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Abstract

The majority of estrogen-based hormone therapies are administered in combination with a
progestogen, such as Levonorgestrel (Levo). Individually, the estrogen 17p-estradiol (E2) and
Levo can improve cognition in preclinical models. However, although these hormones are often
given together clinically, the impact of the E2 + Levo combination on cognitive function has yet to
be methodically examined. Thus, we investigated E2 + Levo treatment on a cognitive battery in
middle-aged, ovariectomized rats. When administered alone, E2 and Levo treatments each
enhanced spatial working memory relative to vehicle treatment, while the E2 + Levo combination
impaired high working memory load performance relative to E2-Only, and Levo-Only. There were
no effects on spatial reference memory. MAPK/ERK pathway activation, which is involved in
memory formation and estrogen-induced memory effects, was evaluated in five brain regions
implicated in learning and memory. A distinct relationship was seen in the E2-only treatment
group between MAPK/ERK pathway activation in the frontal cortex and working memory
performance. Collectively, the results indicate that the differential neurocognitive effects of
combination versus sole treatments are vital considerations as we move forward as a field to
develop novel, and to understand currently-used, exogenous hormone regimens across the lifespan.
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1. Introduction

Menopause, defined as the cessation of menses for at least one year, is marked by a
reduction in levels of ovarian hormones, including estrogens and progesterone. This
decrease in circulating levels of ovarian hormones can lead to the onset of several undesired
physiological symptoms, including hot flashes, vaginal atrophy, and osteoporosis (Al-Safi
and Santoro, 2014; NAMS, 2015). In women, several domains of memory performance, as
well as focus and concentration, are also sensitive to changes in ovarian hormone levels, and
have been associated with menopausal status (Maki, 2012). The presence and severity of
these symptoms vary amongst women, and these symptoms can greatly impact a woman’s
quality of life; as a result, some women choose to take hormone therapy to ameliorate their
symptoms. Thus, it is imperative to acquire a thorough understanding of how alterations in
levels of ovarian hormones, and exogenously administered hormones, impact issues
associated with menopause, such as changes in memory. Moreover, elucidating the roles of
ovarian hormone loss and hormone therapies on the brain and its functions could lead to
novel hormone therapy options that are tailored to alleviating specific symptoms associated
with menopause.

17p-estradiol (E2) is the most potent, naturally circulating estrogen in mammals, and it is
commonly used as the estrogenic component in hormone therapy for menopause. As early as
the 1950s, studies have suggested a beneficial role of estrogens in cognitive and related
molecular processes of the central nervous system (e.g., Bimonte and Denenberg, 1999;
Caldwell and Watson, 1952; Komnenich et al., 2013; Matsumoto et al., 1985; Singh et al.,
1995; Woolley and McEwen, 1993). Today, there are an extensive array of studies aimed at
understanding the effects of E2 on learning and memory in humans as well as in animal
models (for reviews: Frick, 2015; Koebele and Bimonte-Nelson, 2015; Korol and Pisani,
2015; Maki, 2012; Mennenga and Bimonte-Nelson, 2013; Sherwin, 2006). The ovariectomy
(Ovx) model in rodents, whereby the primary source for circulating ovarian hormones, the
ovaries, are surgically removed, provides a low circulating ovarian hormone profile or a
‘blank hormonal slate’. Although some ovarian hormones (e.g., E2 and progesterone) can
also be synthesized in the brain (Kretz et al., 2004; Micevych and Sinchak, 2008; Tuscher et
al., 2016), the Ovx rodent model can be employed to study the cognitive effects of
exogenously administered hormone regimens that aim to achieve a specific circulating
hormone profile. In Ovx rats, E2 treatment enhanced cognitive performance on a multitude
of learning and memory behavioral paradigms, such as the radial-arm maze (Bimonte and
Denenberg, 1999; Daniel et al., 2006, 1997; Fader et al., 1999; Gibbs and Johnson, 2008;
Luine et al., 1998; Rodgers et al., 2010), Morris water maze (MWM; Bimonte-Nelson et al.,
2006; El-Bakri et al., 2004; Feng et al., 2004; Kiss et al., 2012; Lowry et al., 2010;
McLaughlin et al., 2008; Talboom et al., 2008), delayed match-to-position T-maze (Gibbs,
2007, 2002, 2000, 1999; Gibbs et al., 2004), and object placement (Conrad et al., 2012; Frye
et al., 2007; Luine et al., 2003; McLaughlin et al., 2008).

In the brain, E2 can modulate the MAPK/ERK pathway, which is involved in the formation
of different memory types (Atkins et al., 1998; Blum et al., 1999; Schafe et al., 2000). When
the MAPK/ERK signaling pathway is activated, the signal travels from a cell receptor (e.g.,
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estrogen receptors) to the nucleus DNA via a sequence of proteins, including the activated
extracellular signal-regulated kinase 1 and 2 (Erk1/2) (Ciccarelli and Giustetto, 2014;
Koebele and Bimonte-Nelson, 2017; Witty et al., 2012). Research indicates that, in the
dorsal hippocampus, MAPK/ERK activation is essential for long-term memory formation, as
well as for E2-induced beneficial effects on memory consolidation (Blum et al., 1999; Fan et
al., 2010; Fernandez et al., 2008; Harburger et al., 2009). Indeed, there is increased
expression of activated Erk2 in the dorsal hippocampus following E2 treatment (Fernandez
et al., 2008; Harburger et al., 2009; Witty et al., 2013). Blocking this E2-induced increase in
Erk2 activation attenuated the beneficial cognitive effects of E2 on the object recognition
task (Fan et al., 2010; Fernandez et al., 2008). E2 treatment can also increase the expression
of neurotrophins that are associated with learning and memory, including brain-derived
neurotrophic factor (BDNF), nerve growth factor (NGF), and neurotrophin 3 (NT-3), in
regions of the brain that are involved in cognitive function (i.e. entorhinal cortex and
hippocampus) (Bimonte-Nelson et al., 2004; Kiss et al., 2012; Zhou et al., 2005).
Neurotrophins and the MAPK/ERK pathway have been implicated in learning and memory
as well as neuroplasticity (Bechara et al., 2014; Gooney et al., 2002; McGauran et al., 2008).
Taken together, these studies highlight the significant role of E2 in cognitive function that is
mediated through its role in several defined pathways associated with neuroplasticity and
memory.

For women with an intact uterus, estrogen-based hormone therapies must also include a
progestogen component to offset the increased risk for developing endometrial hyperplasia
and cancer following exposure to unopposed estrogens (NAMS, 2012). Progestogens are a
class of steroid hormones, and include natural progesterone and progestins (synthetic
progestogens), which bind to the progesterone receptor. There is preclinical evidence that
some progestogens can also offset the cognitive benefits of E2 (Bimonte-Nelson et al., 2006;
Harburger et al., 2009, 2007; Lowry et al., 2010). For instance, studies testing combination
hormone therapies have shown that the addition of progesterone to E2 treatment reversed the
enhancing cognitive effects of E2 on the spatial reference memory MWM task in Ovx
rodents (Bimonte-Nelson et al., 2006; Harburger et al., 2007; Lowry et al., 2010). There is
also preclinical evidence that the addition of progesterone can attenuate E2-induced changes
in several neuromolecular mechanisms in the brain that are essential for cognitive function.
For example, in the entorhinal cortex, the E2-induced increases in BDNF, NGF, and NT-3
levels were obviated with the addition of progesterone (Bimonte-Nelson et al., 2004). In the
dorsal hippocampus, progesterone in combination with E2 treatment attenuated the E2-
induced increase in activated Erk2 expression (Harburger et al., 2009). These findings
indicate that the addition of a progesterone component in hormone therapy to oppose
undesired E2 stimulation in the periphery may not be cognitively beneficial, and that it can
attenuate associated E2-induced benefits.

