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Abstract
Cognitive decline can occur with aging; however, some individuals experience less cognitive
decline than do others. Secretion of ovarian hormones is reduced post-menopause and may
contribute to cognitive function. The extent to which hormonal effects may be parsed out from
other age-related factors to influence cognition is of interest. Middle aged (12-month-old) female
rats that were retired breeders were categorized as maintaining or declining reproductive function
based upon their estrous cyclicity (regular 4-5 day cycles), fertility (> 60 % successful pregnancy)
and fecundity (> 10 pups/litter). Performance in object recognition, Y-maze, water maze,
inhibitory avoidance, and contextual/cued fear conditioning was evaluated. Estradiol, progesterone
(P4), dihydroprogesterone, and 5α-pregnan-3α-ol-20-one (3α,5α-THP) were assessed in medial
prefrontal cortex (mPFC) and hippocampus: corticosterone was assessed in plasma. Rats
maintaining reproductive function performed significantly better on the object recognition, Y-
maze, water maze, inhibitory avoidance, and cued fear conditioning tasks, than did rats with
declining reproductive function. Steroid concentrations varied greatly within groups. Higher levels
of P4 in mPFC and hippocampus were associated with better Y-maze performance. In mPFC,
higher levels of P4 were associated with poorer inhibitory avoidance performance: greater levels
of 3α,5α-THP were associated with better object memory. Neither estradiol, nor corticosterone,
levels significantly contributed to cognitive performance. Thus, the capacity for cortico-limbic P4
utilization may influence cognitive performance in aging.
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1. Introduction
Cognitive decline, independent of dementia, can occur with aging; however, some
individuals experience less cognitive decline than do others (Colsher and Wallace, 1991;
Wilson et al., 2002). For example, some centenarians experience no measureable cognitive
decline (Motta et al., 2008). Various factors, including neuronal loss (Schochet, 1998),
decrements in cell signaling (Zoli et al., 1999), changes in survival processes at the cellular
level (Johnson et al., 1999; Von Zglinicki et al., 2001; Xiong et al., 2002), and physical
health may be contributors (Bergman et al., 2007). Similarly, physical and psychological
factors experienced across the lifespan can impact other faculties, including affective status
(Petkus et al., 2009). Thus, it is important to understand the neurobiological factors that
underlie individual differences in aging.

Steroid hormones are involved in the function and maintenance of cognition, and other
processes, and can be markedly influenced by age. Among women, the climacteric is
associated with decline of ovarian steroids, including estradiol (E2) and progestogens
(progesterone and its metabolites), which may contribute to changes in cognitive function
(Utian et al., 2008). However, cognitive decline also occurs with aging and the relative
contribution of hormone decline versus other age-related processes is not well-understood.

Steroid hormones are developmentally-regulated and have pleiotropic effects to modulate a
number of higher-order processes across the lifespan. In particular, progestogens, such as
progesterone (P4) and/or its 5α-reduced metabolites, dihydroprogesterone (DHP) and 5α-
pregnan-3α-ol-20-one (3α,5α-THP, a.k.a. allopregnanolone), are critical for the maintenance
of pregnancy throughout neurodevelopment to gestation (Albano et al, 1998; Edwards et al.,
1980; Smitz et al., 1988; Tavaniotou et al., 2001). The enhancement of ovarian hormones,
including E2 and progestogens, characterize the pubertal transition to young adulthood. In
women, cyclical enhancements of E2 and progestogens are associated with reduced anxiety
(Le Mellédo and Baker, 2004). Similar effects occur concomitant with enhanced cognitive
performance in female rodents (Archer, 1975; Gray and Levine, 1964; Johnston and File,
1991; Paris and Frye, 2008; Rhodes and Frye, 2004; Walf et al., 2009a). The hippocampus is
an important target for progestogens’ actions to reduce anxiety (Bitran et al., 1999; Frye et
al., 2000) and, in addition to prefrontal cortex, to mediate cognition in rodents (Walf et al.,
2006). Notably, the prefrontal cortex (Jutapakdeegul et al., 2010; Murmu et al., 2006), and
hippocampus (Swaab et al., 2005; Schmitz et al., 2002), are sensitive structures to
neurodegenerative effects of stress and neurological insults, which increase with age.
Indeed, developmental stressors which promote neurodegeneration in prefrontal cortex and/
or hippocampus are associated with reduced dendritic spine density and/or progestogen
formation (Murmu et al., 2006; Paris and Frye 2010ab). In rodents, administration of P4 or
3α,5α-THP is neuroprotective and can promote synaptic connectivity in hippocampus
(Brinton and Wang, 2006; Charalampopoulos et al., 2008; Djebaili et al., 2005; He et al.,
2004ab; Rhodes et al., 2004; Sayeed et al., 2005; Schumacher et al., 2007). Thus, ovarian
steroids influence cognitive and affective processes and can have trophic/neuroprotective
effects, which may play an important functional role in the aging brain.

Steroid-based interventions have been used to manage the sequelae of ovarian cessation due
to natural, or surgical, menopause. Despite some evidence that hormone therapy may reduce
cognitive deficits (Sherwin, 1988, 2007), such as the Cache County Study which found E2 to
reduce the rate of cognitive decline (Carlson et al., 2001), results of clinical trials have not
all consistently reported beneficial effects of ovarian steroids (Sherwin, 2007). In the
Women’s Health Initiative Memory Study (WHIMS), a number of factors may have belied
potential beneficial effects of steroid-based treatments. For instance, most participants were
over 60 years of age and were not put on hormone therapy until 10-20 years after
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menopause. Effects of E2 and/or progestins may be more favorable when compromise is not
already present, which implies that there may be a “window of opportunity” for beneficial
effects of hormones. For example, preclinical studies demonstrate that aged rats only
respond favorably to E2-based treatments when E2 is administered in temporal proximity to
ovarian decline (Daniel and Bohacek, 2010; Gibbs and Gabor, 2003; Walf et al., 2009b).
Given the considerable individual variability among women that experience age-related
cognitive decline, it is critical to begin to parse out the contributions of aging-related
changes versus hormone-related changes for these effects.

