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Abstract

The majority of estrogen-based hormone therapiesadministered in combination with a progestogeichsas
Levonorgestrel (Levo). Individually, the estrogeffstradiol (E2) and Levo can improve cognition iaghinical
models. However, although these hormones are afteen together clinically, the impact of the E2 €vb
combination on cognitive function has yet to behodically examined. Thus, we investigated E2 + Lieeatment
on a cognitive battery in middle-aged, ovariectadizats. When administered alone, E2 and Levontesatis each
enhanced spatial working memory relative to vehicdatment, while the E2 + Levo combination impaitegh
working memory load performance relative to E2-Qmlgd Levo-Only. There were no effects on spaéfdrence
memory. MAPK/ERK pathway activation, which is invetl in memory formation and estrogen-induced memory
effects, was evaluated in five brain regions ingild in learning and memory. A distinct relatiopsivias seen in
the E2-only treatment group between MAPK/ERK pathaativation in the frontal cortex and working memo
performance. Collectively, the results indicatet ttiee differential neurocognitive effects of comddilon versus
sole treatments are vital considerations as we nfomeard as a field to develop novel, and to undem

currently-used, exogenous hormone regimens adned#dspan.
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1. Introduction

Menopause, defined as the cessation of menses least one year, is marked by a reduction in koél
ovarian hormones, including estrogens and progesterThis decrease in circulating levels of ovatiarmones
can lead to the onset of several undesired phygimb symptoms, including hot flashes, vaginal plig and
osteoporosis (Al-Safi and Santoro, 2014; NAMS, 2015 women, several domains of memory performaase,
well as focus and concentration, are also senditivehanges in ovarian hormone levels, and have asgociated

with menopausal status (Maki, 2012). The presemck severity of these symptoms vary amongst womed,

o))

these symptoms can greatly impact a woman’s quafitjfe; as a result, some women choose to takenbpne
therapy to ameliorate their symptoms. Thus, itripérative to acquire a thorough understanding of alberations
in levels of ovarian hormones, and exogenously atered hormones, impact issues associated wittopaeise,
such as changes in memory. Moreover, elucidatiagdhes of ovarian hormone loss and hormone thesag the
brain and its functions could lead to novel hormdherapy options that are tailored to alleviatimgedfic
symptoms associated with menopause.

17p-estradiol (E2) is the most potent, naturally datimg estrogen in mammals, and it is commonly used
as the estrogenic component in hormone therapynropause. As early as the 1950s, studies havestedga
beneficial role of estrogens in cognitive and mdlamolecular processes of the central nervous ray$éeg.,
Bimonte and Denenberg, 1999; Caldwell and WatsBh21Komnenich et al., 2013; Matsumoto et al., 1$8Bgh
et al., 1995; Woolley and McEwen, 1993). Todayreéhare an extensive array of studies aimed at statating
the effects of E2 on learning and memory in hunaangell as in animal models (for reviews: Frick120Koebele
and Bimonte-Nelson, 2015; Korol and Pisani, 201%8kM2012; Mennenga and Bimonte-Nelson, 2013; Simerw
2006). The ovariectomy (Ovx) model in rodents, wegrthe primary source for circulating ovarian hormes, the
ovaries, are surgically removed, provides a lowutating ovarian hormone profile or a ‘blank horrabslate’.
Although some ovarian hormones (e.g., E2 and ptega®) can also be synthesized in the brain (Keetal.,
2004; Micevych and Sinchak, 2008; Tuscher et @162, the Ovx rodent model can be employed to sthdy
cognitive effects of exogenously administered harenegimens that aim to achieve a specific cirmuatormone
profile. In Ovx rats, E2 treatment enhanced cogaitperformance on a multitude of learning and megmor

behavioral paradigms, such as the radial-arm nBireonte and Denenberg, 1999; Daniel et al., 200871 Fader
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et al., 1999; Gibbs and Johnson, 2008; Luine et18198; Rodgers et al., 2010), Morris water maz&\V{iit
Bimonte-Nelson et al., 2006; El-Bakri et al., 200%ng et al., 2004; Kiss et al., 2012; Lowry et 2D10;
McLaughlin et al., 2008; Talboom et al., 2008),adeld match-to-position T-maze (Gibbs, 2007, 200R021999;
Gibbs et al., 2004), and object placement (Contad. €2012; Frye et al., 2007; Luine et al., 200&Laughlin et
al., 2008).

In the brain, E2 can modulate the MAPK/ERK pathwahijch is involved in the formation of different
memory types (Atkins et al., 1998; Blum et al., 99%chafe et al., 2000). When the MAPK/ERK signaglin
pathway is activated, the signal travels from d meptor (e.g., estrogen receptors) to the nacl2NA via a
sequence of proteins, including the activated egthalar signal-regulated kinase 1 and 2 (Erk1g¢arelli and
Giustetto, 2014; Koebele and Bimonte-Nelson, 204/itty et al., 2012). Research indicates that, ia tiorsal
hippocampus, MAPK/ERK activation is essential fond-term memory formation, as well as for E2-indlice
beneficial effects on memory consolidation (Blunakt 1999; Fan et al., 2010; Fernandez et al.82B@rburger
et al., 2009). Indeed, there is increased expnessioactivated Erk2 in the dorsal hippocampus feifg E2
treatment (Fernandez et al., 2008; Harburger £2@09; Witty et al., 2013). Blocking this E2-indutincrease in
Erk2 activation attenuated the beneficial cognitffects of E2 on the object recognition task (Eaml., 2010;
Fernandez et al., 2008). E2 treatment can als@aser the expression of neurotrophins that are iasstowith
learning and memory, including brain-derived nenophic factor (BDNF), nerve growth factor (NGF),dan
neurotrophin 3 (NT-3), in regions of the brain tlaat involved in cognitive function (i.e. entorHirwrtex and
hippocampus) (Bimonte-Nelson et al., 2004; Kissakt 2012; Zhou et al., 2005). Neurotrophins and th
MAPK/ERK pathway have been implicated in learnimglanemory as well as neuroplasticity (Bechara gt al
2014; Gooney et al., 2002; McGauran et al., 2008ken together, these studies highlight the sicguifi role of E2
in cognitive function that is mediated throughritde in several defined pathways associated witlropasticity
and memory.

