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Abstract
Rationale—The synthetic progestin medroxyprogesterone acetate (MPA), widely used in
hormone therapy (HT) and as the contraceptive Depo Provera, is implicated in detrimental
cognitive effects in women. Recent evidence in aged ovariectomized (Ovx) rodents shows that
short-term MPA treatment impairs cognition and alters the GABAergic system.

Objectives—Using rats, we evaluated the long-lasting cognitive and GABAergic effects of MPA
administered in young adulthood (Early-MPA), modeling contraception, and how this early
exposure interacts with later MPA treatment (Late-MPA), modeling HT.

Methods—Early-MPA treatment involved weekly anti-ovulatory MPA injections (3.5 mg) from
4 to 8 months of age in ovary-intact rats. At 10 months old, rats were Ovx and weekly MPA
injections were re-initiated and continued throughout testing for Late-MPA treatment.
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Results—On the water radial-arm maze, all MPA-treated groups showed working memory
impairment compared to Controls (p<0.05); Early+Late-MPA rats were impaired on multiple
dimensions of working memory (p<0.05). On the Morris maze, Late-MPA rats showed greater
overnight forgetting compared to Controls (p<0.05). At study conclusion, MPA was detected in
serum in all MPA-treated groups except Early-MPA, confirming treatment and clearance from
serum in Early-MPA rats. In animals with detectable serum MPA, higher MPA levels were
associated with less dorsal-hippocampal glutamic acid decarboxylase, the synthesizing enzyme for
GABA (p=0.0059).

Conclusions—Findings suggest that MPA treatment leads to long-lasting cognitive impairments
in the rodent, even in the absence of circulating MPA in animals given prior MPA treatment,
which may relate to the GABAergic system. Further research defining the parameters of the
negative impact of this widely used progestin on brain and cognition is warranted.

Keywords
Hormone therapy; Contraceptive; Cognition; Progestins; Menopause; Aging; Learning and
memory

Introduction
Nearly every woman will face the decision of whether to take exogenous hormones, either
for contraception or for hormone therapy (HT). Medroxyprogesterone acetate (MPA), a
synthetic progestin, is the sole hormone component of the contraceptive Depo Provera and
the most commonly prescribed progestin component of HT (Prempro and Premphase—
MPA+conjugated equine estrogen). Depo Provera was approved by the Food and Drug
Administration in 1992 (Bakry et al. 2008) and has been prescribed to over 10 million
women in the USA since this time (Mosher et al. 2004). This widely prescribed
contraceptive is often the choice for women who cannot take estrogen-containing
contraceptives because of medical conditions (Spencer et al. 2009), for nursing mothers
(Rodriguez and Kaunitz 2009), and for those who prefer the convenience of an intermittent
injection once every 3 months over the daily pill. Prempro has been prescribed since 1995
(Stefanick 2005) with as many as 19.7 million prescriptions written per year (Hersh et al.
2004). At menopause, many women choose to take HT to attenuate menopause-induced
symptoms, including memory decline (Freedman 2002). Women with a uterus must include
a progestin in their HT regimen to offset the increased risk of endometrial hyperplasia
related to unopposed estrogen treatment (Smith et al. 1975; Ziel and Finkle 1975). While
there have been no methodical clinical evaluations of the cognitive effects of MPA alone in
any population of women, there is evidence implicating that MPA is detrimental to
cognition. For Depo Provera, there is a documented case study of amnestic effects
corresponding with its use (Gabriel and Fahim 2005). Moreover, the large, placebo-
controlled, randomized Women’s Health Initiative Memory Study (WHIMS) reported that
twice as many women receiving Prempro were diagnosed with dementia as compared to the
placebo group, a significant finding (Shumaker et al. 2003), as opposed to those women
taking Premarin (conjugated equine estrogen only), who showed a non-significant increase
in risk of dementia compared to those taking placebo (p=0.18) (Shumaker et al. 2004).

Recently, we showed that MPA impaired learning and memory in aged ovariectomized
(Ovx) rodents (Braden et al. 2010). In that study, we also replicated previous findings
(Bimonte-Nelson et al. 2004) that natural progesterone impairs cognition in aged Ovx
rodents. Others have shown that infusions of the progesterone metabolite, allopregnanolone,
into the lateral ventricles of young Ovx rats can lead to impaired spatial reference and
working memory performance (Frye and Sturgis 1995). Progesterone and allopregnanolone
have also been shown to impair working and reference memory, respectively, in young
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intact male and female rats (Johansson et al. 2002; Sun et al. 2010). However, the literature
on progesterone and allopregnanolone cognitive effects in young rodents reports mixed
results, with task-specific benefits noted sometimes, but not always (Frye et al. 2007, 2010;
Frye and Walf 2008; Harburger et al. 2008; Lewis et al. 2008; Orr et al. 2009). The animal
study findings of progestin-induced cognitive impairments are corroborated by clinical
reports of the detrimental effects of progesterone and allopregnanolone on memory in
women (Freeman et al. 1992; Kask et al. 2008). Yet, progesterone can enhance other
cognitive processes such as attention, response/processing speed, cognitive flexibility, and
visuomotor coordination (Sofuoglu et al. 2011). These clinical findings highlight the need
for more scientific investigations, both clinical and preclinical, of the impact progestins
could have on cognition. A progestin is included in every contraceptive, and in HT when
given to women with a uterus; thus, safe progestin use is a critical medical issue affecting
every woman who chooses to take exogenous hormones.