It is important to understand the effects and mechanisms by which steroid hormones may
influence cognition. Among rodents, removal of the ovaries impairs performance in the
object recognition task: administration of E2 and/or P4, reinstates high levels of
performance, akin to that of natural steroid enhancement (Walf et al., 2006). Moreover,
formation of neuroactive progestogens may be critical, given that systemic 3α,5α-THP is as
efficacious as E2 and/or P4 administration, at enhancing object memory (Frye et al., 2007a;
Walf et al., 2006). Indeed, multiparous rodents, that are exposed to elevated levels of
hormones for longer than are their nulliparous and/or primiparous counterparts, demonstrate
life-long enhancements of cognitive and affective performance (Kinsley and Lambert, 2008;
Lambert et al., 2005; Macbeth and Luine, 2010; Paris and Frye, 2008). Synthetic progestins
that do not form natural P4 metabolites, fail to produce beneficial cognitive and/or
neuroprotective effects (Greendale et al., 1998; Ciriza et al., 2006). As well, the
neuroprotective effects of P4 are diminished in rats that are 14-18 months old (Toung et al.,
2004; Murphy et al., 2002), which implies the importance of changes in metabolic function
with age. Thus, factors that promote formation of progestogen metabolites, such as 3α,5α-
THP, may be key components in maintenance of higher-order function of the aging brain.

In the present investigation, we examined cognitive performance of 12-month-old female,
retired breeder rats. In rodents, age-related cognitive impairments are consistently noted
(Decker et al., 1988; Fischer et al., 1992; Frick et al., 1995, 2000) and have been observed as
early as 11 months of age (Frick et al., 1995). Some of our 12-month-old rats were
experiencing reproductive decline (based upon cyclicity, fertility and fecundity-see methods
for detailed characterization of reproductive status). Other 12-month-old rats, with a
commensurate breeding history, were maintaining reproductive function. In order to assess
how reproductive status influenced cognitive performance, the behavior of all rats was
examined. Performance in prefrontal cortex- and hippocampus-mediated tasks (object
recognition, Y-maze), hippocampus-mediated paradigms (water maze), hippocampus- and
amygdala-mediated behaviors (inhibitory avoidance, conditioned contextual fear), were
examined. Concentrations of E2 and progestogens (P4, DHP, 3α,5α-THP) were assessed in
medial prefrontal cortex (mPFC) and hippocampus, as well as the circulatory stress
hormone, corticosterone, among a subset of rats that were tested and among a non-tested
control group. We hypothesized that (1) rats maintaining reproductive function would
perform better on cognitive tasks compared to rats experiencing reproductive status decline
and (2) these differences would be influenced by formation of P4 and its metabolites in
mPFC and/or hippocampus.

2. Results
Prior to behavioral analyses, middle-aged rats were evaluated for reproductive endocrine
function. Rats with regular, 4-5 day estrous cycles, fertility greater than 60 % successful
pregnancies upon mating, and fecundity of more than 10 pups per litter, were considered to
be maintaining reproductive function. Rats with irregular estrous cycles, fewer than 60 % of
mating resulting in pregnancy, and litter sizes lower than 10, were considered to have
declining reproductive function. A more detailed description of how subjects were
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categorized can be found in the Experimental Procedure section. All rats were cycled daily
and then behaviorally tested in one of the following tasks, in the following order (object
recognition, Y-maze, water maze, inhibitory-avoidance, conditioned fear). The estrous cycle
phase at the time of each testing occasion was recorded, as cycle phase can influence
performance in these tasks (Walf et al., 2006; Frye, 1995; Llaneza and Frye, 2009; Rhodes
and Frye, 2004). Chi-square analyses revealed no significant differences in the
representation of estrous cycle phases among rats in the maintaining, vs. declining,
reproductive status groups on any testing occasion. As such, cycle phases were not
inordinately distributed among groups on any testing occasion. For each task, regression
analyses were utilized to ascertain the amount of variance in behavioral performance that
could be accounted for by cycle phase and these data are described with behavioral
outcomes below.

2.1. Endocrine Milieu
There was considerable individual variation in hormone levels among rats. Neither P4 or 3α,
5α-THP in mPFC (Fig. 1, top left) or hippocampus (Fig. 1, top right), nor mean
concentrations of DHP, E2, corticosterone, or P4 turnover to its metabolites (Table 1),
significantly differed between groups among tested or non-tested rats. Among tested rats,
the percentage of prior successful pregnancies positively predicted 3α,5α-THP
concentrations in mPFC [t(24) = 14.48, p < 0.05] (Fig. 1, bottom left) and hippocampus
[t(24) = 13.84, p < 0.05] (Fig. 1, bottom right) and accounted for a significant proportion of
variance in 3α,5α-THP levels [R2

mPFC = 0.17, F(1,24) = 4.89, p < 0.05; R2
hippo = 0.33,

F(1,24) = 11.66, p < 0.05]. As well, progestogen milieu influenced cognitive behavior of
rats in several tasks examined (described below).