For women with an intact uterus, estrogen-basedntmoe therapies must also include a progestogen
component to offset the increased risk for develgmndometrial hyperplasia and cancer followingosxpe to
unopposed estrogens (NAMS, 2012). Progestogensaartass of steroid hormones, and include natural

progesterone and progestins (synthetic progestgehich bind to the progesterone receptor. Theneréclinical
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evidence that some progestogens can also offsetdpmitive benefits of E2 (Bimonte-Nelson et alQ08;
Harburger et al., 2009, 2007; Lowry et al., 20 )t instance, studies testing combination hormbeeapies have
shown that the addition of progesterone to E2 rimeat reversed the enhancing cognitive effects ofoR2he
spatial reference memory MWM task in Ovx rodentan{@te-Nelson et al., 2006; Harburger et al., 20@¥%yry
et al., 2010). There is also preclinical eviderw the addition of progesterone can attenuatenfBi@2eed changes
in several neuromolecular mechanisms in the btz &re essential for cognitive function. For exlmmn the
entorhinal cortex, the E2-induced increases in BDNEF, and NT-3 levels were obviated with the additof
progesterone (Bimonte-Nelson et al., 2004). In dbesal hippocampus, progesterone in combinatio &i?
treatment attenuated the E2-induced increase ivatetl Erk2 expression (Harburger et al., 2009gsEhfindings
indicate that the addition of a progesterone corapbim hormone therapy to oppose undesired E2 Kttion in
the periphery may not be cognitively beneficiall émat it can attenuate associated E2-induced tenef

Since progesterone has low systemic bioavailabiityh oral and transdermal delivery, synthetic
progestogens are often used for both contraceptidehormone therapy purposes (Du et al., 2013; ,K2005;
Pickar et al., 2015). Medroxyprogesterone acetgfeX) is a synthetic progestogen that is commonbspribed
for birth control (Depo-Provera), as well as usedambination with an estrogen for menopausal haertberapy.
Our laboratory found that exogenous treatment MEBA alone in female rats impaired cognitive funot{@raden
et al., 2017, 2011, 2010). Furthermore, a studiynigshe effects of a tonic MPA and E2 hormone cration
showed that subcutaneous MPA (via a pellet) pla BR (via drinking water) treatment resulted inpaired
learning on the MWM in middle-aged Ovx rats compatie chronic E2, chronic E2 plus progesterone yolic E2
(Lowry et al., 2010). Additionally, subcutaneousitbadministration of progesterone or of MPA in ddvx rats
blocked the neuroprotective effects of E2 followiexgitotoxic lesion with kainate (Rosario et al00B). These
studies further indicate that the role of E2 on Ithain and cognitive function can be altered byadtdition of a
progestogen, and the magnitude of this effect maydwverned by the type of progestogen administéeagl,
progesterone versus MPA).

Research done thus far supports the hypothesidMfRathas detrimental effects on cognition, alond &n
combination with estrogen; there are other FDA-appd progestogens that satisfy the uterus oppasfagts that

have not been cognitively profiled. An importantajéeo aid women’s health is to find a progestogeat will
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accomplish uterine protection while not imposingaté/e cognitive effects. Levonorgestrel (Levogrisynthetic
progestogen utilized in multiple contraceptiveschsias intrauterine devices (i.e. Mirena) and enmarge
contraception (i.e. Plan B), as well as in combamatwith estrogens in oral birth control pills suak Lutera,
Aviane, Seasonique, and Seasonale. In menopausabhe therapy, Levo is combined with E2 in the sclermal
patch, Climara Pro. The contraceptive efficacy @&vd, and of combination estrogen plus Levo, hormone
formulations are well established. However, redeaas only just begun to address the potentiatisfief Levo on
cognitive performance, and only one preclinicaldgtinas evaluated such impact in the context of gag®ur
laboratory has demonstrated that daily subcutanadosnistration of 0.¢ig Levo, a dose that is equivalent to the
clinically available Climara Pro patch when accinmtfor body weight, enhanced working memory parfance
on the water radial-arm maze (WRAM) relative to adstration of the vehicle control in middle-ageolyx rats
(Braden et al., 2017). This is especially excitiag,this is the first progestogen given chronicalipwn to benefit
memory in a preclinical model of menopause. Howewenether these benefits will hold when given in
combination with an estrogen is yet to be deternhifidiis question is critically important given ts@ong clinical
use of combined regimens for menopausal hormomafiie

The current study examined the effect of E2 + Likoomone combination treatment on cognitive fungtion
with interpretations relative to vehicle contra@dtment, as well as relative to E2 alone and Lémoeatreatments.
The intent was to study these regimens in the gbofeolder age and ovarian hormone loss. Thuatriments were
administered to middle-aged Ovx rats. The jgg6Levo dose was carefully chosen based on priok irom our
laboratory that showed enhancing cognitive effedftdevo alone at this dose (Braden et al.,, 201®; were
interested in examining whether a cognitively erdivag Levo dose when given alone would also enhangaitive
function when given in combination with E2. Firsbgnitive function was assessed using a battelyebfvioral
tasks to test spatial learning and memory usingWRAM (working and reference memory) and the MWM
(reference memory), including a control behavideak (visible platform). Second, following behawbtesting,
activated Erkl and Erk2 levels in brain regiong #ra involved in cognitive function were evaluatiedtiuding the
frontal cortex, dorsal hippocampus, CA1/CA2 venhigbocampus, entorhinal cortex, and perirhinatecarGiven
that the E2 and Levo regimens tested here werallms®ur prior effects benefitting cognition, wepbthesized

that E2 alone and Levo alone treatments would yialdrable cognitive effects. Because Levo is ofterd in
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combination with estrogens in clinical formulatip®d because Levo is the first progestogen we bhgen to
initiate beneficial cognitive effects when givemrd, we sought to determine whether its benefafiglcts would
hold when given combined with estrogen. Thus, heeeask: in a surgical menopause model, will thalmoation
of two cognitively-enhancing hormones result irestithened beneficial effects, or in null or attéimgpeffects, on

learning and memory performance?

2. Methods
2.1 Animals
Forty middle-aged, 11-month old, Fischer-344 CDfgini female rats from the National Institute on Agi Harlan
Laboratories (Indianapolis, IN) were used basegmor publications (Braden et al., 2017; Chisholnd &uraska,
2012; Rodgers et al., 2010). Rats were pair hoased 12-hour light/dark cycle, and food (Tekladbglb18%
protein rodent diet, Envigo) and water wexklibitum. All procedures were done with approval from thézéna

State University IACUC and followed the standareistyy the National Institutes of Health.