MPA’s cognitive-impairing effects may be mediated via the GABAergic system. Indeed, we
have shown that both progesterone and MPA alter the GABAergic system in cognitive brain
regions of behaviorally tested aged Ovx animals that showed cognitive impairments; in this
study, MPA decreased glutamic acid decarboxylase (GAD), the synthesizing enzyme for
GABA, in the dorsal hippocampus and increased GAD in the entorhinal cortex (Braden et
al. 2010). MPA has also been shown to enhance synaptic and extrasynaptic GABAA
receptor-mediated inhibition (Belelli and Herd 2003). Further, in vitro evidence implicates
that MPA has a negative effect on neuronal function by exacerbating glutamate-induced
excitotoxicity (Nilsen et al. 2006). Taken together, in vitro, preclinical, and clinical evidence
of MPA’s negative effects on the brain and its function are particularly salient. Moreover,
there have been no evaluations of the possible long-term cognitive effects of MPA
administration or interactions with subsequent MPA use as HT, nor have there been
assessments regarding whether there are long-term or interactive impacts on the GABAergic
system in vivo. These issues are especially relevant as we embark on a new generation of
menopausal women who were much more likely to have been prescribed contraceptives, as
compared to generations before (Diczfalusy 1991). We hypothesize that MPA treatment
during young adulthood and/or middle age impairs cognition in the rat model by enhancing
GABAA receptor-mediated inhibition in the hippocampus, as evident by a compensatory
decrease in GAD. Thus, the current study used the rodent model to investigate the long-
lasting cognitive and GABAergic effects of MPA treatment given in young adulthood (to
model contraception) and tested in middle age, as well as whether MPA treatment in young
adulthood interacts with MPA treatment in middle age (to model HT).

Materials and methods
Subjects

Subjects were 44 Fischer-344 female rats born and reared at the aging colony of the National
Institute on Aging at Harlan Laboratories (Indianapolis, IN, USA). Rats were 4 months old
at the beginning of the study, had unrestricted access to food and water, and were
maintained on a 12-h light/dark cycle at the Arizona State University animal facility. All
procedures were in accordance with the local IACUC committee and follow NIH standards.

Hormone treatment and ovariectomy
Rats were randomly assigned to one of four treatment groups: Control, Early-MPA, Late-
MPA, and Early+Late-MPA. The study was divided into two phases of injections (Fig. 1).
Phase 1 of weekly injections of either vehicle [0.4 ml sesame oil+0.02 ml dimethyl sulfoxide
(DMSO), both from Sigma-Aldrich, St. Louis, MO, USA] or MPA (3.5 mg, Sigma-Aldrich)
dissolved in 0.4 ml sesame oil+ 0.02 ml DMSO began at four months of age and continued
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until eight months of age. This regimen of MPA treatment was selected based on previously
established anti-ovulatory effects (Bhowmik and Mukherjea 1988) in order to mimic the
biological action of Depo Provera taken by women (Depo Provera Prescribing Information
2006). We chose to keep animals ovary-intact to most closely model the hormone milieu of
fertile women prescribed Depo Provera.

At 10 months of age, all rats received Ovx surgery. Rats were anesthetized via isofluorane
inhalation, bilateral dorso-lateral incisions were made in the skin and peritoneum, and the
ovaries and tips of uterine horns were ligatured and removed. Muscle and skin were sutured.
At time of surgery, rats received a single injection of Rimadyl (carprofen; 5 mg/ml/kg) for
pain and saline (2 ml) to prevent dehydration. Phase 2 of weekly injections (either vehicle or
MPA) began two-three days after Ovx surgery and continued throughout behavior testing
until sacrifice. Testing began at 12 months of age, approximately two months after the
beginning of phase 2 injections.

Animals in the Control (n=11) group received vehicle injections during both injection
phases. Early-MPA (n=12) animals received MPA injections during phase 1 and vehicle
injections during phase 2, Late-MPA (n=9) animals received vehicle injections during phase
1 and MPA injections during phase 2, and Early+Late-MPA (n=12) animals received MPA
injections during both phases (Fig. 1). During both injection phases, body weights were
recorded weekly.

Vaginal smears and uterine weights
To assess the long-term effects of four months of MPA injections on ovulation, vaginal
smears were taken at eight months of age for three days in the behaviorally tested animals,
starting nine days after the last injection (Fig. 1). Smears were classified as proestrus,
estrous, metestrus, or diestrous per prior protocol (Goldman et al. 2007; Acosta et al. 2009).
At sacrifice, the uteri of all subjects were removed, trimmed of visible fat, and immediately
weighed (wet weight) in order to examine drug effects on uterine tissues (Braden et al.
2010).

Water radial-arm maze
Two months after initiation of phase 2 of injections, subjects began 11 days of testing on the
eight-arm win-shift water radial-arm maze (WRAM) to evaluate spatial working and
reference memory, including performance as working memory load increased, as described
previously (e.g., Bimonte and Denenberg 1999). There were escape platforms hidden under
the water surface in the ends of four of the eight arms. The temperature of the water was
18°C. Platform locations varied across subjects, but remained fixed for each individual
subject, throughout the experiment. Once released from the start arm, a subject had 3 min to
locate a platform. After a platform was found, the animal remained on it for 15 s and was
then placed in its heated cage for a 30 s inter-trial interval (ITI) until its next trial. During the
interval, the just-chosen platform was removed from the maze. This process was repeated
until each platform was found. This totaled to four trials in each animal’s daily session, with
the number of platformed arms reduced by one on each subsequent trial. The working
memory system was increasingly challenged as trials progressed, allowing assessment of
working memory load. Each subject was given one session a day for 11 consecutive days.

Quantification and blocking into acquisition and asymptotic phases were based on prior
studies (e.g., Bimonte and Denenberg 1999). An arm entry was counted when the tip of a
rat’s snout reached a mark 11 cm into the arm. Orthogonal measures of working and
reference memory errors were quantified as done previously in WRAM studies (Bimonte et
al. 2000; Braden et al. 2010). Working memory correct (WMC) errors were the number of
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first and repeat entries into an arm that previously contained a platform during that session.
Reference memory (RM) errors were the number of first entries into an arm that never
contained a platform. Working memory incorrect (WMI) errors were repeat entries into a
reference memory arm. Errors were analyzed across all days (1–11) of testing and on the
latter portion of regular testing at the highest working memory load, as this has revealed
progesterone-and MPA-induced impairments (Bimonte-Nelson et al. 2003; Bimonte-Nelson
et al. 2004; Braden et al. 2010).