2.2. Object recognition
The object recognition task is a working memory task that primarily relies on cortical and, to
a lesser extent, hippocampal function (Akirav and Maroun 2006; Broadbent et al., 2004;
Ennaceur et al., 1997). Reproductive status significantly influenced performance in the
object recognition task [F(1,44) = 6.93, p < 0.05]. Middle-aged rats maintaining
reproductive function spent significantly greater percentage of time with the novel object
than did same-aged rats that had declining reproductive function (Fig. 2, top). Among rats,
higher concentrations of 3α,5α-THP in the prefrontal cortex significantly predicted greater
percentages of time spent with a novel object [t(24) = 2.78, p < 0.05] and accounted for a
significant proportion of variance in this behavior [R2 = 0.25, F(1,24) = 7.72, p < 0.05],
(Fig. 2, bottom). Estrous cycle phase tended to contribute to the variance observed in time
spent with the novel object [R2 = 0.07, F(1,44) = 3.40, p = 0.07, n.s.]. No other steroids
investigated significantly influenced performance in the object recognition task.

2.3. Y-maze
The Y-maze is a working memory task that is cortically- and hippocampally-mediated
(Dillon et al., 2008; Featherby et al., 2008; Wagner et al., 2007). Performance in the Y-maze
was significantly influenced by reproductive function [F(1,44) = 5.25, p < 0.05]. Middle-
aged rats maintaining reproductive function spent a significantly greater percentage of time
investigating the novel arm of the Y-maze than did same-aged rats with reproductive status
in decline (Fig. 3). A greater percentage of time spent investigating the novel arm was
significantly predicted by higher concentrations of progesterone in the prefrontal cortex
[t(24) = 2.20, p < 0.05] and hippocampus [t(24) = 3.32, p < 0.05]. Progesterone in prefrontal
cortex [R2 = 0.17, F(1,24) = 4.82, p < 0.05], (Fig. 4, top) and hippocampus [R2 = 0.32,
F(1,24) = 11.02, p < 0.05], (Fig. 4, middle) accounted for a significant proportion of
variance in this behavior. Notably, higher ratios of P4 turnover to its 5α-reduced metabolites
(DHP+3α,5α-THP:P4) significantly predicted lower percentages of time spent exploring the
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novel arm [t(24) = −2.41, p < 0.05] and accounted for a significant proportion of variance
[R2 = 0.20, F(1,24) = 5.79, p < 0.05], (Fig. 4, bottom). Estrous cycle phase did not
significantly contribute to the variance observed in time spent in the novel arm [R2 = 0.02,
F(1,44) = 0.73, p = 0.40, n.s.]. No other steroids investigated significantly influenced
performance in the Y-maze.

2.4. Water maze
The water maze task is a spatial task, which is dependent upon a functioning hippocampus
(Morris et al., 1986, 2003). Middle-aged rats that maintained reproductive status located the
hidden platform in significantly less time than did same-aged rats whose reproductive status
was in decline [F(1,44) = 9.48, p < 0.05], (Fig. 5). Reproductively-maintaining rats also
swam less of a distance (119 ± 9 cm) to find the platform than did same-aged rats in
reproductive decline (131 ± 10 cm), albeit, these differences were not significant. Swim
speed was not significantly different between reproductively-maintaining (3.4 ± 0.5 cm/sec)
and declining rats (2.8 ± 0.5 cm/sec). Estrous cycle phase was not a significant contributor
to the variance observed in time to find the hidden platform [R2 = 0.01, F(1,44) = 0.01, p =
0.94, n.s.]. None of the steroids investigated significantly contributed to the variance in
performance on the water maze.

2.5. Inhibitory avoidance
Inhibitory avoidance is a cognitive task that utilizes aversive stimuli to assess long term
memory and primarily relies upon dorsal hippocampus (Lorenzini et al., 1996; Izquierdo and
Medina, 1997) and basolateral amygdala (Cammarota et al., 2008; Izquierdo et al., 1992;
Rossato et al., 2006). Middle-aged rats that had maintaining reproductive status had
significantly shorter latencies to cross to the dark, shock-associated side, compared to same-
aged rats in reproductive decline [F(1,44) = 9.83, p < 0.05], (Fig. 6, top). Nociceptive
indices, such as flinch and jump responses to shock did not differ between rats with
maintaining (2.7 ± 0.3) or declining reproductive status (2.5 ± 0.3). Greater concentrations
of P4 in the mPFC significantly predicted lower latencies to cross over to the shock-
associated side [t(24) = −2.11, p < 0.05] and accounted for a significant proportion of
variance [R2 = 0.16, F(1,24) = 4.47, p < 0.05], (Fig. 6, bottom). Estrous cycle phase did not
contribute to the variance observed in time to cross to the shock-associated side [R2 = 0.06,
F(1,44) = 0.16, p = 0.69, n.s.]. No other steroids investigated were observed to significantly
influence performance on inhibitory avoidance.

2.6. Conditioned contextual fear
Conditioned contextual fear is mediated by the amygdala and hippocampus (Phillips and
LeDoux, 1994; Kim et al., 1993). Conditioned fear, performed in a subset of rats from each
group, demonstrated a notable, but non-significant, difference wherein middle-aged rats that
maintained reproductive status spent less time freezing in each trial of the amygdala-
mediated, cued learning task, than did same-aged rats whose reproductive status was in
decline (Table 2). As well, reproductively-maintained rats spent equal or less time freezing
in the hippocampus-mediated contextual learning task compared to same-aged rats whose
reproductive status was in decline; albeit, these differences did not reach statistical
significance (Table 3). Estrous cycle phase was not a significant contributor to the variance
observed in time spent freezing during the cued [R2 = 0.09, F(1,44) = 2.30, p = 0.14, n.s.] or
contextual learning [R2 = 0.01, F(1,44) = 0.17, p = 0.69, n.s.] aspects of this task.
Differences in steroid concentrations examined did not significantly contribute to the
variability of performance in this task.
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3. Discussion
3.1. Maintaining reproductive function in middle age was associated with improved
cognitive performance on mPFC- and hippocampus-mediated tasks

