for 3α-diol, had similar effects as did 3α-diol itself in males and females
in the present study, the possibility remains that 3α-diol is essential for some of the beneficial
effects of T for mood in males and females.

The present findings also suggest that T’s aromatized metabolite, E2, can have anti-depressant-
like effects in aged male and female mice. Other studies have demonstrated that changes in
endogenous E2 levels can alter depression-like behavior. Female aromatase knockout mice
have a life-long deficiency in E2 levels and increased immobility in the forced swim test
compared to their wildtype littermates [25]. There are estrous cycle differences in depressive
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behavior, such that higher endogenous E2 levels during proestrus are associated with decreased
immobility in the forced swim test of rats and mice [26] and [27]. Administration of E2 to
young, ovariectomized rodents has effects to reduce anxiety and depressive-like behavior in a
regimen-dependent manner [28] and [29]. Furthermore, ovariectomy can produce decrements
in, and estrogen can enhance, the effects of some therapeutics for anxiety or depression
measures in rodents [28]. Decline in cognitive and affective performance observed in aged
female rats and mice can be reversed with systemic E2 administration [9] and [20]. Thus, these
studies, and the present findings, suggest that E2 can have functional effects in young and aged
male and female mice.

Although the present data contribute to the growing literature on androgens’ role for depression
and affective responding, there are some issues that need to be addressed. First the sex
difference that we observed in aged mice was somewhat unexpected given that young male
mice typically have less depression-like behavior than do females in the forced swim test
[16] and [27]. However, gender differences in depression, in which more women are diagnosed
with depression than are men, are most evident in younger adults [30], and needs further
investigation in aging populations. Second, although direct comparisons of young and aged
mice were not done in the present study, future studies should directly investigate this further.
Age-related differences in metabolism of androgens, as well as their receptor targets, may have
contributed to the present findings. As well, an important question for further investigation is
whether some of the subtle differences that we observed in the responses of males and females
in the present study to androgen administration may have also been modulated by differences
in length of hypogonadism. Similar to what occurs in people, hypogonadism with aging
typically occurs earlier in life of female compared to male rodents. Third, the mechanisms of
androgens’ anti-depressant-like effects remain to be determined. Unlike T and DHT, which
bind cognate androgen receptors (ARs) with high avidity, 3α-diol is an allsoteric modulator of
γ-aminobutyric acid (GABA) receptors, and may bind estrogen receptors (ERs), as does E2
[31], [32], and [33]. In the present study, we compared the effects of different androgens to
begin to address the mechanisms for the anti-anxiety and anti-depressive effects. Interestingly,
we found similar effects for all androgens suggesting that a likely target is ERs, specifically
the β form of ER, which 3α-diol and E2 bind. Administration of ERβ ligands to young,
gonadectomized rats and mice enhance object recognition and decrease anxiety in the elevated
plus maze; however, these effects are not observed in ERβ knockout mice [14]. Furthermore,
in young rats, the effects of E2 and 3α-diol for affective and cognitive behavior are attenuated
with knock down of ERβ in the hippocampus [34] and [35]. Systematic studies in young and
aged individuals are necessary to more thoroughly investigate the mechanisms of these effects.

Supplementation of gonadal steroids that are reduced with aging may be a potential therapeutic
tool in the treatment of depression and other mood disorders. Steroid hormones can clearly
have trophic effects, which may underlie their effects to increase neuroplasticity, changes of
which have been associated with depression and its treatment [36], [37], and [38]. However,
long-term studies of androgen administration would more clearly address this. As well, there
are serious limitations to existing androgen- or E2-based therapies related to their potential to
increase hormone-sensitive cancers. A strategy that can be utilized in this regard is to use
androgen-based therapies with more specific mechanisms of action, such as ERβ, which may
be protective in hormone-sensitive cancers [39] and [40] and is involved in steroids’ anti-
anxiety and anti-depressant-like effects [41]. Thus, it is important to further investigate the
effects of ERβ ligands, such as 3α-diol and E2, for functional processes in aging.
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Figure 1.
Time spent immobile (mean in secs ± sem) in the forced swim test of male (left) and female
(right) mice administered oil vehicle (veh), testosterone (T), dihydrotestosterone (DHT), 3α-
androstanediol (3α-diol), or estradiol (E2). * above bar indicates a significant (P ≤ 0.05) effect
of androgen vs. vehicle condition.
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