2.2 Ovariectomy (Ovx)

All rats underwent Ovx surgery from the dorsolateispect under acute isoflurane inhalation anessthes
Each rat was administered a single subcutaneoestiof of Rimadyl (5 mg/kg) for pain. After dorstdeal
incisions were made in the skin and peritoneunigature was applied to the tip of each uterine remd each
ovary was removed. The muscle and skin were sut@@mhted VICRYL Suture, Ethicon) and rats were

subcutaneously administered saline (2 ml) to pregehydration.

2.3 Treatment Administration

Treatment administration started 21 days after wgery, and continued until the end of the stusbe(
Figure 1A for the study timeline). Rats were rantoassigned to receive either a daily subcutané@gestion of
sesame oil as control (Vehicle, n = 10) or a horenimjection of 3ug E2 (E2-Only, n = 10), 0.Ag Levo (Levo-
Only, n = 9), or a combination of 83y E2 and 0.6.g Levo (E2 + Levo, n = 10), in 0.1 ml of sesame Ail

treatment injections were done between 7:00-8:00 kmhavioral tasks were initiated half an hour rafte last
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treatment injection, and treatment groups were tbalanced throughout the day to account for min
differences between treatment injection and belalitesting. One animal from the Levo-Only groupswa
excluded from all analyses due to premature delaghcause of which was not related to experimertatitions.
The dose for Levo-Only treatment was based on ghdati work from our laboratory where a daily subcetas
injection of 0.6ug of Levo enhanced performance on the WRAM in nagathed Ovx rats (Braden et al., 2017).
After 20 days of treatment, all animals startedingson a battery of behavioral tasks to assessiitiog
performance. The timing of treatment initiation aharation prior to behavior testing was methodicalécided
based on prior studies from our laboratory thatehstvown effects of hormone treatment on cognitarfopmance
(Bimonte-Nelson et al., 2006; Engler-Chiurazzi &t a011; Mennenga et al., 2015b; Talboom et €08).
Throughout the span of the study, body weights weeasured weekly to evaluate the expected incliedsedy
weight as a result of Ovx, followed by the expededrease in body weight for animals that receare@strogen-
containing treatment (Figure 1B; Geary et al., 1994Laughlin et al., 2008; Mennenga and Bimontesdal

2013).

2.4 Water Radial-arm Maze (WRAM)

The first behavioral task was the win-shift WRAMedso examine spatial working and reference memory
(Bimonte-Nelson, 2015a; Bimonte and Denenberg, 1898den et al., 2017; Mennenga et al., 2015c; daga
and Bimonte-Nelson, 2015). WRAM testing startedday 21 of treatment administration and lasted fidays.
The maze was an 8 arm apparatus, and 4 out of #ren8 contained hidden platforms. Each arm’s dimoess
were 38.1 cm x 12.7 cm, and platforms were 10 cdiameter. The maze was filled with water made apaajth
nontoxic black paint that was kept between 18=2for the duration of testing, and spatial cuesevsst up around
the room to aid in spatial navigation. The roons\®248 cm x 243 cm in size.

Each subject was randomly assigned a set of phatfocations, which were kept fixed for the duratimin
testing for a subject. For each trial, subjectsewd¥opped off in the start arm and allowed a maxrinwi 3 min to
find a platform; once on the platform, subjects a@mad there for 15s before being placed in a haatgihg cage
for a 30s inter-trial interval (ITI). A trial wasompleted when a platform was found. During the Ihk just-

located platform was removed from the maze, andrthee water was cleaned of debris with a fishneth& end
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of the 30s ITI, the next trial was started. Theerava total of 4 trials per day (one trial per folan). There was an
increase in working memory load across trials asniemory system was increasingly taxed with theokernof
each additional found platform. On the last dayesting, a 6-hour delay between trials 2 and 3 wgdemented
to examine delayed memory retention.

Performance on the WRAM for each subject was deteminby scoring the orthogonal measures of
working and reference memory. Briefly, the firstrgrinto a non-platformed arm within a day was defl as a
reference memory (RM) error. A re-entry into a Rhbig-platformed) arm within the same day was defiasch
working memory incorrect (WMI) error. An entry intopreviously platformed arm within a day was defiras a

working memory correct (WMC) error.

2.5 Morris Water Maze (MWM)

The day after WRAM testing was completed, all argrizegan testing on the MWM to evaluate spatial
reference memory performance (Bimonte-Nelson, 20T&lboom et al., 2014, 2008). The MWM apparatus wa
circular tub, 188 cm in diameter, filled with watér8-20°C) that was made opaque with nontoxic paint. One
platform, 10 cm in diameter, was submerged in tirtheast (NE) quadrant of the tub. The locatiothefplatform
remained constant across all trials and days tihtesThere were abundant spatial cues set up drthenroom to
aid in spatial navigation. The room was 348 cm X 88 in size. Each animal received 4 trials perfdayach of
the 5 testing days. The subject was dropped adhatof four starting locations (north, south, eastyvest) at the
start of each trial and was allowed 60s to lochte glatform. The order of the drop off startingdtions was
randomized across days, but kept constant fomathas across 4 trials within a day. Once the ptatfwas found,
the subject remained on the platform for 15s ansgl thhan placed back into a heated cage for a 5-8Thirf the
platform was not found within the allotted 60s Ittiene, the subject was led to the platform andaierad there for
15s before being placed back into a heated caga B min ITI. Each rat's swim path was recordsithg the
Ethovision tracking system (Noldus Instruments, ¥fdggen, The Netherlands), and total swim distancthe
platform was analyzed. On the last day of testingrobe trial was administered as an additiofiatial to test for

spatial localization. For the probe trial, the filain was removed and the subject was allowed tondier a total of



60s after being dropped off from the furthest doffdocation (west) in relation to where the platfowas located

(NE quadrant).

