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Abstract

Progesterone (P4) may influence cognition in part through actions of its 5a-reduced metabolite,
allopregnanolone. Ovariectomized mice that were C57BL/6 wildtype (WT), or deficient in the 5a-
reductase Type 1 enzyme (5a-reductase knockout; 5aRKO), were administered vehicle, Py,
allopregnanolone, or medroxyprogesterone acetate (MPA, 4mg/kg SC) after training in the object
recognition or placement tasks. WT mice administered P, or allopregnanolone performed
significantly better in the object recognition and placement tasks than did WT mice administered
vehicle or MPA. 5aRKO mice administered allopregnanolone, but not P4, MPA, or vehicle show
enhanced performance in the object recognition and placement tasks. Levels of brain-derived
neurotrophic factor (BDNF) in the prefrontal cortex and hippocampus were lowest among mice
administered MPA. Thus, some of P,’s effects to enhance cognitive performance may be
incumbent upon its 5a-reduction.
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Introduction

Progesterone (P4) and its metabolite, allopregnanolone, may influence cognitive
performance. Early studies of cognitive performance across pregnancy, a state of very high
P4 and allopregnanolone levels, suggest these high levels of progestogens may have
disorganizing effects on cognition [14]. Yet, a large, recent study comparing performance of
the same participant at a baseline test and later during pregnancy did not demonstrate
deficits in working memory, immediate, or delayed recall tasks [5]. P4 levels are higher
during the luteal phase of the menstrual cycle, than during the follicular phase, when women
and men have similar low levels of P4 [24]. During the luteal phase, attention and verbal and
visual memory is enhanced and positively correlate with endogenous P4 levels [25,32].
Luteal increases in activity of the hippocampus assessed by Functional Magnetic Resonance
Imaging (FMRI) are related to increased salivary levels of P4 [1]. Thus, cognitive function
can be altered in association with endogenous changes in P4 levels; however, questions
remain about the effects of exogenous administration of P4, with or without estrogens,
which naturally co-vary with progestogens.

Exogenous P4 has been reported to positively and negatively influence cognitive
performance of women on various measures. In a study of women with dementia that
investigated the effects of estrogen-replacement therapy (ERT; estrogens only) or hormone-
replacement therapy (HRT; estrogens combined with a synthetic progestin), the authors
concluded that there were short term influences of ERT [15]. In a study of 10 healthy,
postmenopausal women (54-70 years of age), micronized P4 enhanced sleep quality (i.e.
duration of rapid eye movement sleep) and did not produce any decrements in tasks of
attention and verbal memory [27]. The decrements in performance, or lack of effects of
HRT, may be due, in part, to older post-menopausal women having low baseline levels of P4
for a prolonged period [21]. A consideration of these dosing effects is relevant for studies in
young women. Progesterone administration to normally cycling, healthy women during the
early follicular phase increases amygdala activity as measured by fMRI when subjects are
presented emotional material compared to neutral images [36], but impairs recall of negative
images among normally cycling, healthy women [37]. A P4 dosing regimen that results in
much higher levels than typically occur during the luteal phase of women impairs cognitive
performance in tasks assessing information processing and verbal memory function [8].
However, P4 treatment to healthy adult women enhances response inhibition and sustained
attention, response speed, and visuomotor coordination [31]. A question is the extent to
which some of these effects may be due to actions of allopregnanolone. In a study of young,
healthy men and women, intramuscular injections of progesterone (200 mg) or placebo
similarly increased circulating levels of P4 and allopregnanolone, self-reported ratings of
fatigue, and impaired smooth eye pursuit [30]. Thus, the nature of P4’s effects on cognitive
function may be influenced by task, age-related differences in duration in a P4-deficient state
and/or the current levels of P4 and allopregnanolone produced by exogenous administration.