Morris maze
Two days after WRAM completion, subjects were tested on the Morris maze (MM) for four
trials per day for four days to test spatial reference memory. For this task (Morris et al. 1982;
Bimonte-Nelson et al. 2006), a tub (188-cm diameter) filled with black water made opaque
using non-toxic paint was used, with a hidden platform (10-cm wide) remaining in a fixed
location. The temperature of the water was 18°C. During initial testing (days 1–4), the rat
was started at the north, south, east, or west location in the maze, and had 60 s to locate the
hidden platform in the northeast (NE) quadrant. The trial was terminated once the rat found
the platform. After 15 s on the platform, the rat was placed into its heated cage until its next
trial. The ITI was approximately 10 min. Swim path distance (cm) and latency (sec) to the
platform across all days of initial testing (days 1–4) were used to asses MM performance.
Distance scores from the last trial of each day (Trial 6) were compared to the first trial on
the following day (Trial 1) in order to test overnight forgetting of the platform location
(Markham et al. 2002; Bimonte-Nelson et al. 2006), as this measure has revealed MPA-
induced impairments (Braden et al. 2010). The first overnight interval was omitted from this
analysis, as we noted that all animals were extending their learning curve without forgetting
during this time interval (Fig. 3a). In order to determine which treatment groups increased
their swim distance across the overnight interval, thus showing overnight forgetting of the
platform location, we examined within-group trial comparisons of the overnight interval
(Trial 6 to Trial 1).

After all test trials on day 4, a 60-s probe trial was initiated whereby the platform was
removed. This was used to evaluate whether rats localized the platform to the spatial
location. Percent of total distance in the previously platformed (target) quadrant was
compared to the quadrant diagonally opposite the platform. Rats that spent the greatest
percent distance in the target quadrant were interpreted as localizing the platform to the
spatial location. To attenuate the possibility of extinction due to the probe trial, rats were
placed back into the maze immediately following the probe trial with the platform replaced
in the NE quadrant. Next, to test relearning of a novel platform location, on day 5 the
platform was switched from the NE quadrant to the southwest (SW) quadrant, and rats were
given eight trials with the new platform location. Distance and latency were analyzed across
all trials for the platform switch (day 5). To evaluate whether rats localized the new platform
to the spatial location, after the eighth trial, a 60-s probe trial was given whereby the
platform was again removed. For each trial, a rat’s path was recorded from a camera
suspended above the maze, and a tracking system (Ethovision 3.1; Noldus Instruments)
analyzed each rat’s tracing.

Visible platform maze
To confirm that all subjects had intact vision and could perform the procedural task
components of MM and WRAM spatial navigation without difficulty, subjects were tested
on a visible platform water-escape task, as previously described (Braden et al. 2010).
Briefly, animals were placed into a rectangular tub (39×23 in.) where they had to locate a
flagged platform protruding from the water. The temperature of the water was 18°C.
Extramaze cues were covered by opaque curtains. Animals were given six trials, with the
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drop-off location the same across trials, and the platform location for each trial varied in
space semi-randomly. Performance was assessed by latency (sec) to the platform across all
trials.

Brain dissections
One day after the conclusion of behavior testing, animals were anesthetized with isofluorane
and brains were rapidly dissected and frozen. Dissected tissues were stored at −70°C in pre-
weighed microcentrifuge tubes until analysis. Plate designations (Paxinos and Watson 1998)
for dissections were as follows: frontal cortex (plates 5–14), anterior cingulate cortex (plates
5–14), posterior cingulate cortex (plates 15–35), entorhinal cortex (plates 39–42), and the
CA1/CA2 region of the dorsal (plates 33–35) and ventral (plates 39–42) hippocampus. For
each brain, the frontal cortex was taken first from the dorsal aspect of the intact brain. The
medial border of the frontal cortex cut served as the lateral border for the cingulate cortex
dissection, with the longitudinal fissure as the medial border. Designation between anterior
and posterior cingulate cortex was made according to Paxinos and Watson (1998) plate 14.
Next, the brain was cut in the coronal plane at plate 33 to obtain access to the dorsal CA1/
CA2 region of the hippocampus. Finally, the brain was cut again in the coronal plane at
plate 39 to obtain access to the last two brain regions (the hippocampus and entorhinal
cortex). It was here that the ventral CA1/CA2 region of the hippocampus was taken. For the
hippocampus, the dentate gyrus and the alveus were excluded. For the entorhinal cortex, the
tissue was dissected from the same slice as the ventral hippocampus sample, taking a 2- to 3-
mm sample ventral to the hippocampus.