The present findings supported our hypothesis that middle-aged rats that maintained
reproductive function would perform better on cognitive tasks compared to those that had
declining reproductive status, and these differences were influenced by formation of P4 and
its metabolites in mPFC and/or hippocampus. Indeed, great variability was observed in
steroid concentrations within middle-aged groups, and the percentage of successful prior
pregnancies was associated with greater 3α,5α-THP concentrations in mPFC and
hippocampus. Among rats in each group, task performance was associated with utilization
of progestogens in mPFC and hippocampus. Rats that maintained their reproductive status
had better cognitive performance on the prefrontal cortex- and hippocampus-mediated tasks,
object recognition, Y-maze, and water maze, compared to rats that were in reproductive
decline. However, rats in reproductive decline outperformed reproductively-maintained rats
on amygdala-mediated tasks that were associated with aversive stimuli, such as inhibitory
avoidance. This pattern, albeit not statistically-significant, was also observed on the
amygdala-mediated cued learning portion of the contextual conditioned fear task wherein
rats in reproductive decline spent more time freezing than did reproductively-maintained rats
on every trial. Neither flinch and jump responses, nor swim speed, significantly differed
between groups, suggesting that observed effects were not due to age-related differences in
nociceptive and/or motor behavior.

Some caveats of the present study are important to consider. First, was the necessity of
testing rats across a number of behavioral tasks. All rats were tested in the same battery of
tasks in the same order. Rats may have been less reactive when assessed for amygdala-
mediated tasks than they would otherwise have been if they were naïve to other behavioral
tasks. However, despite this limitation, divergent cognitive profiles can be discerned
between rats that were maintaining, or declining, in reproductive status. Second, estrous
cycle stage can influence performance in prefrontal cortex- or hippocampus-mediated tasks.
Although we were unable to control cycle phase during testing, we saw modest effects of
estrous cycle stage to influence variability in performance in the present study. Despite the
limitation of testing rats through a battery of tasks, and not being able to control estrous
cyclicity, we found that middle-aged rats maintaining reproductive function had better
cognitive performance and greater progestogen formation in mPFC and hippocampus than
did their same-aged counterparts in reproductive decline.

These indications of cognitive and reproductive decline confirm prior observations wherein
performance is poorer on tasks that are mediated by the prefrontal cortex and hippocampus
(see Daniel and Bohacek, 2010). It is notable that deficits in memory among reproductively-
declining rats were prevalent on both object recognition and Y-maze, which are considered
spatial, working memory tasks (predominantly prefrontal cortex-mediated), and water maze,
a spatial reference memory task (predominantly hippocampus-mediated). Indeed, the
prefrontal cortex receives direct projections from the CA1 region of the hippocampus (Jay
and Witter, 1991; Jay et al., 1991); however, independent age-related deterioration of these
different memory constructs have been observed in rats (Gage et al., 1989; Markowska et
al., 1989), particularly on frontal cortex-dependent tasks (Aggleton et al., 1989; Frick et al.,
1995; Gallagher and Rapp, 1997; Winocur, 1992; Winocur and Moscovitch, 1990). The
present findings suggest a more consistent decline in these functions, which may indicate a
general vulnerability for spatial memory associated with age. In support, 5-month-old mice
perform better on a spatial water maze than do 25-month-old mice, but significant
differences are not observed on a non-spatial water maze test (Frick et al., 2000). Together,
these data suggest that spatial impairments, potentially-mediated by the prefrontal cortex
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and/or hippocampus, may be disrupted with age; however, this decline does not occur in all
individuals, and may be related to differences in steroid metabolism in the brain. It is
important to understand what factors may contribute to the maintenance of spatial cognition
in some individuals but not others.

3.2. Natural progestogen enhancement in adulthood may influence cognitive performance
in later life

Differences in the cognitive performance of age-matched, 12-month-old rats may be better
explained by individual differences in steroid utilization, rather than mean differences
between reproductively-transitioning groups. In the current study, there was great individual
variation in concentrations of E2, P4, DHP, 3α,5α-THP, and corticosterone among same-
aged rats that had, or had not, transitioned to reproductive decline. As such, significant
differences were not observed in mean levels of P4 turnover to its 5α-reduced metabolites.
However, steroid utilization was significantly associated with cognition; wherein P4 and its
conversion to 5α-reduced metabolites differentially affected task performance within
individual rats. Greater P4 concentrations in mPFC and hippocampus, and reduced
metabolism of P4 in hippocampus, positively accounted for 17-32% of the variance in
performance on the Y-maze task. Others have found that intracerebroventricular (i.c.v.)
administration of a P4 precursor to male mice can enhance Y-maze performance; however,
i.c.v. enhancement of P4’s 5α-reduced metabolites is associated with decreased performance
in this task (Ladurelle et al., 2000). These data are informing in light of recent findings that
P4 can promote neurogenesis in dentate gyrus independent of 5α-reduction (Zhang et al.,
2010). In the mPFC, 3α,5α-THP positively accounted for 25% of the variance in object
recognition. We have previously observed that systemic 3α,5α-THP administration, or
natural 3α,5α-THP enhancement, can enhance performance in the object recognition and
object placement tasks among rats (Frye et al., 2007a; Paris and Frye, 2008; Walf et al.,
2006). Thus, progestogen formation in the brain may influence cognitive performance.

It is notable that, although rats in both groups had a commensurate number of matings in
their lifetime, a greater percentage of successful pregnancies were associated with higher 3α,
5α-THP concentrations in mPFC and hippocampus. Prior pregnancy accounted for 17% of
the variance of 3α,5α-THP in mPFC and 33% of the variance of 3α,5α-THP in
hippocampus. Changes in P4 metabolism and/or 3α,5α-THP formation in corticolimbic
structures in response to lifetime reproductive experience may be critical for healthy
neurodevelopmental aging. Indeed, a history of prior progestogen exposure, via pregnancy
to term, is associated with greater object, and spatial, memory (Frye et al., 2007a; Kinsley
and Lambert, 2006; Love et al., 2005; Paris and Frye, 2008; Pawluski et al., 2006ab).
Prenatal stress, which is associated with neurodegeneration, reduces central 3α,5α-THP
formation in hippocampus of dams throughout life (Frye and Walf, 2004a). As well, in a
transgenic mouse model of Alzheimer’s disease, 3α,5α-THP formation is blunted (Frye and
Walf, 2009). Together, these findings suggest that inter-individual variability in progestogen
utilization/metabolism in brain is influenced by lifetime reproductive experience with
consequences for cognition in aging.