Since progesterone has low systemic bioavailability with oral and transdermal delivery,
synthetic progestogens are often used for both contraceptive and hormone therapy purposes
(Du et al., 2013; Kuhl, 2005; Pickar et al., 2015). Medroxyprogesterone acetate (MPA) is a
synthetic progestogen that is commonly prescribed for birth control (Depo-Provera), as well
as used in combination with an estrogen for menopausal hormone therapy. Our laboratory
found that exogenous treatment with MPA alone in female rats impaired cognitive function
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(Braden et al., 2017, 2011, 2010). Furthermore, a study testing the effects of a tonic MPA
and E2 hormone combination showed that subcutaneous MPA (via a pellet) plus oral E2 (via
drinking water) treatment resulted in impaired learning on the MWM in middle-aged Ovx
rats compared to chronic E2, chronic E2 plus progesterone, or cyclic E2 (Lowry et al.,
2010). Additionally, subcutaneous tonic administration of progesterone or of MPA in adult
Ovx rats blocked the neuroprotective effects of E2 following excitotoxic lesion with kainate
(Rosario et al., 2006). These studies further indicate that the role of E2 on the brain and
cognitive function can be altered by the addition of a progestogen, and the magnitude of this
effect may be governed by the type of progestogen administered (e.g., progesterone versus
MPA).

Research done thus far supports the hypothesis that MPA has detrimental effects on
cognition, alone and in combination with estrogen; there are other FDA-approved
progestogens that satisfy the uterus opposing effects that have not been cognitively profiled.
An important goal to aid women’s health is to find a progestogen that will accomplish
uterine protection while not imposing negative cognitive effects. Levonorgestrel (Levo) is a
synthetic progestogen utilized in multiple contraceptives, such as intrauterine devices (i.e.
Mirena) and emergency contraception (i.e. Plan B), as well as in combination with estrogens
in oral birth control pills such as Lutera, Aviane, Seasonique, and Seasonale. In menopausal
hormone therapy, Levo is combined with E2 in the transdermal patch, Climara Pro. The
contraceptive efficacy of Levo, and of combination estrogen plus Levo, hormone
formulations are well established. However, research has only just begun to address the
potential effects of Levo on cognitive performance, and only one preclinical study has
evaluated such impact in the context of aging. Our laboratory has demonstrated that daily
subcutaneous administration of 0.6 pg Levo, a dose that is equivalent to the clinically
available Climara Pro patch when accounting for body weight, enhanced working memory
performance on the water radial-arm maze (WRAM) relative to administration of the vehicle
control in middle-aged, Ovx rats (Braden et al., 2017). This is especially exciting, as this is
the first progestogen given chronically shown to benefit memory in a preclinical model of
menopause. However, whether these benefits will hold when given in combination with an
estrogen is yet to be determined. This question is critically important given the strong
clinical use of combined regimens for menopausal hormone therapy.

The current study examined the effect of E2 + Levo hormone combination treatment on
cognitive function, with interpretations relative to vehicle control treatment, as well as
relative to E2 alone and Levo alone treatments. The intent was to study these regimens in the
context of older age and ovarian hormone loss. Thus, treatments were administered to
middle-aged Ovx rats. The 0.6 ug Levo dose was carefully chosen based on prior work from
our laboratory that showed enhancing cognitive effects of Levo alone at this dose (Braden et
al., 2017); we were interested in examining whether a cognitively enhancing Levo dose
when given alone would also enhance cognitive function when given in combination with
E2. First, cognitive function was assessed using a battery of behavioral tasks to test spatial
learning and memory using the WRAM (working and reference memory) and the MWM
(reference memory), including a control behavioral task (visible platform). Second,
following behavioral testing, activated Erk1 and Erk2 levels in brain regions that are
involved in cognitive function were evaluated, including the frontal cortex, dorsal
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hippocampus, CAL/CA2 ventral hippocampus, entorhinal cortex, and perirhinal cortex.
Given that the E2 and Levo regimens tested here were based on our prior effects benefitting
cognition, we hypothesized that E2 alone and Levo alone treatments would yield favorable
cognitive effects. Because Levo is often used in combination with estrogens in clinical
formulations, and because Levo is the first progestogen we have shown to initiate beneficial
cognitive effects when given alone, we sought to determine whether its beneficial effects
would hold when given combined with estrogen. Thus, here, we ask: in a surgical
menopause model, will the combination of two cognitively-enhancing hormones result in
strengthened beneficial effects, or in null or attenuating effects, on learning and memory
performance?

2. Methods

2.1 Animals

Forty middle-aged, 11-month old, Fischer-344 CDF virgin female rats from the National
Institute on Aging, Harlan Laboratories (Indianapolis, IN) were used based on prior
publications (Braden et al., 2017; Chisholm and Juraska, 2012; Rodgers et al., 2010). Rats
were pair housed on a 12-hour light/dark cycle, and food (Teklad global 18% protein rodent
diet, Envigo) and water were ad libitum. All procedures were done with approval from the
Avrizona State University IACUC and followed the standards set by the National Institutes of
Health.

2.2 Ovariectomy (Ovx)

All rats underwent Ovx surgery from the dorsolateral aspect under acute isoflurane
inhalation anesthesia. Each rat was administered a single subcutaneous injection of Rimadyl
(5 mg/kg) for pain. After dorsolateral incisions were made in the skin and peritoneum, a
ligature was applied to the tip of each uterine horn and each ovary was removed. The muscle
and skin were sutured (Coated VICRYL Suture, Ethicon) and rats were subcutaneously
administered saline (2 ml) to prevent dehydration.

2.3 Treatment Administration

Treatment administration started 21 days after Ovx surgery, and continued until the end of
the study (see Figure 1A for the study timeline). Rats were randomly assigned to receive
either a daily subcutaneous injection of sesame oil as control (Vehicle, n = 10) or a hormone
injection of 3 ug E2 (E2-Only, n = 10), 0.6 pg Levo (Levo-Only, n = 9), or a combination of
3 ug E2 and 0.6 pg Levo (E2 + Levo, n = 10), in 0.1 ml of sesame oil. All treatment
injections were done between 7:00-8:00 am; behavioral tasks were initiated half an hour
after the last treatment injection, and treatment groups were counterbalanced throughout the
day to account for timing differences between treatment injection and behavioral testing.
One animal from the Levo-Only group was excluded from all analyses due to premature
death, the cause of which was not related to experimental conditions. The dose for Levo-
Only treatment was based on published work from our laboratory where a daily
subcutaneous injection of 0.6 pg of Levo enhanced performance on the WRAM in middle-
aged Ovx rats (Braden et al., 2017). After 20 days of treatment, all animals started testing on
a battery of behavioral tasks to assess cognitive performance. The timing of treatment
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initiation and duration prior to behavior testing was methodically decided based on prior
studies from our laboratory that have shown effects of hormone treatment on cognitive
performance (Bimonte-Nelson et al., 2006; Engler-Chiurazzi et al., 2011; Mennenga et al.,
2015b; Talboom et al., 2008). Throughout the span of the study, body weights were
measured weekly to evaluate the expected increase in body weight as a result of Ovx,
followed by the expected decrease in body weight for animals that received an estrogen-
containing treatment (Figure 1B; Geary et al., 1994; McLaughlin et al., 2008; Mennenga and
Bimonte-Nelson, 2013).