2.6 Visible Platform
To confirm their capability to perform the procealucomponents of a water-escape task, animals were

tested on the visible platform task the day aftenpletion of MWM testing (Bimonte-Nelson, 2015a; ibenga et

al., 2015a, 2015c). The visible platform task wamsposed of a rectangular tub, 100 cm x 60 cm dfiliéth clear
water kept at 18-2C; a black platform, 10 cm in diameter, remainedn above the water surface throughout
testing. A curtain was used to block obvious spatigs located in the area distal from the maze. fiom was

168 cm x 155 cm in size. There were a total ofid@stiper animal for the one day of testing, witB0s maximum

trial time. Once the platform was found, subjec&senmgiven 15s on the platform and then placed bdoka heated
cage (ITlI was 5-8 min). The drop off location ren&d constant throughout testing, and the platfawation was

varied semi-randomly between three distinct locetio

2.7 Blood Serum Analysis

The day after visible platform testing, animals evexruthanized with isoflurane, starting at the ragul
testing time and in the same order in which thesevtested. Blood was collected via cardiocentedisywed to clot
at £C (Vacutainer 367986, Becton Dickinson and Companginklin Lakes, NJ, USA), and centrifuged at 3000
rpm for 20 min at ZC to obtain blood serum. Serum was stored &G 20til analysis. Circulating E2 and estrone
levels were determined by radioimmunoassay at thee €ndocrinology Laboratory of the Pennsylvaniatét
University, College of Medicine. Specifically, EAdestrone levels were measured in duplicate usidguble
antibody liquid-phase radioimmunoassay (Beckmant€quBrea, CA) as previously reported (Engler-Canzi et
al., 2012; Koebele et al., 2017; Mennenga et @l152). For the E2 assay, E2-specific antibodieewsed with
12%_Jabeled E2 as the tracer. The E2 assay had aidmat sensitivity of 4 pg/ml. Inter-assay coeféints of
variation at a mean level of 6 pg/ml E2 averaged &4 intra-assay coefficients of variation aveca§#®. For the

estrone assay, estrone-specific antibodies wem wik *3-labeled estrone as the tracer. The estrone &Eshyp

10



functional sensitivity of 16 pg/ml. Inter-assay ffients of variation for estrone at a mean lewél90 pg/mi

averaged 11%, and intra-assay coefficients of traniaveraged 8%.

2.8 Uterine Horn Weights

It is known that uterine horn weight is impacted thye presence of ovarian hormones (e.g., Engler-
Chiurazzi et al., 2012; Mennenga et al., 2015b; téfésd et al., 1998). To confirm complete Ovx aslivas E2
exposure, and to assess whether the addition af irapacted the expected E2-induced increasesnatéorns

were inspected and removed at sacrifice, trimmedsitfle fat, and weighed (wet weight).

2.9 Brain Dissection

Immediately following cardiocentesis, the brain wapidly dissected. The Rat Brain Atlas (Paxinog an
Watson, 1998) was used as a reference for platgndgi®ns. The frontal cortex was taken from thesdbaspect
of the brain (plates 5-14). The brain was thenacubss the coronal plane to gain access to thalduppocampus
(plates 33-35), and the CA1/CA2 ventral hippocamprgorhinal cortex, and perirhinal cortex (plag@3%42).

Brain regions were frozen and stored af€70ntil western blot analyses.

2.10 Western Blots

Activated Erk1l/2 expression levels in the frontadrtex, dorsal hippocampus, CA1/CA2 ventral
hippocampus, entorhinal cortex, and perirhinaleofall left hemisphere) were analyzed using weshdots (Orr
et al., 2012). Samples were suspended in 1:50 WM Ruffer (150mm NacCl, 1% Triton X-100, 0.1% SOE5%
Na deoxycholate, 50 mm Tris, protease inhibitot#&892791001, Millipore-Sigma), and phosphata$ébitor
(cat# 524625, Millipore-Sigma)), homogenized witlpi@be sonicator (Ultrasonic Processor, Cole Pariher
USA), and centrifuged at 10,000 rpm for 10 min &.4The BCA protein assay (ThermoFisher Scientific,
Pittsburgh, PA, USA) was used to determine protmncentration. Brain homogenates were run on 4-12%
NuPAGE Bis-Tris gel using the SureLock mini-cetiitrogen, Carlsbad, CA, USA) and blotted to an Ivhiion
PVDF membrane. All samples were loaded at the ganmiein concentration per brain region, and alsgeére

counterbalanced by treatment group, with a totathfe gels run per brain region. The westernsst blocked in
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10% non-fat milk for 1 hour, and incubated overtighanti-phospho p44/p42 Erk1/2 primary antibody2000,
Cell Signaling) at &C. The blot was then incubated with anti-rabbit HRE2000, Cell Signaling) for 1 hour at
room temperature, and visualized using chemiluncieiese (LumiGlo and Peroxide, Cell Signaling) inilenf
developer (Konica SRX-101A Film Processor, Tokyapah). After imaging, the blot was stripped in 0.RI§IOH
and re-probed for anti-total p44/p42 Erk1/2 (1:1,00@ll Signaling). Densitometry was performed usimggeJ
software. Activated Erk1/2 levels were expresseghassphorylated Erk1/2 expression normalized tal tBtk1/2

expression.

2.11 Statistical Analyses

Behavioral measures obtained from each maze weabyzed separately, using two-tailed tests unless
otherwise specified. Alpha was sepat 0.05 for all statistical analyses, and FishBt'SD tests were used for post
hoc analyses.

To evaluate overall WRAM learning across all degis,omnibus repeated measures ANOVA was run to
examine the Day main effect (days 2-12) for eaclthefthree error types (WMC, WMI, and RM errorsexiy
based on prior publications (Bimonte-Nelson et2015; Braden et al., 2017), WRAM testing days wadozked
into three blocks: Days 2-5 (Block 1), Days 6-9d&{ 2), and Days 10-12 (Block 3). Each block waslyred
separately using repeated measures ANOVA for ehtthechree error types, as done previously (Biredélson
et al.,, 2015; Braden et al., 2017). To determire dffects of hormone treatment on WRAM performaribe,
independent variable was Treatment, and the repeatasures were Trials nested within Days. In #ee ©f a
significant Trial X Treatment interaction, TrialsaBd 4 were analyzed separately to test the higtesnory load
trials, with Treatment as the independent variallé Days as the repeated measures. For the WRAM,d=ch
treatment group was evaluated separately for WM®)IWand RM errors using one-tailed repeated measure
ANOVA since the delay period typically impairs pmrhance on the WRAM, as shown in prior findingsa@en
et al., 2015; Hiroi et al., 2016). Specifically, &malyze performance following the 6-hour delag post-delay
trials, Trials 3 and 4 on Day 13 (delay performaneere averaged and compared to the average diabeline
trials, Trials 3 and 4 on Day 12 (baseline perfarog, as done previously (Camp et al., 2012; Erglarirazzi et

al., 2011; Mennenga et al., 2015; 2014).
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MWM Total Swim Distance data were analyzed usiepeated measures ANOVA. The independent
variable was Treatment, and the repeated measwaes Tvials nested within Days. For the probe trieheated
measures ANOVA was used to compare Percent Swirradis in the NE quadrant (the previously platformed
quadrant) to the quadrant that was located diafjoogposite to the NE quadrant (SW, southwest) dofiem
spatial localization of the platform location (Binmte-Nelson, 2015b; Bimonte-Nelson et al., 2015).