The type of progestin administered (e.g. P4 vs. medroxyprogesterone acetate, MPA) may
influence the nature of the effects on cognitive performance. The Women's Health Initiative
reported little or no benefit of HRT containing estrogen and MPA on global cognitive
function in post-menopausal women [26]. Although MPA binds progestin receptors (PRs) as
does P4, MPA differs from Py in other ways that make it difficult to generalize findings
obtained with MPA to other synthetic progestins or P4. For example, P4 is normally
converted by 5a-reductase and 3a-hydroxysteroid dehydrogenase (3a-HSD) to form
allopregnanolone, which can have actions at neurotransmitter targets, such as GABAA
receptors [20], and is involved in reproductive functions, reward, stress response, and
neuroprotection [10]. In one study, MPA administration to the dentate gyrus inhibited 3a-
HSD, and prevented the oxidation of allopregnanolone to its precursor, dihydroprogesterone,
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which had an overall effect to increase GABAergic inhibitory tone [2]. Another study
showed that GABA a 4subunit mRNA was decreased by P4, but not MPA, to rats [23].
MPA administration to ovariectomized mice and rats and aged, acyclic female rats do not
produce the same levels of allopregnanolone, nor does it have beneficial effects for
cognitive processes or neuroprotection as P4 [6,11,12]. Indeed, one of these reports indicates
that a lack of induction of a neurotrophic factor, brain-derived neurotrophic factor (BDNF),
in explants of the cerebral cortex may be related to a lack of neuroprotection by MPA [16].
Thus, the progestin administered may influence the nature of effects in the central nervous
system.

Although P4 may enhance cognitive performance, these effects may be influenced by many
variables, such as sex, age, prior steroid exposure, P4 dosing, and progestin regimen. Using
animal models, it is possible to control such factors to elucidate individual differences in
response to progestogens. We hypothesize that P,’s conversion to allopregnanolone may be
essential to mediate some mnemonic effects of P4. To address this, post-training
administration of P4, allopregnanolone, or MPA were compared to placebo for effects on
performance in the object recognition and object placement task among mice that have the
capacity to metabolize P, to allopregnanolone (wildtype; WT), or not (mice lacking 50-
reductase gene). We, and others, have demonstrated that there is no beneficial effect of MPA
for cognitive performance [6,11,12]; however, the extent to which this is due to reliance on
progestogen metabolism or induction of growth factors is unclear. The role of BDNF was of
interest in this study because there are few reports in the literature regarding the impact of
ovarian hormones' on BDNF, and those related to cognitive and neuroprotective effects are
inconclusive. Female mice have higher BDNF levels in the hippocampus compared to males
[7]. Ovariectomy leads to a reduction in BDNF [28] and estradiol elicits an increase in
numerous models [13]. P4 co-administration with estradiol mitigates the BDNF increasing
properties of estradiol [3] but can reduce stress-induced reduction in BDNF in the
hippocampus [7]. Given previous work showing the involvement of progestogens in the
prefrontal cortex and hippocampus for performance in the object recognition placement
tasks [11,22], BDNF levels in the prefrontal cortex and hippocampus were determined to
ascertain the possible involvement of this trophic factor here.

Materials and Methods

Methods using animal subjects were approved by The Institutional Animal Care and Use
Committee at The University at Albany and carried out in accordance with the Guidelines of
The National Institute of Health and all regulatory agencies.

Mouse Strain and Genotyping

Female wildtype (WT; n=60), or homozygous (n=60) 5a-reductase knockout (50RKO) mice
were derived from heterozygous breeder pairs. These mice, originally characterized by
Mahendroo’s lab [18,19], are genetically deficient in 5a-reductase type 1 enzyme and they
have low levels of allopregnanolone in the brain during proestrous and after Py
administration [9,17].

Ovariectomy

Mice were ovariectomized (ovx) under sodium pentobarbital anesthesia (80 mg/kg, or to
effect; intraperitoneal injection) at 8 weeks of age, with post-operative analgesic. Although
mice were not screened for normative cycling condition prior to or following ovx, inspection
of ovaries and fallopian tubes during surgery and uterus following euthanasia did not
suggest abnormalities or incomplete ovx. We have no indication of abnormal cycling [17].
Mice were screened for normative motor and species-typical behaviors, sensory responses,
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and visually-inspected for good general health. Mice were started in the testing protocol one
week after surgery, which is our standard procedure to ensure that ovarian steroids have
declined before initiation in the study. Previous studies have demonstrated that mice ovx in
this timeframe have poorer object recognition and placement performance compared to
proestrous mice [34,35].

Hormone conditions

Immediately after training in the object recognition and placement tasks (described below),
mice were subcutaneously administered their randomly-assigned hormone treatments:
vehicle (vegetable oil, 20% DMSO) or P4 (4 mg/kg; Steraloids, Newport, RI),
allopregnanolone (4 mg/kg; Sigma, St. Louis, MO) and/or MPA (10 mg/kg; Sigma).