Western blot analyses of GAD 65+67
GAD 65+67 protein expression levels were analyzed in frontal, anterior cingulate, posterior
cingulate and entorhinal cortices, and the dorsal and ventral hippocampus, from the right
hemisphere. Each sample was sonicated in RIPA buffer (150 mM NaCl, 1% Triton X-100,
0.1% SDS, 0.5% Na deoxycholate, 50 mM Tris) equivalent to 10 times its weight and
centrifuged at 10,000 rpm for 10 m at 4°C. BCA protein assays determined protein
concentration (ThermoFisher Scientific, Pittsburgh, PA, USA) and 10 μg of protein from
each sample were run on a NuPAGE Bis–Tris gel, using the SureLock mini-cell (Invitrogen,
Carlsbad, CA, USA). PVDF membranes were used for transfer (Millipore, Bedford, MA,
USA) and immunoblotting was performed with working dilutions of a rabbit anti-GAD
65+67 (ab11070) and rabbit anti-beta Actin (ab25894 or ab8227) primary antibodies
(Abcam Inc., Cambridge, MA, USA). Antibody dilutions were 1:10,000 for GAD 65+67
and a range of 1:400–1:20,000 for beta Actin primary antibodies. Membranes were then
incubated with a peroxidase-conjugated goat anti-rabbit secondary antibody, 1:10,000
dilution (111-035-003; Jackson Immuno Research, West Grove, PA, USA) and visualized
using Pierce ECL Western Blotting Substrate (ThermoScientific, Rockford, IL, USA) in a
film developer. Precision Plus Protein WesternC Standards (Bio Rad, Hercules, CA, USA)
were used to identify bands as the protein of interest, based on molecular weight. ImageJ
software (Rasband 1997–2004) was used to quantify the density of GAD 65+67 and beta
Actin (loading control protein). The dependent measure was a ratio of each subject’s GAD
65+ 67 density to their beta Actin density, brought to percent control of Control subjects run
on the same gel, per prior protocol (Pandey et al. 1999; Braden et al. 2010).

Blood serum analyses for MPA, progesterone, and allopregnanolone
Serum MPA determinations were performed according to the method reported earlier
(Braden et al. 2010). In addition, the assay was extended to measure progesterone and
allopregnanolone, similar to an earlier procedure (Prokai et al. 2008). Briefly, levels were
measured by the isotope dilution method through the addition of deuterium-labeled internal
standards d9-progesterone and d4-allopregnanolone (C/D/N Isotopes, Pointe-Claire, Quebec,

Braden et al. Page 6

Psychopharmacology (Berl). Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Canada); 10 μl each from a 1 μg/ml solution in ethanol to 1 ml of serum. Progesterone, d9-
progesterone, allopregnanolone, and d4- allopregnanolone were measured through selected-
reaction monitoring (SRM) signals of m/z 315→297, 324→306, 301→287, and 305→287,
respectively, obtained by liquid chromatography–atmospheric-pressure chemical ionization
tandem mass spectrometry (LC–APCI-MS/MS). Progester-one and allopregnanolone
concentrations were calculated by dividing the areas under their corresponding SRM peaks
in the LC–APCI-MS/MS chromatograms with those of d9-progesterone and d4-
allopregnanolone, respectively, multiplied with the known concentrations (10 ng/ml each) of
these added internal standards. Calibrations from the analysis of serum samples spiked with
1, 2, 5, and 10 ng/ml of analyte, respectively, were used to determine MPA concentrations.
Additionally, d9-progesterone was used as an internal reference to compensate for slight
changes in extraction efficiency and LC–APCI-MS/MS conditions among samples. The
dependent measures of the assay were ng/ml of MPA, progesterone, and allopregnanolone in
serum, respectively.

Statistical analyses
For behavior assessments, data were analyzed separately for each maze. Since our interest
was to evaluate Treatment effects regarding timing of MPA administration, two-group
planned comparisons were run on specific measures. To evaluate potentially complex higher
order Treatment interactions with Days or Trials, we utilized an omnibus repeated measures
ANOVA including all groups, with Treatment as the between variable and Days and/or
Trials as the within variable/s. For GAD protein levels, serum levels of MPA, progesterone,
and allopregnanolone, uterine weights, and body weights, data were assessed via a priori
planned comparisons using t tests. For all of these analyses, alpha was two-tailed and set at
0.05, with two exceptions where analyses were one-tailed: for the Trial 4 WMC effects for
the latter portion of testing, as we have previously established that MPA impairs
performance on this measure (Braden et al. 2010), and uterine weights comparisons (Control
vs. Late-MPA and Control vs. Early+ Late-MPA), as we have previously shown that MPA
administration after Ovx increases uterine weight (Braden et al. 2010). For all planned
comparisons, it was noted that type I error correction is not necessary (Keppel and Wickens
2004).

Correlations
Pearson r correlations were run between GAD levels in each brain region and (1) serum
MPA levels, (2) serum progesterone levels, (3) serum allopregnanolone levels, and (4)
memory scores from each of the mazes tested. Additionally, correlations were run between
each serum hormone and memory scores. The memory scores used for correlations were, for
WRAM: WMC, WMI, and RM errors across all days of regular testing; for MM: distance
across all days of testing, and overnight forgetting on the last two overnight intervals. Alpha
was adjusted to 0.01 to account for multiple correlations.

Results
Table 1 summarizes the significant behavior effects.

Water radial-arm maze
Two-group planned comparisons revealed that animals treated with MPA at any time point
made more WMC errors than Control animals, across all days of testing [Control vs. Early-
MPA—t(20)=2.17; p<0.05; Control vs. Late-MPA—t(18)=2.817; p<0.05; Control vs. Early
+Late-MPA—t(21)=2.285; p<0.05] (Fig. 2a). For WMI errors, only animals that received
MPA at both time points (Early+ Late-MPA) made more errors than Control animals [t(21)=
2.431; p<0.05] (Fig. 2b). There were no differences between Control and Early-MPA, or
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Control and Late-MPA, groups for WMI errors, and no Treatment group differences for
RM. Across all testing days (days 1–11), there was a Day main effect for each error type for
the omnibus ANOVA [WMC—F(10, 39)=5.627; p<0.0001; WMI—F(10, 39)= 13.009;
p<0.0001; RM—F(10, 39)=10.288; p<0.0001], with errors decreasing across days
demonstrating learning. There was no Day×Treatment interaction for any analysis.