3.3. Progestogen formation in later life may influence emotional/stress responding
Age-related changes in emotional memory may be influenced by steroid utilization
independently of changes in spatial memory. Among young rats, ovarian hormones
influence amygdala-mediated processes (Day et al., 2005; Frye and Walf, 2004b; Gupta et
al., 2001; Holzbauer, 1976; Jasnow et al., 2006; Luine and McEwen, 1977; Shors et al.,
1998; Walf and Frye, 2003; Wood et al., 2001). In the current investigation, reproductively-
declining rats performed better than did reproductively-maintained rats in tasks that utilize
shock stimuli and are known to be dependent on the amygdala (Schütz and Izquierdo, 1979),
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a region associated with storage of emotional memory (reviewed in LeDoux, 2007). Indeed,
clinical literature details robust changes in amygdala function and affective behavior with
aging (Almaguer et al., 2002; Tessitore et al., 2005; Wright et al., 2008). Moreover, mood-
related pathologies that occur later in life, such as depression, are typically intractable and
comorbid with cognitive impairment (reviewed in Alexopoulos, 2005). We have previously
categorized the reproductive transition among cycling rats and have observed greater
anxiety-like behavior among those in reproductive decline compared to those maintaining
reproductive status (Walf et al., 2009c). In these experiments, rats in reproductive decline
spent less time in on the open arms of an elevated plus maze, less time in the open quadrants
of an elevated zero maze, and made fewer licks of an electrified water bottle in a Vogel
drinking-conflict task compared to rats that maintained reproductive senescence (Walf et al.,
2009c). As such, considering age-related changes in affective and stress response may be
important when evaluating task performance.

In the present study, steroid concentrations were assessed in tested and non-tested rats.
While significant differences were not observed between rats that were maintaining or
declining in reproductive status, rats that were non-tested had notably lower concentrations
of corticosterone in circulation and P4 turnover to its metabolites in mPFC and
hippocampus. As such, mild stressors, such as testing in the behavioral battery described,
may activate hypothalamic-pituitary-adrenal (HPA) function, promoting formation of P4’s
5α-reduced metabolites. Acute stressors, including footshock or cold-water swim, enhance
central 3α,5α-THP synthesis (Barbaccia et al., 1996; Drugan et al., 1994; Purdy et al., 1991),
which may promote trophic actions in the brain. In particular, 3α,5α-THP is demonstrated to
dampen HPA activity (Patchev et al., 1996), reduce cell death and promote positive
prognosis in models of brain injury/degeneration (Baulieu and Schumacher, 2000; Frye,
2009; Sayeed and Stein, 2009), and improve cognitive status in healthy models and models
of neurodegeneration (Mellon, 2007). As such, steroid-promoted changes in cellular
structure may be a mechanism by which observed effects are partly mediated.

3.4. Steroids actions to influence cognition may involve structural remodeling in the brain
It is likely that the observed outcomes of this study reflect differences in plasticity with
highly variable inter-individual changes in observed in steroid utilization during aging, but
this needs to be examined further. Ovarian steroids alter dendritic spines density (Kinsley et
al., 2006; Pawluski and Galea, 2006; Woolley et al., 1990; Woolley and McEwen, 1993) and
cognitive performance (Frye et al., 2007a; Paris and Frye, 2008; Walf et al., 2006) of young
rats. Among rats, ovariectomy or prenatal stress can significantly reduce dendritic spinal
density in frontal cortex and hippocampus concomitant with reduction in object recognition
performance (Gould et al., 1990; Paris and Frye, 2010a; Wallace et al., 2006). As well, it has
been suggested that timing of E2-replacement therapy following reproductive decline is
critical for the beneficial effects of hormone therapy (Daniel et al., 2006; Klaiber et al.,
1997; Sherwin, 2009). Recent investigations demonstrate that the efficacy of E2 to promote
synaptic density of CA1 apical spines and memory are dependent on the timing of steroid
administration following the transition to reproductive decline (Daniel and Bohacek, 2010;
McLaughlin et al., 2008; Rodgers et al., 2010).

While actions of E2 can enhance 3α,5α-THP formation in brain (Cheng and Karavolas,
1973; Frye et al., 1998; Micevych et al., 2008), activation of extranuclear estrogen receptors
also enhances expression of the progestin receptor, which in rat hippocampus, is largely
located in the extranuclear regions of cells (Waters et al., 2008). Extranuclear progestin
receptors may comprise a rapid signaling mechanism for P4’s actions. In mouse
hippocampus, extranuclear estrogen and progestin receptor expression peaks at different
times throughout the estrous cycle in synaptic dendrites and axons, respectively (Mitterling
et al., 2010), which may confer the temporal nature for E2 to regulate mnemonic
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improvement in the climacteric. Less is known about extranuclear expression of progestin
receptor in prefrontal cortex. However, GABAA and other neurotransmitter receptors, rather
than progestin receptors, are a target for 3α,5α-THP’s actions (Callachan et al., 1987; Frye,
2009) and may partly underlie P4’s effects in this region. Indeed, we have found that middle-
aged mice lacking progestin receptors have improved cognitive performance following P4
(Frye and Walf, 2010), suggesting progestin receptors may not be necessary for
progestogens’ mnemonic effects.