Behavioral Testing

In the object recognition and object placement tasks, mice were trained with two identical
objects (plastic toy block or bottle) that were placed in an open field by free exploration for
three minutes. The duration spent within 5 cm of the object, directly in contact, investigating
and/or orienting towards the objects was automatically-recorded using a tracking program
(Any-Maze; Stoelting Co., Wood Lawn, IL). During testing four hours later, there was a
novel object (object recognition task), or displaced object (object placement task). The
percentage of time the mice spent exploring the novel object or the displaced object was
recorded [11]. There were no significant differences between genotypes for time spent
investigating objects during training (WT: 9.8 secs + 1.1 SEM; 50-RKO: 8.3 secs + 1.1
SEM) in the object recognition task, and there was a non-significant reduction in time
investigating the objects during object placement task training among 5aRKO (7.8 secs *
1.4 SEM) compared to WT (13.1 secs £ 1.9 SEM) mice.

BDNF Levels

The prefrontal cortex and hippocampus were dissected out from some mice in each
experimental condition (n=3-7), and homogenized in distilled water and cell lysis buffer
(Qiagen). Fifty microliters of homogenates were diluted in 4 volumes of Dulbecco's
Phosphate-Buffered Saline. Diluted samples were acid-treated by adding 1 microliter of 1N
HCI, incubating for 15minutes, and then neutralizing the samples by adding 1 microliter of
1N NaOH. Protein concentrations in each sample were measured using a Nanodrop
Spectrometer. Analyses of BDNF were per standard methods of the Emax Immunoassay
system (Promega).

Statistical Analyses

Results

Two-way analyses of variances (ANOVAS) were used to examine effects of hormone
condition and genotype on behavioral and BDNF levels. When the a level for statistical
significance was reached p < 0.05, or a trend was observed p < 0.10, Fisher’s post hoc tests
were used to examine group differences.

Object recognition

There were significant main effects of genotype [~ (1, 110) = 5.15, p=0.02] and hormone
condition [~ (3, 110) = 4.51, p< 0.01] and a trend for there to be interaction of genotype and
hormone condition [~ (3, 110) = 2.49, p= 0.06] for object recognition performance (Figure
1, top). WT, but not 5a0-RKO, mice administered P4, compared to vehicle, spent more time
investigating the novel object. Both WT and 5aRKO mice administered allopregnanolone
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spent more time investigating the novel object compared to vehicle-administered mice.
There was no difference in performance of mice administered vehicle or MPA.

Object placement

BDNF levels

There was a significant effect of genotype [~ (1, 110) = 3.77, p < 0.05] and hormone
condition [F~ (3, 110) = 3.80, p < 0.01], but no significant interaction between these
variables, for object placement performance (Figure 1, bottom). WT mice outperformed 5a-
RKO mice by spending more time investigating the displaced object. P4 and
allopregnanolone significantly increased time spent investigating the displaced object
compared to vehicle; albeit, the effect of P4 to enhance performance of 5a-RKO mice was
not apparent. Effects of MPA administration were not different from vehicle.

There was a trend for an effect of hormone condition [F (1, 110) = 2.29, p = 0.09] on levels
of BDNF in the prefrontal cortex. Mice administered MPA had lower levels of BDNF than
did mice administered vehicle (Table 1). There was a trend for an interaction between
genotype and hormone condition [F (3, 110) = 2.60, p = 0.07] for levels of BDNF in the
hippocampus, such that 5aRKO, but not WT, mice administered MPA had lower levels of
BDNF than vehicle-administered mice (Table 1).

Discussion

Findings from the present study that P, and/or allopregnanolone enhanced object
recognition and placement memory among ovx mice supported our hypothesis and confirm
and extend prior reports. Here we see that P4’s and allopregnanolone’s effects on cognitive
performance were genotype specific: WT mice showed improvement with P4 and
allopregnanolone, whereas 5aRKO mice only responded to allopregnanolone. Consistent
with these findings are results of prior reports in rats and mice with different capacities to
form allopregnanolone. Middle-aged rats with greater capacity to metabolize P,4 to
allopregnanolone had better cognitive performance on the prefrontal cortex- and
hippocampus-mediated tasks (object recognition, Y-maze, and water maze) compared to rats
of the same age that had reduced capacity to form allopregnanolone [12,22]. As well, P4 and
allopregnanolone, but neither MPA, nor P4 in conjunction with MPA, enhanced
performance in hippocampal (object placement, conditioned fear, water maze) and
prefrontal tasks (object recognition, T maze) [11]. P4, but not MPA, exerts neuroprotection
against kainic acid-induced seizures of rats coincident with increasing allopregnanolone
levels [6]. MPA dosing was associated with lower BDNF levels in this study and lower
allopregnanolone levels in previous work [11]. One interpretation of these results could be
that lower BDNF levels in the prefrontal cortex and hippocampus with MPA treatment may
underlie the cognitive decrements that were also observed with this treatment in the present
study. Thus, progestin regimen is an important consideration.