During the asymptotic phase of testing (days 5–11), we investigated group differences at the
highest working memory load, Trial 4, as we have previously shown memory load
impairments at the end of testing after progesterone treatment (Bimonte-Nelson et al. 2004;
Braden et al. 2010), and after MPA treatment given to Ovx animals in old age (Braden et al.
2010). For WMC errors on Trial 4, animals treated with MPA at any time point made more
errors than Control animals [Control vs. Early-MPA—t(20)=1.973; p<0.05; Control vs.
Late-MPA—t(18)=2.681; p<0.05; Control vs. Early+Late-MPA—t(21)=1.990; p<0.05]
(Fig. 2c). For WMI errors, only animals that received MPA at both time points (Early+Late-
MPA) made more errors on Trial 4 than Control animals [t(21)=2.270; p<0.05] (Fig. 2d).
There were no differences between Control and Early-MPA, or Control and Late-MPA for
Trial 4 WMI errors, and no Treatment group differences for Trial 4 RM errors.

Morris maze
Initial testing (days 1–4, platform in the NE quadrant)—Planned comparisons
revealed no effect of MPA treatment on initial MM performance, as measured by Distance
and Latency. There was a Day main effect for Distance and Latency for the omnibus
ANOVA [Distance—F(3, 40)= 114.966; p<0.0001 (Fig. 3a); Latency—F(3, 40)=107.947;
p<0.0001 (data not shown)], with scores decreasing across days, demonstrating learning of
the task. There was no Day× Treatment interaction for initial MM testing (NE platform
location) performance as measured by Distance or Latency.

As we have shown previously (Braden et al. 2010), animals who received MPA after Ovx
(Late-MPA) showed overnight forgetting. Distance scores increased across the overnight
interval in the Late-MPA group [t(8)=2.538; p< 0.05], while they remained stable across the
overnight interval in the Control group (Fig. 3b). There were no significant increases across
the overnight interval for Early-MPA or Early+Late-MPA animals.

The first probe trial, assessing learning of the initial platform location (NE quadrant),
revealed a main effect of Quadrant [F(1, 40)=221.798; p<0.0001]. We confirmed that each
group spent more percent distance in the target NE quadrant as compared to the opposite
SW quadrant, showing localization of the platform location [Control—t(10)=9.931;
p<0.0001; Early-MPA—t(11)=6.134; p<0.0001; Late-MPA —t(8)=6.202; p<0.0005; Early
+Late-MPA—t(11)=9.628; p<0.0001 (Fig. 3c)].

Platform switch (day 5, platform in the SW quadrant)—For the MM testing where
the platform was moved from the NE to the SW quadrant (platform switch), planned
comparisons revealed no effect of MPA treatment on Distance or Latency. There was a Trial
main effect for both Distance and Latency for the omnibus ANOVA [Distance—F(7, 40)=
20.789; p<0.0001 (Fig. 4a); Latency—F(7, 40)=30.257; p<0.0001 (data not shown)], with
both decreasing across trials. It is noteworthy that, when comparing distance for the first
eight trials of the original location to the distance for the eight trials of the platform switch,
there was an Original vs. Platform Switch main effect [F(1, 40)=44.171; p<0.0001], and an
Original vs. Platform Switch×Trial interaction [F(7, 280)=4.325; p<0.0001], for the omnibus
ANOVA. Collapsed across all groups, animals learned the platform switch location at a
much faster rate than the original platform location [Trial 2—F(1, 40)=55.572; p<0.0001;
Trial 3—F(1, 40)=11.133; p<0.005; Trial 4—F(1, 40)= 28.501; p<0.0001; Trial 5—F(1,
40)=6.783; p<0.05; Trial 6—F(1, 40)=6.857; p<0.05; Trial 7—F(1, 40)= 4.607; p<0.05 (Fig.
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4a)], demonstrating understanding of the rules of the task. There were no interactions with
Treatment.

The second probe trial, assessing learning of the new platform location (SW quadrant),
revealed a main effect of Quadrant [F(1, 40)=33.950; p<0.0001 (Fig. 4b)] with a preference
for the SW quadrant, and no interactions with Treatment or Treatment main effect.

Visible platform
Planned comparisons revealed no Treatment effects for latency to the visible platform. There
was a Trial main effect [F(5, 40)=13.259; p<0.0001(Fig. 5)], with latency decreasing across
all trials, demonstrating learning of the task. By the fourth trial, all subjects found the visible
platform within 6 s, confirming visual and motor competence to perform swim maze tasks
for all groups.

Blood serum levels of MPA, progesterone and allopregnanolone, vaginal smears, uterine
weights, and body weights

Groups with MPA administered in middle age were the only groups to show MPA
concentrations in serum at sacrifice. Indeed, Late-MPA (mean=9.5 ng/ml) and Early+Late-
MPA (mean=11.1 ng/ml)-treated groups demonstrated detectable MPA concentrations, and
these groups did not significantly differ from each other. Control and Early-MPA animals
had no detectable levels of MPA. This confirms presence of MPA in animals receiving the
drug at sacrifice and successful clearing of the drug in animals that were not receiving MPA
at time of sacrifice but had received it as earlier treatment (Fig. 6a). For progesterone,
Control animals had higher levels than all MPA-treated groups [Control vs. Early-MPA—
t(21)=2.553; p<0.05; Control vs. Late-MPA—t(18)=3.734; p<0.005; Control vs. Early
+Late-MPA—t(21)=3.92; p<0.001] and animals that received MPA only during young
adulthood (Early-MPA) had greater progesterone levels than animals treated with MPA
during middle age [Early-MPA vs. Late-MPA—t(19)=3.288; p < 0.005; Early-MPA vs.
Early + Late-MPA—t(22)= 2.642; p<0.05] (Fig. 6b). Only Control animals had detectable
allopregnanolone levels (Fig. 6c). There were no significant correlations between serum
hormone concentrations and memory scores.