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

For blood serum levels of E2 (pg/ml) and estrong/m{), and uterine horn weights (g), a one-way
ANOVA was used with Treatment as the independenable. A one-way ANOVA was also used to analyze
activated Erkl and Erk2 expression in each brajiore with Treatment as the independent variabte astivated
Erk expression (phosphorylated Erk normalized taltirk) as the dependent variable. To examindioelships
between activated Erk expression and cognitiveop@idnce, Pearsancorrelations were run between activated
Erkl and activated Erk2 expression in each bragioreand WMC, WMI, and RM error measures for Bldckf
WRAM, the block of testing where main behaviordkefs were seen. To account for multiple correfetja false
discovery rate (FDR) threshold of 0.1 was usedh bwicorrectedR) and FDR-corrected)) statistics are reported

(Benjamini and Hochberg, 1995).

3. Results
3.1 Water Radial-arm Maze (WRAM)

Spatial working and reference memory performancesweeasured using the WRAM. To analyze overall
learning across all days of testing, there was & raffiect of Day for each memory measure, wherefgre
decreased for WMC [ 35 = 7.042,p < 0.0001], WMI [R1035 = 12.603p < 0.0001; Figure 2A], and RM {35 =
8.176,p < 0.0001] across days 2-12 of testing, demoneggdéarning of the WRAM task for all three measwés
memory (data not shown). For each memory measheee twas no significant Treatment x Day interacfion
Days 2-12, suggesting that groups did not diffe'MRAM learning across the entire learning curveBlock 1,
there was a main effect of Treatment for WMI eriféigss = 3.597,p < 0.05; Figure 2B]. Post hoc analysis of this

measurement collapsed across all trials revealgdrferrors in the E2-Onlyp[< 0.05] and Levo-Only < 0.01]
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treatment groups relative to the Vehicle contraugr, while there were no significant differenceswsen the
Vehicle and E2 + Levo groups. These results inditiaat the individual hormone treatments, E2-Omigt hevo-
Only, enhanced WMI performance during task acdaisitwhile the combination treatment did not. Addiglly,
post hoc analyses for Block 1 for WMI revealed tthet E2 + Levo group made more errors than the {@nly
group p < 0.05], demonstrating that the E2 + Levo hormoambination treatment impaired acquisition of the
WMI measure relative to Levo-Only treatment; theses a marginal trend for the E2 + Levo group to enadore
errors than the E2-Only group K 0.1], suggesting that the E2 + Levo hormone doatlon treatment tended to
impair acquisition of the WMI measure relative t@3-8@nly treatment. For Block 1, there was also aificant
Treatment x Trial interaction [§05 = 2.23,p < 0.05; Figure 2C] for WMI errors. Post hoc anal/showed that
E2-Only [p < 0.01; Figure 2D], Levo-Only [Figure 2D], and E2Levo [p < 0.01; Figure 2D] treatment groups
made fewer WMI errors compared to the Vehicle adngroup on Trial 3, the moderate working memorgdo
trial. On Trial 4, the highest working memory lo@idl, post hoc analyses revealed that the E2 ‘olgroup made
more WMI errors than the E2-Onlp k 0.05; Figure 2E] and Levo-Onlp kK 0.05; Figure 2E] groups, signifying
that the combination hormone treatment impairedathibty to handle a high working memory demandhtiek to
the groups treated with either hormone alone. Duhése divergent cognitive effects of the E2 +d_eeatment
across trials, a post hoc decision was made tathesinteraction between the high working memomdidrials,
Trial 3 and 4, and E2 + Levo treatment group WMif@enance relative to Vehicle control. This intdrac was
indeed significant [F(1,18) = 6.6, < 0.05], indicating that the cognitive impact tletE2 + Levo hormone
combination treatment is modulated by demand irkimgrmemory load (Figure 2F). The Treatment mafec$
for WMC or RM for Blocks 1, 2 and 3, and for WMIrfBlocks 2 and 3, were not significant (data naivsi).
Following the 6-hour delay on Day 13, the Vehiabatrol group [F(1,9) = 4.50% < 0.05] and Levo-Only
group [F(1,8) = 0.5099% < 0.05] made more WMC errors on the post delagidrrelative to baseline trials,
indicating forgetting across the delay period (Fé&g8). E2-Only and E2 + Levo groups did not sigaifitly differ
in WMC errors for post delay trials compared todliae trials (Figure 3), suggesting that these gsodid not
show significant forgetting across the delay perldd differences were seen for WMI and RM error suees for

each treatment group on the post-delay trialsivelda baseline trials (data not shown).
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3.2 Morris Water Maze (MWM)

The MWM was used to evaluate spatial reference mgmperformance. There was a main effect of Day
across all five days of testing, with Total Swinsfince scores decreasing across dayss{E 83.997p < 0.0001;
Figure 4A]. The lack of a significant Treatment ayDinteraction indicates that the groups did néfedin learning
trajectory across days. The Treatment main effecsWwim distance to the platform was not significdfor the
probe trial, there was a main effect of Quadranthwa greater percent swim distance spent in thetdNget
quadrant, the previously-platformed quadrant, inedatio the opposite, SW quadrant,[fs) = 246.174p < 0.0001;
Figure 4B], indicating spatial localization of thtatform location. The lack of a significant Trea&int x Quadrant

interaction suggests that the groups did not diffeéheir pattern of spatial localization by thedeaf testing.

3.3 Visible Platform

Motor and visual competence to solve a water-esozguee task was evaluated using the visible platform
test. There was a main effect of Trials[fs) = 5.609,p < 0.0001], with an 8.6s average latency to théfqia
across trials (data not shown). During the lagtl tof testing, each animal reached the platfornurider 18s,
confirming the ability to complete a water-escapazentask. Neither the Treatment, nor the Treatmrenitial
interaction, was significant, indicating that theogps did not differ in the ability to learn andrfoem the

procedural components of a water-escape maze task.