Of interest are the mechanisms for the observed effects. In the brain, P4, but not
allopregnanolone, binds to intracellular progestin receptors [4]. Progesterone and/or
allopregnanolone bind neurotransmitter receptors, and some of progestogens’ effects on
reward, stress responding, cognition and/or neuroprotection may involve actions at these
targets [10], as well as growth factors. The present study investigated the role of BDNF in
the prefrontal cortex and hippocampus of mice with different capacities to form
allopregnanolone due to treatment received or their genotype. Although the results did not
indicate that P, and allopregnanolone increased BDNF coincident with enhancements in
performance, a reduction in this growth factor with these treatments was not observed, as
had been seen with MPA coincident with poor performance in the tasks assessed. As with
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the literature on mechanisms of progestogens and cognitive/neuroprotective effects, there is
limited /n vivo literature on BDNF and progestogens, as compared with estrogens. Given
that opposite effects of estradiol and P4 have been reported for BDNF [3], but that
progestogens have a capacity to enhance cognitive and produce neuroprotection [29], it is
important to reconcile how positive effects of progestogens for cognition and
neuroprotection are related to actions of growth factors and where in the brain these effects
occur. In the present study, unlike others where a reduction in BDNF is shown with P4, mice
were not estradiol-primed [3]. The present study focused on the grossly-dissected out
prefrontal cortex and hippocampus of mice. Region-specific effects of estradiol and P4
treatment in the CA3 versus dentate gyrus of stressed rats have been reported [7]. It has been
suggested that some of the differences in the effects of progestogens involving BDNF may
be related to the type of progestogen and its mechanism of action (e.g. P4 acting at nuclear
or membrane PRs, allopregnanolone acting at GABA receptors), the pro- versus mature
form of BDNF, and/or BDNF synthesis or release [29]. Although it was not tenable to
address all of these factors in the present study, the current work adds to the growing
literature on /n vivo effects of progestogens and growth/plasticity.

Some limitations of the present study are as follows. Differences have been reported
between WT and 50-RKO mice, such as greater anxiety-responding [17]. In this study,
testing mice that are ovx, which reduces cognitive functioning, may have engendered greater
opportunity for progestogens to improve cognitive performance. In a related study
comparing effects of progestins to C57BL/6 mice no differences were noted based upon
hormone treatment in the object placement task, in comparison to what we observed in the
present study. As such, having this higher baseline response in the mice in that study may
have obscured some of the potential effects of progestogens in that task. Moreover, we
examined only one dosage of progestins. P4 dosage influences effects on cognitive
performance. Healthy young women in the early follicular phase administered 200, but not
400 mg, dosage of P4 had enhanced cognitive performance [31]. Because progestogens can
have sedative effects, we chose a regimen that produce moderate physiological, non-sedative
concentrations. However, it is possible that progestogens influence cognitive performance in
a non-linear/dose-dependent fashion. As such, the present mnemonic effects observed may
not have captured the entire range of effects of progestogens for cognitive performance.

Conclusion

In summary, P, and allopregnanolone, but not MPA, enhanced object recognition and
placement memory of WT mice and did not reduce BDNF in the prefrontal cortex and
hippocampus, compared to vehicle. These findings suggest that allopregnanolone may
underlie some of the effects of P4 to benefit cognitive performance. Currently, P4 is under
investigation for the treatment of addiction, seizure disorder, stroke, and traumatic brain
injury and other age-related disorders [10,33]. Therefore, it is important to elucidate the
manner in which progestogens/progestins may mediate these functions and be related to
neural growth.
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Figure 1.

Time (mean secs £SEM) spent with novel object in the object recognition task (TOP) and
with a displaced object in the object placement task (BOTTOM) of mice administered
vehicle (Veh), progesterone (P,4), allopregnanolone (3a,5a, THP), or medroxyprogesterone
acetate (MPA). * indicates enhanced cognitive performance compared to vehicle (P<0.05).
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