Although it has previously been shown by Bhowmik and Mukherjea (1988) that weekly
injections of 3.5 mg of MPA are sufficient to halt ovulation for at least 7 days, we confirmed
this in a pilot study with animals, not included in behavioral testing, at 3 months of age and
of the same strain as the behaviorally tested animals. Animals were given one injection of
3.5 mg MPA, and smears were then performed, classified as proestrus, estrous, metestrus, or
diestrous per prior protocol (Goldman et al. 2007; Acosta et al. 2009). This one injection
proved to be the minimum dose sufficient to inhibited ovulation for 9±2 days in these
animals, as evidenced by continually diestrous smears, and no cornified estrous smears,
which would indicate ovulation (Goldman et al. 2007). Smears were also taken at eight
months of age for three days in the behaviorally tested animals, starting nine days after the
last injection (Fig. 1). Eighty-eight percent of the MPA-treated animals (Early-MPA and
Early+Late-MPA groups) showed the diestrous phase while 12% had begun cycling again;
all animals given vehicle injections showed indication of cycling as evident by at least 1 day
of cornified estrous smears.

Similar to our prior findings (Braden et al. 2010), animals treated with MPA during middle
age had heavier uteri than Control animals [Control vs. Late-MPA—t(18)= 1.914; p<0.05;
Control vs. Early+Late-MPA—t(21)= 1.787; p<0.05]. Control and Early-MPA uteri weights
did not differ (Table 2).
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During phase 1 of injections, both groups receiving MPA had greater body weights than the
Control group [Control vs. Early-MPA—t(21)=7.724; p<0.0001; Control vs. Early +Late-
MPA—t(21)=4.147; p<0.001] (Table 2), and the group not receiving MPA (Late-MPA) did
not differ from the Control group. During phase 2, animals that had received MPA during
phase 1 (Early-MPA and Early+ Late-MPA) still had greater body weights than the Control
group [Control vs. Early-MPA—t(21)=5.227; p<0.0001; Control vs. Early+Late-MPA—
t(21)=2.353; p<0.05] (Table 2), but the Late-MPA animals did not weigh more than the
Control group even though they were receiving MPA at the time [Control vs. Late-MPA—
ns], which is in accordance with other reports of MPA treatment to middle-aged rodents
(Isserow et al. 1995).

GAD 65 and 67
There were no Treatment effects for any brain region analyzed (Table 3). Pearson r
correlations revealed that in animals that had detectable levels of serum MPA (Late-MPA
and Early+Late-MPA), there was a negative correlation between MPA levels and GAD
protein in the dorsal hippocampus [r(19)=−0.571, p=0.0059] (Fig. 7) indicating that higher
MPA serum levels were associated with decreased GAD protein levels in the dorsal
hippocampus. There were no correlations between GAD protein and the memory scores
evaluated.

Discussion
The synthetic progestin MPA is widely prescribed as the contraceptive Depo Provera, and is
in the HTs Prempro and Premphase. The current study supports the hypothesis that MPA has
detrimental effects on cognition in the female rodent. We previously found that MPA
impaired learning and memory in aged Ovx rats when given in old age (Braden et al. 2010).
Here, we show that MPA administered during young adulthood, middle age, or both
impaired working memory in middle-aged Ovx rats. Specifically, MPA given at any time
point tested herein increased WMC errors on the WRAM across all days of testing and at the
highest working memory load on the latter portion of testing, relative to vehicle treatment.
MPA given at both time points was particularly detrimental to WRAM performance, as
evidenced by a concomitant increase in errors on two orthogonal working memory
measures. Notably, the detrimental effects of MPA were especially prominent when the task
was most taxing and the load on working memory was highest. MPA seems to have less of
an impact on reference memory, as compared to working memory. In fact, the only finding
on a reference memory measure tested here was the replication of our prior work showing
that MPA induced overnight forgetting, as evidenced when administered after Ovx only
(Braden et al. 2010). Indeed, the current results show that the Late-MPA group, who only
received MPA post-Ovx, had poorer retention of the platform location overnight. Table 1
summarizes the significant behavior effects.

The current findings are in agreement with clinical evidence implicating MPA as
detrimental to cognition in young women when given as a contraceptive, as reported in one
case study (Gabriel and Fahim 2005), and may be related to the increased risk of dementia
seen in the WHIMS MPA+conjugated equine estrogen trial (Shumaker et al. 2003). Further,
administration of progesterone or its metabolite, allopregnanolone, is detrimental to memory
in healthy pre-menopausal women (Freeman et al. 1992; Kask et al. 2008). In rodents, we
and others have shown progesterone-related decrements in working memory (Frye and
Sturgis 1995; Bimonte-Nelson et al. 2004; Braden et al. 2010; Sun et al. 2010) and reference
memory (Johansson et al. 2002; Bimonte-Nelson et al. 2004; Braden et al. 2010). However,
the literature on progesterone and allopregnanolone’s effects on cognition in young rodents
is mixed, with some studies showing benefits and others not showing benefits (Frye et al.
2007, 2010; Frye and Walf 2008; Harburger et al. 2008; Orr et al. 2009). Likewise, in ovary-
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intact middle-aged rodents, for some memory tasks higher levels of progesterone or
allopregnanolone in cognitive brain regions were associated with better performance, while
for others, lower levels were associated with better performance (Paris et al. 2010). Post-
training injections of progesterone had no effect on MM performance in middle-age rodents,
but attenuated overnight forgetting in aged Ovx rodents, as well as differentially facilitated
object recognition across different age groups (Lewis et al. 2008).

It must be considered that the water maze tasks used in the present study could involve a
stress response, exacerbated by colder water temperatures which can facilitate memory
formation (Sandi et al. 1997). Although MPA does bind to the glucocorticoid receptor at one
tenth of the potency as the synthetic glucocorticoid, dexamethasone (Pridjian et al. 1987),
and at high doses has been shown to curb the stress response seen in cancer patients (Lang et
al. 1990), in the current report the working memory load effect lends support to the
hypothesis that MPA modulates memory, specifically. The nature of the working memory
load in the radial-arm maze is such that the only aspect that changes across trials is the
memory demand and not the motivator involved. Indeed, in the earlier trials when memory
load was lowest but the non-cognitive stressors of the task were the same, MPA had no
effect on performance.