3.5. Conclusions
In summary, we observed enhanced cognitive performance on spatial memory tasks (object
recognition, Y-maze, water maze) among middle-aged rats maintaining reproductive status
compared to their same-aged, reproductively-declining counterparts. Emotional memory,
such as that observed on the inhibitory avoidance task was greater in reproductively
senescent, compared to reproductively competent, rats. Individual differences in
progestogen formation in prefrontal cortex and/or hippocampus were associated with
improved performance on these tasks. These data support the notion that progestogen
metabolism in prefrontal cortex and hippocampus of rats in later life may influence the
propensity for cognitive decline and these factors can be influenced by lifetime reproductive
experience.

4. Experimental Procedure
These methods were pre-approved by the Institutional Animal Care and Use Committee at
The University at Albany-SUNY and were conducted in accordance with the ethical
guidelines defined by The National Institutes of Health (NIH Publication No. 85-23).

4.1. Animals and housing
The present study compared cognitive behavior of middle-aged (12 months old) female
Long-Evans rats (N=46). Rats in Cohorts 1 and 2 were obtained from Taconic Farms
(Germantown, NY; n=30) at 2 months of age. These animals comprised an age-matched
cohort of new breeders that were purchased to begin the rat colony in the Life Sciences
Research Building, which was completing construction at the University at Albany-SUNY
(and was subject to new building renovations). As such, all rats were of the same age and
had a commensurate breeding history (described below). Rats in cohorts 3 and 4 were
obtained from in-house breeding (derived from offspring of rats in cohorts 1 and 2; n=16)
and were also comprised of age-matched breeders in our new Life Sciences Research
Building. Notably, no differences were noted between cohorts for behavioral indices and,
thus, these cohorts were combined in the final data analyses.

Rats were group-housed (3-4 per cage) in polycarbonate cages (45 × 24 × 21 cm) in a
temperature-controlled room (21 ± 1 °C) in the Laboratory Animal Care Facility core at The
University at Albany-SUNY. Rats lived under reversed-lighting conditions (lights off
between 08:00 and 20:00 h), with ad libitum access to rodent chow and water in their
homecages.

4.2. Reproductive status characterization
We investigated cognitive behavior among same-aged rats with varying degrees of
reproductive-viability, which would be associated with changes in ovarian function (i.e.
estropause). Although, natural reproductive senescence among aged rodents is not marked
by exactly the same type of gradual decline in ovarian function as is observed in the
menopause of women, reproductive function does decline with age in rodents (Wise, 1999).
Declining reproductive status is characterized by changes in feedback of the hypothalamic-
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pituitary-adrenal stress and gonadal axes and is marked by abnormal estrous cyclicity in
female rodents (Clemens and Meites, 1971; Dudley, 1982; Huang et al., 1978). Rats were
characterized as maintaining reproductive status or as being in reproductive decline based
upon measures of estrous cyclicity (regular 4-5-day versus irregular/longer cycles), fertility
(whether there was successful pregnancy on their last mating with a male and their overall
percentage of successful pregnancies throughout life), and fecundity (the average number of
pups/litter). All rats had a commensurate number of lifetime matings (5.4 ± 0.1 matings). A
detailed explanation of how independent variables can be derived has been described (Walf
et al., 2009bc). Briefly, rats whose reproductive status was considered to be maintained had
regular 4-5 day cycles, ≥ 60 % successful pregnancies (66.0 ± 6.7 %), and an average of ≥
10 pups per litter (10.3 ± 0.9) at the time of testing. Rats whose reproductive status was
considered to be in decline had irregular cycles that were greater than 5 days, < 60 %
successful pregnancies (46.0 ± 7.6 %), an average of < 10 pups per litter (3.7 ± 1.3) at the
time of testing.

4.3. Behavioral testing
Estrous cycle phase was determined per prior methods (Frye et al., 2000) and rats were
tested in one of the following behavioral tasks by an experimenter blind to the hypothesized
outcome of the study. Data were simultaneously collected by hand using stopwatches and by
the ANY-maze video-tracking system (Stoelting Co., Wood dale, IL) with 95%+
concordance between these methods. Testing in the following tasks was conducted in order
presented below for all rats (with the exception of conditioned fear which was conducted
only in a subset of rats) and no more than one test was conducted per day, every 1-4 days.
As well, all rats were assessed in a standard mating and paced mating task after completing
Y-maze and prior to testing in water maze. The results of data from the standard and paced
mating tasks are reported in Walf et al. (submitted to this issue). While testing all rats in the
same order of tasks introduces a concern that prior experience in one task may interfere with
following tasks, a greater confound may be produced when subjects are exposed to noxious
tasks involving swim stress or shock prior to less noxious tasks. As such, a counterbalanced
Latin square testing design would not have been appropriate. As well, the rigorous
requirements for inclusion in this study (age-matched, middle-aged breeders with a
commensurate breeding history undergoing natural reproductive senescence) precluded a
fully between-subjects design given that number of subjects required would have exceeded
capacity. We have previously used similar batteries of behavioral tests (Edinger & Frye,
2004; Frye et al., 2007) and have systematically demonstrated that testing in conflict tasks
without noxious stimuli, such as shock, do not result in changes in central
neurosteroidogenesis (Frye et al., 2007). As such, it was necessary to test rats, first in the
least noxious tasks (object recognition, Y-maze) and to test rats last in the most noxious
tasks (inhibitory avoidance, conditioned fear) that may influence steroid concentrations.