2.4 Water Radial-arm Maze (WRAM)

The first behavioral task was the win-shift WRAM used to examine spatial working and
reference memory (Bimonte-Nelson, 2015a; Bimonte and Denenberg, 1999; Braden et al.,
2017; Mennenga et al., 2015¢; Mennenga and Bimonte-Nelson, 2015). WRAM testing
started on day 21 of treatment administration and lasted for 13 days. The maze was an 8 arm
apparatus, and 4 out of the 8 arms contained hidden platforms. Each arm’s dimensions were
38.1 cm x 12.7 cm, and platforms were 10 cm in diameter. The maze was filled with water
made opaque with nontoxic black paint that was kept between 18-20°C for the duration of
testing, and spatial cues were set up around the room to aid in spatial navigation. The room
was 248 cm x 243 cm in size.

Each subject was randomly assigned a set of platform locations, which were kept fixed for
the duration of testing for a subject. For each trial, subjects were dropped off in the start arm
and allowed a maximum of 3 min to find a platform; once on the platform, subjects
remained there for 15s before being placed in a heated testing cage for a 30s inter-trial
interval (ITI). A trial was completed when a platform was found. During the ITI, the just-
located platform was removed from the maze, and the maze water was cleaned of debris
with a fishnet. At the end of the 30s ITI, the next trial was started. There were a total of 4
trials per day (one trial per platform). There was an increase in working memory load across
trials as the memory system was increasingly taxed with the removal of each additional
found platform. On the last day of testing, a 6-hour delay between trials 2 and 3 was
implemented to examine delayed memory retention.

Performance on the WRAM for each subject was determined by scoring the orthogonal
measures of working and reference memory. Briefly, the first entry into a non-platformed
arm within a day was defined as a reference memory (RM) error. A re-entry into a RM (non-
platformed) arm within the same day was defined as a working memory incorrect (WMI)
error. An entry into a previously platformed arm within a day was defined as a working
memory correct (WMC) error.

2.5 Morris Water Maze (MWM)

The day after WRAM testing was completed, all animals began testing on the MWM to
evaluate spatial reference memory performance (Bimonte-Nelson, 2015b; Talboom et al.,
2014, 2008). The MWM apparatus was a circular tub, 188 cm in diameter, filled with water
(18-20°C) that was made opaque with nontoxic paint. One platform, 10 cm in diameter, was
submerged in the northeast (NE) quadrant of the tub. The location of the platform remained
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constant across all trials and days of testing. There were abundant spatial cues set up around
the room to aid in spatial navigation. The room was 348 cm x 337 cm in size. Each animal
received 4 trials per day for each of the 5 testing days. The subject was dropped off at one of
four starting locations (north, south, east, or west) at the start of each trial and was allowed
60s to locate the platform. The order of the drop off starting locations was randomized
across days, but kept constant for all animals across 4 trials within a day. Once the platform
was found, the subject remained on the platform for 15s and was then placed back into a
heated cage for a 5-8 min ITI. If the platform was not found within the allotted 60s trial
time, the subject was led to the platform and remained there for 15s before being placed
back into a heated cage for a 5-8 min ITI. Each rat’s swim path was recorded using the
Ethovision tracking system (Noldus Instruments, Wageningen, The Netherlands), and total
swim distance to the platform was analyzed. On the last day of testing, a probe trial was
administered as an additional 51" trial to test for spatial localization. For the probe trial, the
platform was removed and the subject was allowed to swim for a total of 60s after being
dropped off from the furthest drop off location (west) in relation to where the platform was
located (NE quadrant).

2.6 Visible Platform

To confirm their capability to perform the procedural components of a water-escape task,
animals were tested on the visible platform task the day after completion of MWM testing
(Bimonte-Nelson, 2015a; Mennenga et al., 2015a, 2015c). The visible platform task was
composed of a rectangular tub, 100 cm x 60 cm, filled with clear water kept at 18-20°C; a
black platform, 10 cm in diameter, remained 4 cm above the water surface throughout
testing. A curtain was used to block obvious spatial cues located in the area distal from the
maze. The room was 168 cm x 155 cm in size. There were a total of 6 trials per animal for
the one day of testing, with a 90s maximum trial time. Once the platform was found,
subjects were given 15s on the platform and then placed back into a heated cage (1Tl was 5-
8 min). The drop off location remained constant throughout testing, and the platform
location was varied semi-randomly between three distinct locations.

2.7 Blood Serum Analysis

The day after visible platform testing, animals were euthanized with isoflurane, starting at
the regular testing time and in the same order in which they were tested. Blood was collected
via cardiocentesis, allowed to clot at 4°C (Vacutainer 367986, Becton Dickinson and
Company, Franklin Lakes, NJ, USA), and centrifuged at 3000 rpm for 20 min at 4°C to
obtain blood serum. Serum was stored at —20°C until analysis. Circulating E2 and estrone
levels were determined by radioimmunoassay at the Core Endocrinology Laboratory of the
Pennsylvania State University, College of Medicine. Specifically, E2 and estrone levels were
measured in duplicate using a double antibody liquid-phase radioimmunoassay (Beckman
Coulter, Brea, CA) as previously reported (Engler-Chiurazzi et al., 2012; Koebele et al.,
2017; Mennenga et al., 2015c). For the E2 assay, E2-specific antibodies were used with 125]-
labeled E2 as the tracer. The E2 assay had a functional sensitivity of 4 pg/ml. Inter-assay
coefficients of variation at a mean level of 6 pg/ml E2 averaged 8%, and intra-assay
coefficients of variation averaged 6%. For the estrone assay, estrone-specific antibodies were
used with 125]-labeled estrone as the tracer. The estrone assay had a functional sensitivity of
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16 pg/ml. Inter-assay coefficients of variation for estrone at a mean level of 90 pg/ml
averaged 11%, and intra-assay coefficients of variation averaged 8%.

2.8 Uterine Horn Weights

It is known that uterine horn weight is impacted by the presence of ovarian hormones (e.qg.,
Engler-Chiurazzi et al., 2012; Mennenga et al., 2015b; Westerlind et al., 1998). To confirm
complete Ovx as well as E2 exposure, and to assess whether the addition of Levo impacted
the expected E2-induced increases, uterine horns were inspected and removed at sacrifice,
trimmed of visible fat, and weighed (wet weight).

2.9 Brain Dissection

Immediately following cardiocentesis, the brain was rapidly dissected. The Rat Brain Atlas
(Paxinos and Watson, 1998) was used as a reference for plate designations. The frontal
cortex was taken from the dorsal aspect of the brain (plates 5-14). The brain was then cut
across the coronal plane to gain access to the dorsal hippocampus (plates 33-35), and the
CA1/CA2 ventral hippocampus, entorhinal cortex, and perirhinal cortex (plates 39-42).
Brain regions were frozen and stored at —70°C until western blot analyses.