MPA, progesterone, and allopregnanolone have each been shown to affect the GABAergic
system (Wallis and Luttge 1980; Paul and Purdy 1992; Belelli and Herd 2003; Pazol et al.
2009; Braden et al. 2010). In the current report, there was a negative correlation between
serum MPA levels and GAD in the dorsal hippocampus. In animals receiving MPA
treatment at test (Late-MPA and Early+Late-MPA), higher MPA levels correlated with less
GAD in the dorsal hippocampus, which is in agreement with our previous findings of MPA-
induced decreases in GAD in the dorsal hippocampus in aged Ovx animals (Braden et al.
2010). There is an increasing focus on research, including both in vitro and in vivo studies,
evaluating how MPA could impact the GABAergic system. Findings have indicated that
although MPA’s ring-A reduced metabolites do not directly bind to the GABAA receptor
(McAuley et al. 1993) like natural progesterone’s ring-A reduced metabolites (Paul and
Purdy 1992), MPA alters progesterone’s metabolic conversions (Penning et al. 1985) which
may be responsible for MPA-induced enhanced GABAA receptor-mediated inhibition
(Belelli and Herd 2003) as well as changes in GAD (Braden et al. 2010). Similar to the
relation between reduced GAD levels in dorsal hippocampus and higher serum MPA levels
as we show here, Raol et al. (2005) demonstrated a decrease in GAD levels in the dorsal
hippocampus after administration of the GABAA agonist diazepam in rodents, in turn
suggesting that MPA-induced GAD decreases may be a consequence of increased GABAA
receptor activation. In fact, increased GABAA receptor activation impaired learning as well
as immediate and delayed recall in humans (Curran 1986). There is also evidence that MPA
has a negative effect on neuronal function via exacerbation of glutamate-induced
excitotoxicity when tested in vitro (Nilsen et al. 2006) and lacks neuroprotective effects seen
with natural progesterone (Nilsen and Brinton 2002). However, further research is needed to
understand the complete mechanism behind MPA’s detrimental effects on neuronal function
and cognition in order to determine safe progestin use.

In aged Ovx rats, we previously found a main effect whereby MPA treatment decreased
GAD levels in the dorsal hippocampus (Braden et al. 2010). Here, we show a similar
relationship via correlation, in the absence of a main effect, in middle-aged Ovx rats. We
hypothesize it is a difference in age of the animals in the current study (12 months old)
versus our previous report (20 months old; Braden et al. 2010). This may represent that
some animals receiving MPA when middle-aged still showed resilience to MPA-induced
GABAergic changes while others did not, thereby enriching variability conducive to
significant correlations among individual subjects rather than main effects via ANOVA.
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While the relation between progestins (including MPA, progesterone, and allopregnanolone)
and the GABAergic system has been evaluated using in vitro techniques with tissues from
young adult animals (Paul and Purdy 1992; McAuley et al. 1993; Belelli and Herd 2003;
Pazol et al. 2009), whether these findings translate to similar effects in vivo, or in aged
animals, is an exciting and clinically relevant question that remains to be explored.
Specifically, how brain aging alters the trajectory of progestin-induced GABAergic changes
has yet to be methodically detailed.

There were MPA-induced changes in serum levels of MPA, progesterone, and
allopregnanolone. For serum MPA, animals receiving MPA at test (Late-MPA and Early
+Late-MPA) were the only groups to show MPA concentrations in serum at sacrifice,
confirming presence of the drug after administration, as well as successful clearing of the
drug in blood for the group that received MPA treatment in young adulthood only. Further,
serum MPA levels are within the range of MPA used clinically (Depo Provera Prescribing
Information 2006; Prempro Prescribing Information 2009). The prescribing information for
Depo Provera and Prempro states that MPA is absorbed, distributed, metabolized, and
excreted in an identical manner for both formulations. Presence of progesterone after Ovx is
assumed to be from the adrenal glands, which have been shown to significantly contribute to
total circulating progesterone levels in rodents (Fajer et al. 1971). In the current study, MPA
administration at any time inhibited serum levels of both progesterone and
allopregnanolone, as compared to Controls. For progester-one, our data suggest that this
inhibition was partially recovered over time as the Early-MPA animals had greater levels
than animals treated with MPA during middle age. Within this context, the long-lasting
effects of the MPA-induced decrease in endogenous progesterone and allopregnanolone
levels represent another possible mechanism by which MPA may impair cognition. This
outcome of MPA treatment is particularly striking because it is the only biological effect
that is present in all groups that showed cognitive impairments. Indeed, ovarian hormone
removal via Ovx (thereby removing the major source of endogenous progesterone as well as
estrogen) impairs cognition in young rats (Bimonte and Denenberg 1999; Talboom et al.
2008), but not in middle-aged or aged rats (Savonenko and Markowska 2003; Talboom et al.
2008), under normal test conditions without pharmacological challenge. Removal of
elevated progesterone levels may be one mechanism by which Ovx improves cognitive
performance in aged rats (Bimonte-Nelson et al. 2003, 2004). Indeed, while in some cases
progesterone treatment can improve cognitive performance in Ovx rats (Walf et al. 2006;
Frye et al. 2007), and in stroke and cortical contusion rodent models (Roof et al. 1993; Roof
and Hall 2000), these improvements were seen in young animals. The collected findings
suggest that age may be a factor in these effects since progesterone treatment impairs
cognition in aged Ovx rats (Bimonte-Nelson et al. 2004; Braden et al. 2010), and hormone
status at middle-age impacts cognition (Markowska 1999) with the estropause state
characterized with high progesterone levels related to poorer cognitive performance (Warren
and Juraska 2000). Additionally, in one study, progesterone treatment improved memory in
young Ovx mice, but progesterone plus MPA did not (Frye et al. 2010), further
demonstrating the lack of efficacy of MPA on improving cognition in the rodent model,
even when tested in young adulthood. Recently, there have been investigations of combined
estrogens and MPA treatment in middle-aged rodents. In Ovx animals, long-term treatment
of 17β-estradiol plus MPA led to impaired spatial memory performance as compared to
chronic or cyclic 17β-estradiol alone or 17β-estradiol plus progesterone, suggesting that the
addition of MPA was detrimental to cognition (Lowry et al. 2010).