4.3.1. Object recognition—This task was used per published methods (Ennaceur and
Delacour, 1988; Frye and Lacey 2000; Luine et al., 2003; Paris and Frye, 2008; Walf et al.,
2006). Briefly, during the acquisition trial, rats were placed in a white open field (76 × 57
cm with 35 cm walls) in a brightly-lit testing room and allowed to explore two objects
(plastic toys in the shape of oranges). Following a four hour inter-trial interval, rats’
performance in a retention trial assessed the time they spent exploring a novel object when
exposed to the object used in the acquisition trial and one that they had never been exposed
to (a plastic toy in the shape of a buoy). A greater percentage of time spent exploring the
novel object, as a function of the total amount of time spent exploring both objects during
the retention trial, is considered an index of enhanced cognitive performance in this task.
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4.3.2. Y-maze—This task was carried out modified from previous methods (Frye and
Lacey, 2000). The apparatus consists of a start arm (61 × 13 × 30 cm) and two goal boxes
(46 × 15 × 30 cm each) with guillotine doors enclosing the start box, and each of the two
goal arms. During acquisition, rats were placed in the start box and allowed 15 minutes to
explore the start arm and one open goal arm while the other goal arm was closed. Arm
entries and total time spent in each arm were recorded. After a 4-hr interval, rats were tested
in the Y-maze by being placed in the start box and allowed 5 min exploration with both goal
arms open. Entries and duration spent in each arm were recorded. A greater percentage of
time spent exploring the novel arm during the retention trial, as a function of the total
amount of time spent exploring goal arms, indicates enhanced performance.

4.3.3. Water maze—The water maze paradigm utilized was modified from previous
methods (Frye and Lacey, 2000; Vongher and Frye, 1999) and was commensurate with that
utilized by Rhodes and Frye (2004). In brief, the water maze tank (555 cm circumference,
71 cm deep) was filled with 25-30 °C water which was made opaque by the addition of non-
dairy creamer and had many extra-maze visual cues. The hidden platform (5.3 × 5.3 × 33.5
cm) was placed approximately 2.5 cm below the water line and 60 cm from the inner edge
of the water tank. On Day One, rats were habituated to the pool and swimming by spending
two minutes in the pool, which did not contain the platform. On Day Two, rats were given
two consecutive 2-min acquisition trials to find the hidden platform. After each trial, rats
that did not find the platform were placed on the platform for 45 sec. On Day Three, rats
were given four 2-min retention trials to find the platform when their starting location was
varied to a different quadrant of the pool each time. Starting quadrants were completely
counterbalanced across subjects and conditions. The average time and distance swam to find
the platform was calculated across all four trials for each subject and lower latencies/
distances to find the platform indicates better performance in this task and swim speed was
calculated from these variables.

4.3.4. Inhibitory avoidance—Testing was conducted as previously reported (Edinger et
al., 2004; Walf and Frye, 2007). Rats were placed in a stainless steel apparatus that is
separated by a guillotine door to make two distinct compartments (24 × 18 × 11 cm each),
one of which is painted white and brightly lit and the other is painted black and dark. Rats
were habituated to the chamber. Following habituation, rats were placed in the white side for
one minute before a guillotine door was lifted. The latency of the rat to cross to the black
side is recorded, and rats are exposed to a brief mild shock through the floor bars of the
chamber (0.25 mA for 2 sec). Twenty-four hours later, rats were given a retention trial in
which they were confined to the white side of the apparatus for one min and then assessed
for their latency to cross to the black side when the guillotine door is raised (300 sec max).
A greater latency to cross to the dark, shock-associated side indicates enhanced cognitive
performance. Flinch and jump in response to shock was calculated on a 4-point scale per
previously described methods (Edinger et al., 2004; Walf and Frye, 2007).

4.3.5. Conditioned contextual fear—Conditioned fear was carried out in a
representative subset of rats (N=25; reproductively-competent=9, transitioning n=8,
reproductively-senescent n=8) per previously reported methods (Kim et al., 1993; Kjelstrup
et al., 2002; Edinger et al., 2004). Briefly, rats were habituated for 4 min in the apparatus.
Rats were then exposed to a tone followed by an electric footshock (0.5 mA for 2 sec) for
three acquisition trials administered one min apart. Five days later, rats were tested in the
amygdala-mediated cued task (different chamber and almond extract scented, same tone as
during acquisition), or the hippocampus-mediated contextual memory task (same chamber,
no tone; Kim et al., 1993; Sanders et al., 2003). The time spent freezing by rats during eight
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one-minute retention trials was recorded, following a four minute habituation period to the
chamber. More time spent freezing indicates enhanced cognitive performance.

4.4. Radioimmunoassay for Steroid Concentrations
Some rats were euthanized via rapid decapitation, and whole brains were collected and flash
frozen. Trunk blood was collected into chilled test tubes, spun in a refrigerated centrifuge,
and plasma was decanted into clean 1.5 ml tubes and stored frozen until radioimmunoassay.
At the time of assay, plasma and brains were thawed and mPFC and hippocampus were
grossly dissected for assessment of E2 and progestogens in brain and corticosterone in
plasma, per previously described methods (Frye et al., 2000, 2007b). In order to assess
changes in the metabolism of P4 via the 5α-reductase enzyme that forms DHP, and
subsequently 3α,5α-THP, the ratio P4 to its 5α-reduced metabolites was calculated for
statistical analyses (see below).