2.10 Western Blots

Activated Erk1/2 expression levels in the frontal cortex, dorsal hippocampus, CA1/CA2
ventral hippocampus, entorhinal cortex, and perirhinal cortex (all left hemisphere) were
analyzed using western blots (Orr et al., 2012). Samples were suspended in 1:50 w/v RIPA
buffer (150mm NaCl, 1% Triton X-100, 0.1% SDS, 0.5% Na deoxycholate, 50 mm Tris,
protease inhibitor (cat# 5892791001, Millipore-Sigma), and phosphatase inhibitor (cat#
524625, Millipore-Sigma)), homogenized with a probe sonicator (Ultrasonic Processor, Cole
Parmer, IL, USA), and centrifuged at 10,000 rpm for 10 min at 4°C. The BCA protein assay
(ThermoFisher Scientific, Pittsburgh, PA, USA) was used to determine protein
concentration. Brain homogenates were run on 4-12% NuPAGE Bis-Tris gel using the
SureLock mini-cell (Invitrogen, Carlsbad, CA, USA) and blotted to an Immobilon PVDF
membrane. All samples were loaded at the same protein concentration per brain region, and
all gels were counterbalanced by treatment group, with a total of three gels run per brain
region. The western blot was blocked in 10% non-fat milk for 1 hour, and incubated
overnight in anti-phospho p44/p42 Erk1/2 primary antibody (1:2000, Cell Signaling) at 4°C.
The blot was then incubated with anti-rabbit HRP (1:2000, Cell Signaling) for 1 hour at
room temperature, and visualized using chemiluminescence (LumiGlo and Peroxide, Cell
Signaling) in a film developer (Konica SRX-101A Film Processor, Tokyo, Japan). After
imaging, the blot was stripped in 0.2M NaOH and re-probed for anti-total p44/p42 Erk1/2
(1:1000, Cell Signaling). Densitometry was performed using ImageJ software. Activated
Erk1/2 levels were expressed as phosphorylated Erk1/2 expression normalized to total
Erk1/2 expression.
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2.11 Statistical Analyses

Behavioral measures obtained from each maze were analyzed separately, using two-tailed
tests unless otherwise specified. Alpha was set at p < 0.05 for all statistical analyses, and
Fisher’s PLSD tests were used for post hoc analyses.

To evaluate overall WRAM learning across all days, an omnibus repeated measures ANOVA
was run to examine the Day main effect (days 2—-12) for each of the three error types (WMC,
WMI, and RM errors). Next, based on prior publications (Bimonte-Nelson et al., 2015;
Braden et al., 2017), WRAM testing days were blocked into three blocks: Days 2-5 (Block
1), Days 6-9 (Block 2), and Days 10-12 (Block 3). Each block was analyzed separately
using repeated measures ANOVA for each of the three error types, as done previously
(Bimonte-Nelson et al., 2015; Braden et al., 2017). To determine the effects of hormone
treatment on WRAM performance, the independent variable was Treatment, and the
repeated measures were Trials nested within Days. In the case of a significant Trial x
Treatment interaction, Trials 3 and 4 were analyzed separately to test the higher memory
load trials, with Treatment as the independent variable and Days as the repeated measures.
For the WRAM delay, each treatment group was evaluated separately for WMC, WMI, and
RM errors using one-tailed repeated measures ANOVA since the delay period typically
impairs performance on the WRAM, as shown in prior findings (Braden et al., 2015; Hiroi et
al., 2016). Specifically, to analyze performance following the 6-hour delay, the post-delay
trials, Trials 3 and 4 on Day 13 (delay performance) were averaged and compared to the
average of the baseline trials, Trials 3 and 4 on Day 12 (baseline performance), as done
previously (Camp et al., 2012; Engler Chuirazzi et al., 2011; Mennenga et al., 2015; 2014).

MWM Total Swim Distance data were analyzed using repeated measures ANOVA. The
independent variable was Treatment, and the repeated measures were Trials nested within
Days. For the probe trial, repeated measures ANOVA was used to compare Percent Swim
Distance in the NE quadrant (the previously platformed quadrant) to the quadrant that was
located diagonally opposite to the NE quadrant (SW, southwest) to confirm spatial
localization of the platform location (Bimonte-Nelson, 2015b; Bimonte-Nelson et al., 2015).

For the visible platform analysis, Time to Platform was analyzed using repeated measures
ANOVA. The independent variable was Treatment and the repeated measures were Trials (6
trials).

For blood serum levels of E2 (pg/ml) and estrone (pg/ml), and uterine horn weights (g), a
one-way ANOVA was used with Treatment as the independent variable. A one-way ANOVA
was also used to analyze activated Erk1 and Erk2 expression in each brain region, with
Treatment as the independent variable and activated Erk expression (phosphorylated Erk
normalized to total Erk) as the dependent variable. To examine relationships between
activated Erk expression and cognitive performance, Pearson rcorrelations were run
between activated Erk1 and activated Erk2 expression in each brain region and WMC, WMI,
and RM error measures for Block 1 of WRAM, the block of testing where main behavioral
effects were seen. To account for multiple correlations, a false discovery rate (FDR)
threshold of 0.1 was used; both uncorrected (P) and FDR-corrected (@) statistics are
reported (Benjamini and Hochberg, 1995).
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3. Results
3.1 Water Radial-arm Maze (WRAM)

Spatial working and reference memory performance were measured using the WRAM. To
analyze overall learning across all days of testing, there was a main effect of Day for each
memory measure, whereby errors decreased for WMC [F (10 35) = 7.042, p < 0.0001], WMI
[F(10,35) = 12.603, p < 0.0001; Figure 2A], and RM [F(10,35) = 8.176, p < 0.0001] across
days 2-12 of testing, demonstrating learning of the WRAM task for all three measures of
memory (data not shown). For each memory measure, there was no significant Treatment x
Day interaction for Days 2-12, suggesting that groups did not differ in WRAM learning
across the entire learning curve. In Block 1, there was a main effect of Treatment for WMI
errors [F(3 35) = 3.597, p < 0.05; Figure 2B]. Post hoc analysis of this measurement collapsed
across all trials revealed fewer errors in the E2-Only [p < 0.05] and Levo-Only [p< 0.01]
treatment groups relative to the Vehicle control group, while there were no significant
differences between the Vehicle and E2 + Levo groups. These results indicate that the
individual hormone treatments, E2-Only and Levo-Only, enhanced WMI performance
during task acquisition, while the combination treatment did not. Additionally, post hoc
analyses for Block 1 for WMI revealed that the E2 + Levo group made more errors than the
Levo-Only group [p < 0.05], demonstrating that the E2 + Levo hormone combination
treatment impaired acquisition of the WMI measure relative to Levo-Only treatment; there
was a marginal trend for the E2 + Levo group to make more errors than the E2-Only group
[p<0.1], suggesting that the E2 + Levo hormone combination treatment tended to impair
acquisition of the WMI measure relative to E2-Only treatment. For Block 1, there was also a
significant Treatment x Trial interaction [F(g 105) = 2.23, p < 0.05; Figure 2C] for WMI
errors. Post hoc analyses showed that E2-Only [p < 0.01; Figure 2D], Levo-Only [Figure
2D], and E2 + Levo [p < 0.01; Figure 2D] treatment groups made fewer WMI errors
compared to the Vehicle control group on Trial 3, the moderate working memory load trial.
On Trial 4, the highest working memory load trial, post hoc analyses revealed that the E2 +
Levo group made more WMI errors than the E2-Only [p < 0.05; Figure 2E] and Levo-Only
[p < 0.05; Figure 2E] groups, signifying that the combination hormone treatment impaired
the ability to handle a high working memory demand relative to the groups treated with
either hormone alone. Due to these divergent cognitive effects of the E2 + Levo treatment
across trials, a post hoc decision was made to test the interaction between the high working
memory load trials, Trial 3 and 4, and E2 + Levo treatment group WMI performance relative
to Vehicle control. This interaction was indeed significant [F(1,18) = 6.67, p < 0.05],
indicating that the cognitive impact of the E2 + Levo hormone combination treatment is
modulated by demand in working memory load (Figure 2F). The Treatment main effects for
WMC or RM for Blocks 1, 2 and 3, and for WMI for Blocks 2 and 3, were not significant
(data not shown).