3.4 Blood Serum Analysis

E2 and estrone levels in blood serum, collecteshatifice, were analyzed. For E2 levels, there avasin
effect of Treatment [F34 = 10.691p < 0.0001], with post hoc analyses showing highztewels for the E2-Only
[p < 0.0001] and E2 + Levg[< 0.0001] groups compared to the Vehicle groupyesas higher E2 levels for the
E2-Only [p < 0.0001] and E2 + Levap[< 0.0001] groups compared to the Levo-Only grokiguyre 5A). For
estrone levels, there was a main effect of Treatrfigsss) = 25.014,p < 0.0001], with higher estrone levels for
both E2-Only p < 0.0001] and E2 + Levap[< 0.0001] groups relative to the Vehicle groupwadl as higher

estrone levels for both E2-Onlp k 0.0001] and E2 + Lev@[< 0.0001] groups relative to the Levo-Only group
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(Figure 5B). These results verify systemic preseoc&2 and estrone in the groups receiving exogere2

treatment.

3.5 Uterine Horn Weight

There was a main effect of Treatmeng fk = 58.915p < 0.0001] for uterine horn weights; higher weights
were seen in the E2-Onlp K 0.0001] and E2 + Levg[< 0.0001] groups compared to the Vehicle groupl, an
higher weights were seen in the E2-Ory< 0.0001] and E2 + Levg[< 0.0001] groups compared to the Levo-
only group, as expected with estrogen exposurai(€i§C; Engler-Chiurazzi et al., 2012; Mennengal e2015b;
Westerlind et al., 1998). There was no significdiffierence in uterine horn weights between the E2y@roup
and the E2 + Levo group, suggesting that the amidivf the currently-utilized Levo regimen to the &2atment

did not impact the E2-induced increase in uteriomm lveight at the time of uterine data collection.

3.6 Brain Analysis

Western blots were performed to examine activatedd End Erk2 expression in several regions of the
brain that are indicated in learning and memonrer&hwere no significant main effects of Treatmentactivated
Erkl and Erk2 expression in the frontal cortex,sdbhippocampus, CA1/CA2 ventral hippocampus, @mal
cortex, or perirhinal cortex (data not shown). Aretation table summarizing the relationship betweetivated
Erkl and activated Erk2 expression in the frontatex and error measures for Block 1 of WRAM forckea
treatment group is presented in Table 1. After stijg for multiple correlations using a set FDResfrold of 0.1, a
relationship between cognitive performance andvatdd Erk2 expression was seen that was specimitnals
treated with E2-Only, with higher levels of actiedtErk2 associated with better performance. Inqadatr, in the
frontal cortex, there was a significant negativer&lation between activated Erk2 expression anaiBib WMC
errors within the E2-Only group [r(19) = -0.88,< 0.001,Q < 0.1; Figure 6B], suggesting that the E2-treated
animals that tended to have higher levels of atV&rk2 in the frontal cortex tended to make fe\WdC errors.
In contrast to the relationship seen with E2-Ondatment, there was no significant correlation leetwactivated
Erk2 expression in the frontal cortex and Block M@/ errors within the E2 + Levo treatment group 9% 0.26,

P =0.47,Q = 0.87; Figure 6D], suggesting that the additibhevo obviated the E2-induced association between
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working memory performance and activated Erk2 kevial the frontal cortex. There was also no sigaific
correlation between activated Erk2 expression éfthntal cortex and Block 1 WMC errors within tkiehicle
control group [r(19) = 0.7R = 0.02,Q = 0.28; Figure 6A] and within the Levo-Only tream group [r(18) = -
0.43,P = 0.25,Q = 0.87; Figure 6C]. There was no significant rielaship between cognitive performance and
activated Erkl expression, nor between cognitivefopmance and activated Erk2 expression, in thesalor
hippocampus, CA1/CA2 ventral hippocampus, entothio@tex, or perirhinal cortex (correlation tablest

shown).

4. Discussion

The current study demonstrated that E2-Only andoi@muly treatments enhanced working memory
performance during acquisition of the WRAM, as nuead by WMI errors collapsed across all trials, #rat the
combination of E2 + Levo attenuated these benéficignitive effects. In fact, at the highest demamatking load
(trial 4) during acquisition, the E2 + Levo comtina impaired performance, as compared to the E®-@nd
Levo-Only groups. Thus, even a progestin that weehshown here and in prior work (Braden et al., 20
enhance the ability to handle an increasing workimgmory load on the WRAM task when given alone, can
reverse the beneficial effects of E2 at a high nmgndemand. Additionally, we showed that there wakisinct
relationship between activated Erk2 expressioménftontal cortex and working memory performancéhini the
E2-Only treatment group, which was mitigated bydldition of Levo to the E2 treatment. However, d.eNd not
uniformly attenuate the benefits of E2. At a wotkimemory load that was less demanding, the additidrevo
did not reverse the cognitive benefits of E2 relato vehicle treatment, as determined by triadra//MI errors on
the WRAM. Indeed, similar to each hormone treatnggveén alone, the hormone combination treatmenéetibed
this moderate working memory load trial performaaseompared to the vehicle treatment.

Overall, we found that all hormone treatment growgse able to learn spatial working and reference
memory tasks, as shown by their performance aalbstays on the WRAM (Days 1-12, collapsed acrbss4
trials) and the MWM (Days 1-5, collapsed acrosshigals). During the acquisition phase of the W {Block 1
of testing), when rats were initially learning thdes of the task, the E2-Only and Levo-Only treatingroups

made fewer WMI errors across all four trials conggiato the vehicle group, indicating that E2-Onlyl drevo-
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Only enhanced working memory performance during ldsning phase of the task relative to controlthWi
reference to prior publications testing E2 (usiagious regimens, doses, and rat ages), in gemenatesults here
are consistent with previously published findingsgggesting enhanced cognitive performance with EB on
treatment (Bimonte and Denenberg, 1999; Daniel.e2@06, 1997; Fader et al., 1999; Gibbs and Jamn2008;
Luine et al., 1998; Rodgers et al., 2010). Our Itesare also consistent with previously publishedlihgs of
enhanced cognitive performance with Levo only treatt (Braden et al., 2017; Simone et al., 2015).ehVvh
evaluating all four trials combined, the combinatiof E2 + Levo obviated the working memory beneditsE2-
Only and Levo-Only. There has been only one othabliphed preclinical study testing an estrogen/Levo
combination, whereby the synthetic estrogen ethisytadiol (EE) plus Levo was tested in a diffeneratdel and
behavior paradigm: the young ovary-intact rat e$teobject memory (Simone et al., 2015). Howeesen with
the important differences between our studies, laimiesults were reported, with the EE plus Leventane
combination treatment attenuating EE-induced imemoents in novel object memory and Levo-induced
enhancements in visuospatial memory in ovary-injacing rats (Simone et al., 2015). Preclinical issidesting
other combination hormone therapies have also shibatmin Ovx rodents, the addition of natural msigrone to
E2 treatment can reverse the enhancing cognitifectsfof E2 (Bimonte-Nelson et al., 2006; Harburgerl.,
2007; Lowry et al., 2010). It has also been shdvat the addition of MPA to an E2 treatment resuitetinpaired
learning on the MWM compared to E2 treatment aldosvry et al., 2010).