4.5. Statistical analyses
One-way analyses of variance (ANOVAs) were utilized to determine behavioral and
endocrine effects of reproductive status. To determine P4 turnover to its 5α-reduced
metabolites, the ratio of DHP+3α,5α-THP:P4 was used per previous methods (Kellogg and
Frye, 1999; Paris and Frye, 2010b). When main effects were present, Fisher’s protected LSD
post-hoc tests were conducted to determine group differences. For conditioned contextual
fear, repeated measures ANOVAs were utilized to determine effects of reproductive status
and testing session on performance in the cued or contextual learning paradigms. Simple
linear regressions were utilized to determine the amount of variance that endocrine analyses
could account for in behaviors examined. To assess whether estrous cycle phase was
disparately distributed among reproductively-maintaining or -declining rats on testing days,
chi-square analyses were conducted with reproductive status (maintaining, declining) and
cycle phase (prosetrus, estrus, metaestrus, diestrus) as factors. To assess the amount of
variance that estrous cycle phase contributed to performance on each behavioral task, cycle
phases were assigned a numeric value (proestrus=4, estrus=3, metaestrus=2, diestrus=1) and
correlations were executed among these values and task dependent variables. Alpha level for
significance was p < 0.05.
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Fig. 1.
Depicts concentrations of progesterone (P4) and 3α,5α-THP in medial prefrontal cortex (top,
left) and hippocampus (top, right) of middle-aged rats whose reproductive status was in
decline (n=12) or was maintained (n=14). The percentage of prior pregnancies positively
correlated with concentrations of 3α,5α-THP in the medial prefrontal cortex (bottom, left)
and hippocampus (bottom, right) and accounted for a significant proportion of variance in
these levels.
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Fig. 2.
Middle-aged rats whose reproductive status was maintained (n=20) spent a significantly
greater percentage of time (indicated by mean bar ± SEM bars) investigating a novel object
compared to same-aged rats that whose reproductive status was in decline (n=26; top panel).
Concentrations of 3α,5α-THP (ng/g) in the medial prefrontal cortex positively correlated
with the percentage of time that rats spent with a novel object and accounted for a
significant proportion of variance in this behavior (bottom panel). * indicates significant
difference between groups, p < 0.05.
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Fig. 3.
Middle-aged rats whose reproductive status was maintained (n=20) spent a significantly
greater percentage of time (indicated by mean bar ± SEM bars) investigating the novel arm
of the Y-maze compared same-aged rats that whose reproductive status was in decline
(n=26). * indicates significant difference between groups, p < 0.05.
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Fig. 4.
Concentrations of progesterone (ng/g) in the medial prefrontal cortex (top panel) and
hippocampus (middle panel) positively correlated with the percentage of time that rats spent
in the novel arm of the Y-maze and accounted for a significant proportion of variance in this
behavior. Progesterone metabolism to its 5α-reduced metabolites (DHP+3α,5α-THP:P ratio)
in the hippocampus (bottom panel) negatively correlated with the percentage of time that
rats spent in the novel arm of the Y-maze and accounted for a significant proportion of
variance in this behavior.
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Fig. 5.
Middle-aged rats whose reproductive status was maintained (n=20) had significantly shorter
latencies to find the hidden platform in the water maze (indicated by mean bar ± SEM bars)
than same-aged rats that whose reproductive status was in decline (n=26). * indicates
significant difference between groups, p < 0.05.
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Fig. 6.
Middle-aged rats whose reproductive status was maintained (n=20) had shorter latencies to
cross over to the shock-associated compartment of the inhibitory avoidance chamber
(indicated by mean bar ± SEM bars) than did same-aged rats that whose reproductive status
was in decline (n=26; top panel). Concentrations of progesterone (ng/g) in the medial
prefrontal cortex negatively correlated with shorter latencies to cross to the shock associated
side and accounted for a significant proportion of variance in this behavior (bottom panel). *
indicates significant difference between groups, p < 0.05.
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Table 1

Steroid Concentrations among Non-Tested and Tested Same-aged rats with Maintaining or Declining
Reproductive Status

Non-Tested Middle-Aged
Control Rats

Maintaining
(n=3)

Declining
(n=3)

Corticosterone (μg/dl±SEM) 0.8 ± 0.2 0.8 ± 0.3

Medial Prefrontal Cortex

E2 (pg/g±SEM) 3.9 ± 1.8 3.5 ± 1.0

P4 (ng/g±SEM) 3.5 ± 0.3 6.0 ± 1.7

DHP (ng/g±SEM) 2.2 ± 0.3 3.4 ± 0.7

3α,5α-THP (ng/g±SEM) 5.4 ± 2.7 8.6 ± 1.4

P4 Turnover
(DHP+3α,5α-THP:P ratio)

2.3 ± 1.0 2.2 ± 0.4

Hippocampus

E2 (pg/g±SEM) 4.7 ± 3.4 4.4 ± 4.0

P4 (ng/g±SEM) 7.1 ± 2.4 8.6 ± 2.3

DHP (ng/g±SEM) 3.9 ± 0.4 4.8 ± 0.8

3α,5α-THP (ng/g±SEM) 12.5 ± 2.5 13.4 ± 5.3

P4 Turnover
(DHP+3α,5α-THP:P4 ratio)

2.8 ± 0.9 2.1 ± 0.4

Tested Middle-Aged Rats Maintaining
(n=14)

Declining
(n=12)

Corticosterone (μg/dl±SEM) 1.4 ± 0.2 1.3 ± 0.3

Medial Prefrontal Cortex

E2 (pg/g±SEM) 4.1 ± 1.4 2.3 ± 0.9

DHP (ng/g±SEM) 1.2 ± 0.1 1.9 ± 0.6

P4 Turnover
(DHP+3α,5α-THP:P ratio)

16.5 ± 6.1 7.9 ± 3.0

Hippocampus

E2 (pg/g±SEM) 6.2 ± 1.8 7.0 ± 2.2

DHP (ng/g±SEM) 1.9 ± 0.2 2.5 ± 0.8

P4 Turnover
(DHP+3α,5α-THP:P4 ratio)

9.6 ± 3.7 8.0 ± 2.9

Depicts concentrations of corticosterone, estradiol (E2), progesterone (P4), dihydroprogesterone (DHP), 3α,5α-THP, and/or P4 turnover to its 5α-
reduced metabolites (DHP and 3α,5α-THP) in medial prefrontal cortex and hippocampus among a subset of same-aged, 12-month-old rats that
were non-tested controls or were tested in the behavioral battery described.
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