Following the 6-hour delay on Day 13, the Vehicle control group [F(1,9) = 4.509, p < 0.05]
and Levo-Only group [F(1,8) = 0.5099, p < 0.05] made more WMC errors on the post delay
trials relative to baseline trials, indicating forgetting across the delay period (Figure 3). E2-
Only and E2 + Levo groups did not significantly differ in WMC errors for post delay trials
compared to baseline trials (Figure 3), suggesting that these groups did not show significant
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forgetting across the delay period. No differences were seen for WMI and RM error
measures for each treatment group on the post-delay trials relative to baseline trials (data not
shown).

3.2 Morris Water Maze (MWM)

The MWM was used to evaluate spatial reference memory performance. There was a main
effect of Day across all five days of testing, with Total Swim Distance scores decreasing
across days [F4,35) = 83.997, p < 0.0001; Figure 4A]. The lack of a significant Treatment x
Day interaction indicates that the groups did not differ in learning trajectory across days.
The Treatment main effect for swim distance to the platform was not significant. For the
probe trial, there was a main effect of Quadrant, with a greater percent swim distance spent
in the NE target quadrant, the previously-platformed quadrant, relative to the opposite, SW
quadrant [F(; 35) = 246.174, p < 0.0001; Figure 4B], indicating spatial localization of the
platform location. The lack of a significant Treatment x Quadrant interaction suggests that
the groups did not differ in their pattern of spatial localization by the end of testing.

3.3 Visible Platform

Motor and visual competence to solve a water-escape maze task was evaluated using the
visible platform test. There was a main effect of Trial [F(s 35) = 5.609, p < 0.0001], with an
8.6s average latency to the platform across trials (data not shown). During the last trial of
testing, each animal reached the platform in under 18s, confirming the ability to complete a
water-escape maze task. Neither the Treatment, nor the Treatment x Trial interaction, was
significant, indicating that the groups did not differ in the ability to learn and perform the
procedural components of a water-escape maze task.

3.4 Blood Serum Analysis

E2 and estrone levels in blood serum, collected at sacrifice, were analyzed. For E2 levels,
there was a main effect of Treatment [F(3 34) = 10.691, p < 0.0001], with post hoc analyses
showing higher E2 levels for the E2-Only [p < 0.0001] and E2 + Levo [p < 0.0001] groups
compared to the Vehicle group, as well as higher E2 levels for the E2-Only [p < 0.0001] and
E2 + Levo [p < 0.0001] groups compared to the Levo-Only group (Figure 5A). For estrone
levels, there was a main effect of Treatment [F3 35) = 25.014, p < 0.0001], with higher
estrone levels for both E2-Only [p < 0.0001] and E2 + Levo [p < 0.0001] groups relative to
the Vehicle group, as well as higher estrone levels for both E2-Only [p< 0.0001] and E2 +
Levo [p < 0.0001] groups relative to the Levo-Only group (Figure 5B). These results verify
systemic presence of E2 and estrone in the groups receiving exogenous E2 treatment.

3.5 Uterine Horn Weight

There was a main effect of Treatment [F(3 35) = 58.915, p < 0.0001] for uterine horn weights;
higher weights were seen in the E2-Only [p < 0.0001] and E2 + Levo [p < 0.0001] groups
compared to the Vehicle group, and higher weights were seen in the E2-Only [p < 0.0001]
and E2 + Levo [p < 0.0001] groups compared to the Levo-only group, as expected with
estrogen exposure (Figure 5C; Engler-Chiurazzi et al., 2012; Mennenga et al., 2015b;
Westerlind et al., 1998). There was no significant difference in uterine horn weights between
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the E2-Only group and the E2 + Levo group, suggesting that the addition of the currently-
utilized Levo regimen to the E2 treatment did not impact the E2-induced increase in uterine
horn weight at the time of uterine data collection.

3.6 Brain Analysis

Western blots were performed to examine activated Erk1 and Erk2 expression in several
regions of the brain that are indicated in learning and memory. There were no significant
main effects of Treatment for activated Erk1 and Erk2 expression in the frontal cortex,
dorsal hippocampus, CA1/CA2 ventral hippocampus, entorhinal cortex, or perirhinal cortex
(data not shown). A correlation table summarizing the relationship between activated Erk1
and activated Erk2 expression in the frontal cortex and error measures for Block 1 of
WRAM for each treatment group is presented in Table 1. After adjusting for multiple
correlations using a set FDR threshold of 0.1, a relationship between cognitive performance
and activated Erk2 expression was seen that was specific to animals treated with E2-Only,
with higher levels of activated Erk2 associated with better performance. In particular, in the
frontal cortex, there was a significant negative correlation between activated Erk2 expression
and Block 1 WMC errors within the E2-Only group [r(19) = -0.88, < 0.001, 0<0.1;
Figure 6B], suggesting that the E2-treated animals that tended to have higher levels of
activated Erk2 in the frontal cortex tended to make fewer WMC errors. In contrast to the
relationship seen with E2-Only treatment, there was no significant correlation between
activated Erk2 expression in the frontal cortex and Block 1 WMC errors within the E2 +
Levo treatment group [r(19) = 0.26, = 0.47, Q= 0.87; Figure 6D], suggesting that the
addition of Levo obviated the E2-induced association between working memory
performance and activated Erk2 levels in the frontal cortex. There was also no significant
correlation between activated Erk2 expression in the frontal cortex and Block 1 WMC errors
within the Vehicle control group [r(19) = 0.72, = 0.02, Q= 0.28; Figure 6A] and within the
Levo-Only treatment group [r(18) = -0.43, £=0.25, Q= 0.87; Figure 6C]. There was no
significant relationship between cognitive performance and activated Erk1 expression, nor
between cognitive performance and activated Erk2 expression, in the dorsal hippocampus,
CA1/CAZ2 ventral hippocampus, entorhinal cortex, or perirhinal cortex (correlation tables not
shown).