Interestingly, results from this study showed thatrking memory demand influenced the direction of
hormone treatment effects on cognitive performapeecifically during the acquisition phase of the AR On
Trial 3, when the working memory load was modertite, E2-Only, Levo-Only, and E2 + Levo treatmerdugps
made fewer WMI errors than the vehicle group, satigg that all hormone treatments enhanced perfacsa
relative to control treatment during this moderdégnand trial. However, on Trial 4, when the workmgmory
load was highest, the E2 + Levo treatment groupemadre WMI errors compared to E2-Only and Levo-Only
treatment groups, revealing that this estrogengstag combination treatment impaired high demandking
memory ability relative to each individual hormameatment. This is additionally represented in FégRF, with
effects clearly illustrated by the interaction beém the moderate and the high working memory Ioals {Trials 3

and 4) and Treatment (E2 + Levo group versus tiéchegroup). Taken together, these results inditlaat the
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hormones E2 and Levo impact cognitive function imadel of surgical menopause, with the directiorthi$
mnemonic impact dependent on: 1) whether E2 and lame administered alone as an individual exogenous
regimen, or together as a hormone combination exage regimen, and 2) cognitive demand. Each indalid
hormone regimen and the combined hormone regimeansed cognitive performance when the working mgmor
demand was moderate; however, when the working medemand was high, these two hormones in comloinati
impaired performance compared to each hormone aldmese findings are in accordance with previouslists
demonstrating distinct hormone effects across arease in working memory demand, including withraegns
(Bimonte and Denenberg, 1999; Hiroi et al., 201&nkenga et al., 2015b), progestogens (Braden,e2CHl7,
2015, 2011), and androgens (Camp et al., 2012; btegmet al., 2015c).

When a 6-hour delay period was implemented foMHRAM, neither of the E2-treated groups (E2-Only
and E2 + Levo) differed in WMC errors between thstpdelay trials and the baseline trials. This sstg that
exogenous E2 treatment protected from delay-indurmgghirment in performance on working memory. Ofeno
the addition of Levo to E2 did not reverse the gctve effects of E2-Only against delay-induced ampent in
working memory performance. However, the vehiclal drevo-Only treatment groups exhibited impaired
performance, where they made more WMC errors orptist-delay trials relative to their baseline perfance.
Together, these findings demonstrate a potentiateptive effect of E2 on cognitive function acrdke delay
period that was not seen with the vehicle and #notOnly treatment, regardless of whether Levaidoard with
the E2 treatment or not. These results are consistéth previous studies where E2 enhanced cognitiv
performance following the implementation of a defsgriod (Harburger et al., 2007; Talboom et alQ&0 For
instance, one study trained aged Ovx mice on theMvAld then immediately administered vehicle, EZ®iplus
a low or high dose of progesterone treatment (Hgdruet al., 2007). Following a 24 hour delay pericesults
showed that the E2 treatment enhanced performdiasbrger et al., 2007). The addition of a low dafe
progesterone did not alter the beneficial cognitffects of E2 on post-delay performance, but tiditeon of a
high dose of progesterone attenuated the benefioglitive effects of E2 on post-delay performagidarburger et
al., 2007). Another study from our laboratory asdmwed that E2 treatment had beneficial effect®wmrnight
forgetting on the MWM task compared to vehicle confTalboom et al., 2008). Collectively, theseulesreveal a

protective role of E2 in cognitive function follomg the implementation of a delay period.
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The hormone impact was working memory-specifichia turrent study. For the spatial reference memory
MWM, all treatment groups decreased in swim distatacthe platform across all days of testing. Hoevethere
were no treatment differences in the swim distaiacthe platform, suggesting similar spatial refeememory
performance on this task. On the probe trial for M\Mll treatment groups swam a greater percenaiiist in the
NE target quadrant, which previously containedplaform, compared to the opposing SW quadrantsTresults
from the MWM task showed that all groups were ableffectively learn the spatial reference memasktand
spatially localize to the platform location in amdar pattern. It is important to note that the MWiMas
administered following the WRAM. Some studies sujdhat previous cognitive experience can impaatnieg
and memory performance (Markowska, 2002; Talbooral.et2014). Thus, prior learning experience mayeha
affected learning and memory performance on the MilWhe present study, and may be in part confriguto
the lack of significant treatment effects on the MWHowever, these data are consistent with the lafick
treatment effect for the spatial reference memaegsare of the WRAM in the current study.

The visible platform task tests the ability of aaimto effectively perform the procedural compogseasfta
water-escape maze task. There were no treatmdetatites and no treatment by trial interactionghenvisible
platform task, indicating that all groups had samitapabilities required to effectively completsvater-escape
maze task. Therefore, our interpretations of treatrmeffects on cognitive performance are not inmguhdiy the
motor and visual capabilities of the animals.