Another possible mechanism of MPA-related memory impairment is halting ovulation. It is
tempting to speculate that the negative effects on cognition in Early-MPA and Early+Late-
MPA animals could be due to prolonged acyclicity in young adulthood, as opposed to direct
effects of MPA on the brain. Indeed, animals were ovary-intact in Phase 1 of the
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experiment. Inherent to the complexities associated with administration of a contraceptive to
evaluate cognition is that we are stopping ovulation. While we cannot rule out the possibility
that the cascade of events related to a lack of ovulation, including alteration of estrogen
levels, might have impacted our findings, a recent publication shows no effect of MPA
treatment on plasma 17β-estradiol levels in middle-aged ovary intact rodents (Frye et al.
2010). Further, we observed memory impairment in the Late-MPA group that had no
evidence of acyclicity in young adulthood because they were ovary-intact and not exposed
to MPA at that young timepoint.

MPA impacted uterine and body weights. For uterine weight, we replicated our previous
findings that animals treated with MPA after Ovx had heavier uterine weights than Control
animals (Braden et al. 2010), while Early-MPA animals did not differ from Control animals.
Finally, for body weight, MPA treatment in young adulthood but not middle age (Isserow et
al. 1995) caused an increase in body weight as compared to Control treatment. The body
weights of animals treated with MPA during young adulthood only (Early-MPA) did not
return to Control-like weights after the cessation of treatment, suggesting that early MPA
treatment causes long-lasting weight gain in the rodent model. There is some evidence of
this in clinical research as well (Bigrigg et al. 1999; Hani et al. 2009).

In conclusion, the current report indicates that, in the rodent model: (1) MPA administration
during young adulthood results in long-lasting working memory impairments evident later in
life (middle age), even in the absence of circulating MPA levels at the time of test; (2) MPA
administered during middle age, extending through time of test, impairs working memory
and overnight retention; and (3) MPA administered during young adulthood and again at
middle age impairs working memory, an effect that is robust as it is seen on two orthogonal
working memory measures. Based on the latter result, our study suggests there is added risk
to working memory when MPA is given both in young adulthood and middle age. These
detrimental effects may, in part, be mediated by changes to the GABAergic system in the
dorsal hippocampus. Overall, the current study builds on earlier in vivo and vitro research
indicating that MPA is detrimental to brain health and function. Given the large number of
prescriptions that are written every year containing MPA, as it is contained in both
contraceptives and HTs, more investigation into this synthetic hormone’s effect on cognition
and brain is warranted.
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Fig. 1.
A time line summarizing injections, ovariectomy, and behavioral testing for each group
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Fig. 2.
Mean error scores (±SE) on the water radial-arm maze by treatment group [Control (white
circle); Early-MPA (gray down-pointing triangle); Late-MPA (gray triangle); Early+Late-
MPA (black square)]. a WMC errors across all days of testing. b WMI errors across all days
of testing. c WMC errors across all trials, and at the highest working memory load (inset
graph) during the latter portion of testing (days 5–11). d WMI errors across all trials, and at
the highest working memory load (inset graph) during the latter portion of testing (days 5–
11). *p<0.05
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Fig. 3.
Mean distance scores in centimeters (±SE) on Morris maze Initial Testing days 1–4 by
treatment group [Control (white circle); Early-MPA (down-pointing gray triangle); Late-
MPA (gray triangle); Early+Late-MPA (black square)]. a Distance scores across all days
and trials of initial testing (days 1–4). b Distance scores across the overnight interval. c
Percent distance in the target NE quadrant as compared to the opposite SW quadrant during
the probe trial day 4. *p<0.05
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Fig. 4.
Mean distance scores in centimeters (±SE) on Morris maze Platform Switch testing day 5. a
Distance across all eight trials by new (white circle) vs. original (black circle) platform
location. b Percent distance in the target SW quadrant as compared to the opposite NE
quadrant during the probe trial day 5 by treatment group [Control (white square); Early-
MPA (gray square); Late-MPA (dark gray square); Early+Late-MPA (black square)].
*p<0.05
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Fig. 5.
Mean latency scores in seconds (±SE) on the visible platform maze by treatment group
[Control (white circle); Early-MPA (down-pointing gray triangle); Late-MPA (gray
triangle); Early+Late-MPA (black square)]
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Fig. 6.
Mean serum concentrations (±SE) by treatment group [Control (white square); Early-MPA
(gray square); Late-MPA (dark gray square); Early+Late-MPA (black square)]. a MPA
concentrations. b Progesterone concentrations. c Allopregnanolone concentrations. *p<0.05
vs. Control; ^p<0.05 vs. Early-MPA

Braden et al. Page 23

Psychopharmacology (Berl). Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Relation between MPA serum concentrations and GAD protein in the dorsal hippocampus in
animals that had detectable levels of MPA at sacrifice (Late-MPA and Early+Late-MPA)
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Table 2

Mean uterine and body weights in grams (±SE)

Control Early-MPA Late-MPA Early+Late-MPA

Uterine weight (g) 0.37±0.10 0.20±0.06 0.66±0.12* 0.62±0.10*

Body weight (g) phase 1 189.8±0.9 215.4±1.2* 191.6±0.1 209.3±1.4*

Body weight (g) phase 2 232.0±1.3 256.2±1.2* 233.2±1.6 243.9±1.3*

*
p<0.05 vs. Control
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