4. Discussion

The current study demonstrated that E2-Only and Levo-Only treatments enhanced working
memory performance during acquisition of the WRAM, as measured by WMI errors
collapsed across all trials, and that the combination of E2 + Levo attenuated these beneficial
cognitive effects. In fact, at the highest demand working load (trial 4) during acquisition, the
E2 + Levo combination impaired performance, as compared to the E2-Only and Levo-Only
groups. Thus, even a progestin that we have shown here and in prior work (Braden et al.,
2017) to enhance the ability to handle an increasing working memory load on the WRAM
task when given alone, can reverse the beneficial effects of E2 at a high memory demand.
Additionally, we showed that there was a distinct relationship between activated Erk2
expression in the frontal cortex and working memory performance within the E2-Only
treatment group, which was mitigated by the addition of Levo to the E2 treatment. However,
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Levo did not uniformly attenuate the benefits of E2. At a working memory load that was less
demanding, the addition of Levo did not reverse the cognitive benefits of E2 relative to
vehicle treatment, as determined by trial 3 for WMI errors on the WRAM. Indeed, similar to
each hormone treatment given alone, the hormone combination treatment benefitted this
moderate working memory load trial performance as compared to the vehicle treatment.

Overall, we found that all hormone treatment groups were able to learn spatial working and
reference memory tasks, as shown by their performance across all days on the WRAM
(Days 1-12, collapsed across the 4 trials) and the MWM (Days 1-5, collapsed across the 4
trials). During the acquisition phase of the WRAM (Block 1 of testing), when rats were
initially learning the rules of the task, the E2-Only and Levo-Only treatment groups made
fewer WMI errors across all four trials compared to the vehicle group, indicating that E2-
Only and Levo-Only enhanced working memory performance during the learning phase of
the task relative to control. With reference to prior publications testing E2 (using various
regimens, doses, and rat ages), in general, our results here are consistent with previously
published findings suggesting enhanced cognitive performance with E2 only treatment
(Bimonte and Denenberg, 1999; Daniel et al., 2006, 1997; Fader et al., 1999; Gibbs and
Johnson, 2008; Luine et al., 1998; Rodgers et al., 2010). Our results are also consistent with
previously published findings of enhanced cognitive performance with Levo only treatment
(Braden et al., 2017; Simone et al., 2015). When evaluating all four trials combined, the
combination of E2 + Levo obviated the working memory benefits of E2-Only and Levo-
Only. There has been only one other published preclinical study testing an estrogen/Levo
combination, whereby the synthetic estrogen ethinyl estradiol (EE) plus Levo was tested in a
different model and behavior paradigm: the young ovary-intact rat tested in object memory
(Simone et al., 2015). However, even with the important differences between our studies,
similar results were reported, with the EE plus Levo hormone combination treatment
attenuating EE-induced improvements in novel object memory and Levo-induced
enhancements in visuospatial memory in ovary-intact young rats (Simone et al., 2015).
Preclinical studies testing other combination hormone therapies have also shown that, in
Ovx rodents, the addition of natural progesterone to E2 treatment can reverse the enhancing
cognitive effects of E2 (Bimonte-Nelson et al., 2006; Harburger et al., 2007; Lowry et al.,
2010). It has also been shown that the addition of MPA to an E2 treatment resulted in
impaired learning on the MWM compared to E2 treatment alone (Lowry et al., 2010).

Interestingly, results from this study showed that working memory demand influenced the
direction of hormone treatment effects on cognitive performance specifically during the
acquisition phase of the WRAM. On Trial 3, when the working memory load was moderate,
the E2-Only, Levo-Only, and E2 + Levo treatment groups made fewer WMI errors than the
vehicle group, suggesting that all hormone treatments enhanced performance relative to
control treatment during this moderate demand trial. However, on Trial 4, when the working
memory load was highest, the E2 + Levo treatment group made more WMI errors compared
to E2-Only and Levo-Only treatment groups, revealing that this estrogen/progestin
combination treatment impaired high demand working memory ability relative to each
individual hormone treatment. This is additionally represented in Figure 2F, with effects
clearly illustrated by the interaction between the moderate and the high working memory
load trials (Trials 3 and 4) and Treatment (E2 + Levo group versus the vehicle group). Taken
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together, these results indicate that the hormones E2 and Levo impact cognitive function in a
model of surgical menopause, with the direction of this mnemonic impact dependent on: 1)
whether E2 and Levo are administered alone as an individual exogenous regimen, or
together as a hormone combination exogenous regimen, and 2) cognitive demand. Each
individual hormone regimen and the combined hormone regimen enhanced cognitive
performance when the working memory demand was moderate; however, when the working
memory demand was high, these two hormones in combination impaired performance
compared to each hormone alone. These findings are in accordance with previous studies
demonstrating distinct hormone effects across an increase in working memory demand,
including with estrogens (Bimonte and Denenberg, 1999; Hiroi et al., 2016; Mennenga et al.,
2015b), progestogens (Braden et al., 2017, 2015, 2011), and androgens (Camp et al., 2012;
Mennenga et al., 2015c).

When a 6-hour delay period was implemented for the WRAM, neither of the E2-treated
groups (E2-Only and E2 + Levo) differed in WMC errors between the post-delay trials and
the baseline trials. This suggests that exogenous E2 treatment protected from delay-induced
impairment in performance on working memory. Of note, the addition of Levo to E2 did not
reverse the protective effects of E2-Only against delay-induced impairment in working
memory performance. However, the vehicle and Levo-Only treatment groups exhibited
impaired performance, where they made more WMC errors on the post-delay trials relative
to their baseline performance. Together, these findings demonstrate a potential protective
effect of E2 on cognitive function across the delay period that was not seen with the vehicle
and the Levo-Only treatment, regardless of whether Levo is on board with the E2 treatment
or not. These results are consistent with previous studies where E2 enhanced cognitive
performance following the implementation of a delay period (Harburger et al., 2007;
Talboom et al., 2008). For instance, one study trained aged Ovx mice on the MWM and then
immediately administered vehicle, E2, or E2 plus a low or high dose of progesterone
treatment (Harburger et al., 2007). Following a 24 hour delay period, results showed that the
E2 treatment enhanced performance (Harburger et al., 2007). The addition of a low dose of
progesterone did not alter the beneficial cognitive effects of E2 on post-delay performance,
but the addition of a high dose of progesterone attenuated the beneficial cognitive effects of
E2 on post-delay performance (Harburger et al., 2007). Another study from our laboratory
also showed that E2 treatment had beneficial effects on overnight forgetting on the MWM
task compared to vehicle control (Talboom et al., 2008). Collectively, these results reveal a
protective role of E2 in cognitive function following the implementation of a delay period.

The hormone impact was working memory-specific in the current study. For the spatial
reference memory MWM, all treatment groups decreased in swim distance to the platform
across all days of testing. However, there were no treatment differences in the swim distance
to the platform, suggesting similar spatial reference memory performance on this task. On
the probe trial for MWM, all treatment groups swam a greater percent distance in the NE
target quadrant, which previously contained the platform, compared to the opposing SW
quadrant. Thus, results from the MWM task showed that all groups were able to effectively
learn the spatial reference memory task and spatially localize to the platform location in a
similar pattern. It is important to note that the MWM was administered following the
WRAM. Some studies suggest that previous cognitive experience can impact learning and
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memory performance (Markowska, 2002; Talboom et al., 2014). Thus, prior learning
experience may have affected learning and memory performance on the MWM in the
present study, and may be in part contributing to the lack of significant treatment effects on
the MWM. However, these data are consistent with the lack of a treatment effect for the
spatial reference memory measure of the WRAM in the current study.

The visible platform task tests the ability of animals to effectively perform the procedural
components of a water-escape maze task. There were no treatment differences and no
treatment by trial interactions on the visible platform task, indicating that all groups had
similar capabilities required to effectively complete a water-escape maze task. Therefore, our
interpretations of treatment effects on cognitive performance are not impacted by the motor
and visual capabilities of the animals.

In the current study, we confirmed E2 exposure by showing that E2 treatment elevated
circulating levels of E2 and its metabolite, estrone, relative to vehicle treatment, and by
demonstrating that uterine horn weight increased with E2 treatment as compared to vehicle
treatment. In women, the addition of a progestogen is meant to offset the uterine stimulation
induced by estrogen, and this has been seen in rat models (Armstrong, 1968; Creasy et al.,
1992; Mennenga and Bimonte-Nelson, 2015). However, in the current study, the addition of
Levo to E2 treatment did not significantly reduce E2-induced increase in uterine horn
weight. This may be explained in part by the 5:1 E2 to Levo ratio used in the present study,
which was based on the dose of Levo that has previously been shown to enhance spatial
learning and memory when administered alone. Additional investigation is warranted to
address whether decreasing the E2 to Levo ratio, including to the 3:1 ratio used in Climara
Pro, can significantly reduce uterine horn stimulation.

In the frontal cortex, the present study found a relationship between working memory
performance and activated Erk2 expression for the E2-Only group, where animals that
tended to perform better on the WMC measure tended to have higher activated Erk?2
expression. This suggests that there is a unique relationship between working memory
performance and activated Erk2 expression in the presence of E2 in the frontal cortex, a
region that is heavily involved in normal working memory function (Funahashi and Kubota,
1994). It is noteworthy that the beneficial cognitive effects of E2 in this study were specific
to working memory, and here the activation of a signaling pathway implicated in cognitive
function was linked particularly to E2-Only treatment and its effects in a region of the brain
that plays a significant role in processing working memory information. In contrast to the
relationship seen with E2-Only treatment, there was no relationship between cognitive
performance as measured by WMC errors made and activated Erk2 expression within the E2
+ Levo hormone combination treatment group, indicating that the addition of Levo obviated
the E2-induced association between cognitive performance and activated Erk2 levels in the
brain. Additionally, there was a relationship trend within the Vehicle group between
activated Erk2 expression in the frontal cortex and WMC errors, whereby higher activated
Erk2 levels correlated with higher WMC errors, indicating that E2-Only treatment may have
reversed the relationship between activated Erk2 expression and working memory
performance in the control group; this correlation was statistically significant before the
correction, but it was not statistically significant after correcting for multiple correlations.
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Although the relationship between cognitive performance and activated Erk2 levels in the
frontal cortex was specific to the WMC measure and the beneficial cognitive effects of E2-
Only treatment were specific to the WMI measure, it is important to note that these measures
of working memory performance are orthogonal and may be governed by different
neurological pathways and brain regions. For example, a hippocampal lesion study found
that a complete hippocampal lesion in male rats resulted in increased WMC errors compared
to WMI errors when tested on an 8-arm radial arm maze, but no differences were seen
between WMC errors and WMI errors in control rats and in rats with partial hippocampal
lesions (Jarrard et al., 2012). Thus, the type of memory affected, and the directionality of the
cognitive effect following hormone treatment, may be governed by the brain regions and
neural pathways that are specific to the hormones examined. There were no treatment-
induced differences in activated Erk1 and Erk2 expression in the dorsal hippocampus,
CA1/CAZ2 ventral hippocampus, frontal cortex, entorhinal cortex, or perirhinal cortex. It is
important to highlight that the treatment regimen in this study was a chronic and cyclic low
dose injection, whereas studies that have shown E2-induced increase of activated Erk?2
expression in the dorsal hippocampus are typically acute or injected at a higher or tonic dose
(Fernandez et al., 2008; Harburger et al., 2009; Witty et al., 2013).

The growing preclinical and clinical evidence indicates great complexity in the cognitive
effects of ovarian hormone loss and hormone therapy. This drives us toward opening new
avenues of study to help us understand which factors play into this complexity in order to
truly understand hormone-related impacts. Many publications indicate that ovarian hormone
loss in women, and in rodents, is associated with changes in memory performance across
multiple domains of memory, that subsequent E2 treatment can result in beneficial effects on
cognitive function, and that the addition of a progestogen can attenuate these E2-induced
cognitive benefits (for reviews: Frick, 2015; Koebele and Bimonte-Nelson, 2015; Korol and
Pisani, 2015; Maki, 2012; Mennenga and Bimonte-Nelson, 2013; Sherwin, 2006). There are
notable exceptions to these outcomes, as the extent and direction of hormone therapy effects
are sensitive to a myriad of variables. The details and parameters of how such factors impact
outcomes are just beginning to be understood (Koebele and Bimonte-Nelson, 2015, 2017;
Korol and Pisani, 2015). For example, age is a critical factor affecting the efficacy of
estrogens on cognitive and brain function, with diminished or lost efficacy as aging ensues
(Bean et al., 2014; Foster et al., 2003; Gibbs, 2010; Koebele and Bimonte-Nelson, 2017;
Maki, 2013; Mennenga and Bimonte-Nelson, 2013; Talboom et al., 2008). Thus, the
hormone treatment effects observed in the present study in middle-aged rats may be more
pronounced if tested in young rats, and may be attenuated in aged rats.

Several large-scale clinical studies have set out with the common goal to further understand
the cognitive impact of menopause and hormone therapies taken by women (Gleason et al.,
2015; Greendale et al., 2011; Karlamangla et al., 2017; Rapp et al., 2003; Shumaker et al.,
2003). Only one human study thus far has specifically evaluated the impact estrogen and
Levo have on cognitive function. In this study, the estradiol valerate plus Levo oral hormone
therapy, Kilomonorm, was assessed; after two months, Kilomonorm improved
concentration, speed of cognitive function, and short-term memory in peri- and post-
menopausal women that either had received a hysterectomy (n = 6), ovariectomy (n = 14),
hysterectomy plus ovariectomy (n = 6), or no surgical manipulations (n = 52) (Rudolph et
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al., 2000). In the current study, we showed that the cognitive effects of the estrogen plus
Levo treatment in surgically menopausal rats are contingent on the level of cognitive
demand and memory type evaluated. Thus, systematically designed studies of clinically-
relevant hormone formulations and their effects in animal models of menopause are critical;
information gained from such studies can inform future human study designs as steps are
taken to further understand the complex interactions between hormones and various memory
domains.

5. Conclusion

To our knowledge, this study is the first to examine the effect of an E2 + Levo hormone
combination treatment, as well as E2-Only and Levo-Only treatments, on cognitive function
in a preclinical model of surgical menopause. Hormone therapy, which can contain only
estrogens, only progestogens, or an estrogen plus progestogen combination, is used to
decrease the onset and severity of undesired changes associated with menopause. Thus, it is
critical to not only examine the individual effects of hormones on symptoms associated with
menopause, including the impact on learning and memory, but also how the combination of
both an estrogen and a progestogen impacts these symptoms. Our results showed that E2 and
Levo each have beneficial effects on spatial working memory when administered separately,
replicating our prior studies (Bimonte-Nelson et al., 2006; Bimonte and Denenberg, 1999;
Braden et al., 2017; Talboom et al., 2008). However, the E2 + Levo hormone combination
impaired spatial working memory relative to either of the hormones alone when the spatial
working memory task was highly taxing. Furthermore, a relationship between activated Erk?2
levels in the frontal cortex and spatial working memory following E2-Only treatment was
observed. These findings are significant as they highlight opposing effects of an estrogen
and progestogen hormone combination treatment, and raise further questions regarding
which underlying neurobiological mechanisms are responsible for the individual cognitive
enhancements of E2-Only and Levo-Only, and for the negating effects when the two
hormones are administered together. This study illustrates that although an estrogen and a
progestogen can be cognitively beneficial when administered alone, the clinically used
combination of the same estrogen and progestogen does not necessarily result in added
benefits, and can in fact yield impairments. Indeed, in the context of hormone therapy, one
plus one does not always equal two.
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. 17B-estradiol (E2) and Levonorgestrel (Levo) are exogenous hormones given
alone and in combination to women

. The cognitive effects of E2 and Levo were tested in middle-aged,
ovariectomized rats

. E2 alone and Levo alone improved spatial working memory performance

. The E2+Levo combination attenuated the cognitive effects of E2 and of Levo
as memory load increased

. While E2 and Levo alone improved memory, the E2+Levo combination did
not maintain these effects
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Figure 1. Study timeline and trajectory of rat body weight throughout the span of the study
(A) Study timeline depicts time periods between Ovx, start of treatment injections, and order

of behavioral testing. (B) Changes in body weight accurately represent expected fluctuations
as a result of Ovx, type of treatment, and maze testing.

Neurobiol Aging. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Prakapenka et al.

Page 26

A. B. WNMI: Summed acrossall trials,

" WMI Block 1 only

—e— Vehicle

4 -8 E2-Only z
= .-a+ Levo-Only E
£ % E2+Levo =
= Tag

2

ey, ‘.'g\( Lo, &3
0 el )"{l' "'00(,, "—m»,,
Block 1 Block2 Block 3
D. WMI: Trial 3 only, Block 1

C. WMI Block 1

4 —&— Vehicle
--B-- E2-Only
-+ Levo-Only ;

o

---§.-- E2+Levo

Voo, £2. Lo, &2,
et > Ony, 0.0y Lev,

Errors
(%]

E. WNMI: Trial 4 only, Block 1

Trial

| increase in working memory load >
l

F. WMI Block 1
3 I
£ 2
t ," —e— Vehicle
= 4 SRS EX v Bevo

Trial 3 Trial 4

Figure 2. Water radial-arm maze (WRAM) performance
A) Learning curve for WMI errors, collapsed across trials for Blocks 1, 2, and 3. B) WMI

Block 1 only, summed across trials, depicting a decrease in WMI errors for E2-Only and
Levo-Only treatment groups relative to the Vehicle group. C) WMI errors across Trials 1-4
for Block 1 of testing. D) WMI errors on Trial 3 only, the moderate working memory load
trial, for Block 1 of testing, illustrating that all hormone treatment groups made fewer WMI
errors relative to the Vehicle group. E) WMI errors on Trial 4 only, the high working
memory load trial, for Block 1 of testing, depicting that the E2+Levo group made more
WMI errors relative to E2-Only and Levo-Only groups. F) Treatment x Trial interaction,
representing WMI errors made on the moderate and high working memory load trials (Trials
3 and 4, respectively) and Treatment (MVehicle and E2+Levo) for Block 1 of testing. The
impact of E2 + Levo treatment on WMI performance was dependent on working memory
demand. All errors are expressed as mean + SEM. #p < 0.1, *p < 0.05, **p < 0.01.
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Figure 3. Water radial-arm maze (WRAM) performance following a 6-hour delay
Top graph shows WMC errors made on baseline trials (T3+4 on Day 12 of WRAM) and

post-delay trials (T3+4 on Day 13 of WRAM) for all treatment groups. Bottom graphs
illustrate WMC errors made on baseline trials and post-delay trials split by treatment group.
All errors are expressed as mean + SEM. *p < 0.05
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Figure 4. Morris water maze (MWM) performance
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A) Swim distance to the platform for the 5 days of testing, illustrating that all treatment
groups learned the task as depicted by the decrease in swim distance across days. B) Percent

swim distance in the northeast (NE) quadrant that previously contained the platform

compared to the opposing southwest (SW) quadrant that never contained a platform on the
probe trial, confirming spatial localization of the platform by animals from all treatment

groups. All measurements are expressed as mean + SEM. ***p < (0.0001
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Figure 5. Circulating E2 and estrone levels and uterine horn weights
(A) E2 blood serum levels were increased in the E2-Only and E2+Levo treatment groups

compared to the Vehicle group and compared to the Levo-Only group. (B) Estrone blood
serum levels were elevated in the E2-Only and E2 + Levo treatment groups relative to the
Vehicle group and relative to the Levo-Only group. (C) Uterine horn weight increased for
the two E2 treated groups (E2-Only, and E2 + Levo) relative to the Vehicle group and
relative to the Levo-Only group. All measurements are expressed as mean + SEM. ***p <
0.0001

Neurobiol Aging. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Prakapenka et al.

Page 30

3 Vehicle E2-Only
A. . B. 3
Z 2 °
£2 8 e £
by °e ° o
v . i v N
§ 1 e® total 44 |§ § 1 .
P<0.05;0=10.28 fofali2: g P<0.001; *Q < 0.1
r=0.72 r=-0.88
00 05 1.0 15 00 05 10 15
Activated Erk2 expression Activated Erk2 expression
Levo-Only E2 + Levo
C. 3 D. 3
@ lis @ °
,_5_ 2 . 534 1 § 2 e o° M;
5 T, 5 el
Q . O e * . e
=1 total 44 =1 total 44
3 ® total 42 3 total 42
r=-0.43 N r=026 ’
00 05 10 15 00 05 10 15

Activated Erk2 expression Activated Erk2 expression

Figure 6. Pearson r correlations between Block 1 WMC errors and activated Erk2 expression in
the frontal cortex

For each treatment group, a single sample was chosen to provide a representative image of
the blots for phosphorylated Erk1 and Erk2 as well as total Erk1 and Erk2 in the frontal
cortex. (A) Block 1 WMC errors did not correlate with activated Erk2 expression within the
Vehicle group. (B) Block 1 WMC errors correlated with activated Erk2 expression within
the E2-Only group. (C) Block 1 WMC errors did not correlate with activated Erk2
expression within the Levo-Only group. (D) Block 1 WMC errors did not correlate with
activated Erk2 expression within the E2+Levo group. Of note, the false discovery rate-
corrected statistics (Q) are reported here to account for multiple correlations. * Q@< 0.1.
Activated Erk2 expression is expressed as phosphorylated Erk2/total Erk2.
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