In the current study, we confirmed E2 exposurshiywing that E2 treatment elevated circulating leoé
E2 and its metabolite, estrone, relative to vehiteatment, and by demonstrating that uterine heeight
increased with E2 treatment as compared to vetiesgment. In women, the addition of a progestdganeant to
offset the uterine stimulation induced by estrogemd this has been seen in rat models (Armstrd®8;1Creasy et
al., 1992; Mennenga and Bimonte-Nelson, 2015). Hewein the current study, the addition of LevoHa
treatment did not significantly reduce E2-inducectéase in uterine horn weight. This may be explain part by
the 5:1 E2 to Levo ratio used in the present studych was based on the dose of Levo that has quslji been
shown to enhance spatial learning and memory whkeriréstered alone. Additional investigation is veanted to
address whether decreasing the E2 to Levo ratityding to the 3:1 ratio used in Climara Pro, cemificantly

reduce uterine horn stimulation.
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In the frontal cortex, the present study found lati@nship between working memory performance and
activated Erk2 expression for the E2-Only groupeshanimals that tended to perform better on the GVM
measure tended to have higher activated Erk2 esipresThis suggests that there is a unique relshipnbetween
working memory performance and activated Erk2 esgiom in the presence of E2 in the frontal corteregion
that is heavily involved in normal working memomynttion (Funahashi and Kubota, 1994). It is noté¢myothat
the beneficial cognitive effects of E2 in this stuslere specific to working memory, and here thévatibn of a
signaling pathway implicated in cognitive functimas linked particularly to E2-Only treatment arsléffects in a
region of the brain that plays a significant ratepgrocessing working memory information. In contras the
relationship seen with E2-Only treatment, there m@selationship between cognitive performance aasured by
WMC errors made and activated Erk2 expression withe E2 + Levo hormone combination treatment group
indicating that the addition of Levo obviated th@-iBduced association between cognitive performaase
activated Erk2 levels in the brain. Additionalliiete was a relationship trend within the Vehicleugr between
activated Erk2 expression in the frontal cortex 8BIC errors, whereby higher activated Erk2 levelsrelated
with higher WMC errors, indicating that E2-Onlydtment may have reversed the relationship betwetvated
Erk2 expression and working memory performancééncontrol group; this correlation was statisticalgnificant
before the correction, but it was not statisticalignificant after correcting for multiple corrdtats. Although the
relationship between cognitive performance andvatdd Erk2 levels in the frontal cortex was specib the
WMC measure and the beneficial cognitive effectE2fOnly treatment were specific to the WMI measitrées
important to note that these measures of workinghamg performance are orthogonal and may be govebyed
different neurological pathways and brain regidfm. example, a hippocampal lesion study found shadmplete
hippocampal lesion in male rats resulted in in@dad&/MC errors compared to WMI errors when testeciorB-
arm radial arm maze, but no differences were seemden WMC errors and WMI errors in control ratd anrats
with partial hippocampal lesions (Jarrard et &12). Thus, the type of memory affected, and thectionality of
the cognitive effect following hormone treatmentynbe governed by the brain regions and neuralwzath that
are specific to the hormones examined. There wergaatment-induced differences in activated Enkd Brk2
expression in the dorsal hippocampus, CA1/CA2 wanfippocampus, frontal cortex, entorhinal cortex,

perirhinal cortex. It is important to highlight thitne treatment regimen in this study was a chranit cyclic low
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dose injection, whereas studies that have showimdiied increase of activated Erk2 expression endbrsal
hippocampus are typically acute or injected atghdi or tonic dose (Fernandez et al., 2008; Hadywatal., 2009;
Witty et al., 2013).

The growing preclinical and clinical evidence iraties great complexity in the cognitive effects wdran
hormone loss and hormone therapy. This drives warth opening new avenues of study to help us utatets
which factors play into this complexity in order trally understand hormone-related impacts. Manylipations
indicate that ovarian hormone loss in women, antbdents, is associated with changes in memonryopaence
across multiple domains of memory, that subseg&ntreatment can result in beneficial effects ognitive
function, and that the addition of a progestogem aienuate these E2-induced cognitive benefits régiews:
Frick, 2015; Koebele and Bimonte-Nelson, 2015; Ke@med Pisani, 2015; Maki, 2012; Mennenga and Birment
Nelson, 2013; Sherwin, 2006). There are notableegticns to these outcomes, as the extent and idineof
hormone therapy effects are sensitive to a myriadadables. The details and parameters of how dactors
impact outcomes are just beginning to be understiiodbele and Bimonte-Nelson, 2015, 2017; Korol Righni,
2015). For example, age is a critical factor afferthe efficacy of estrogens on cognitive andrbfanction, with
diminished or lost efficacy as aging ensues (Bdaal.e 2014; Foster et al., 2003; Gibbs, 2010; Kdekand
Bimonte-Nelson, 2017; Maki, 2013; Mennenga and BitaeNelson, 2013; Talboom et al., 2008). Thus, the
hormone treatment effects observed in the presedy $n middle-aged rats may be more pronouncéestied in
young rats, and may be attenuated in aged rats.

Several large-scale clinical studies have set dtlt the common goal to further understand the dogni
impact of menopause and hormone therapies takewdmyen (Gleason et al., 2015; Greendale et al., ;2011
Karlamangla et al., 2017; Rapp et al., 2003; Shameakal., 2003). Only one human study thus fardpasifically
evaluated the impact estrogen and Levo have oniteagifunction. In this study, the estradiol valerglus Levo
oral hormone therapy, Kilomonorm, was assessedr 8fto months, Kilomonorm improved concentratigmeex
of cognitive function, and short-term memory inipend post- menopausal women that either had vedea
hysterectomy (n = 6), ovariectomy (n = 14), hystemy plus ovariectomy (n = 6), or no surgical npaétions (n
= 52) (Rudolph et al., 2000). In the current studg, showed that the cognitive effects of the estnoglus Levo

treatment in surgically menopausal rats are coatihgpn the level of cognitive demand and memorye typ
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evaluated. Thus, systematically designed studiediwitally-relevant hormone formulations and theffects in
animal models of menopause are critical; informmatiained from such studies can inform future hursiarly
designs as steps are taken to further understandatiplex interactions between hormones and variwrsory

domains.

5. Conclusion

To our knowledge, this study is the first to exagnthe effect of an E2 + Levo hormone combination
treatment, as well as E2-Only and Levo-Only treatisieon cognitive function in a preclinical modélsnrgical
menopause. Hormone therapy, which can contain @slyogens, only progestogens, or an estrogen plus
progestogen combination, is used to decrease tket and severity of undesired changes associatéd wi
menopause. Thus, it is critical to not only exaartime individual effects of hormones on symptons®eisted with
menopause, including the impact on learning and ongnibut also how the combination of both an estrognd a
progestogen impacts these symptoms. Our resultgeshthat E2 and Levo each have beneficial effegtspatial
working memory when administered separately, rafilig our prior studies (Bimonte-Nelson et al., €00
Bimonte and Denenberg, 1999; Braden et al., 20HmHobm et al., 2008). However, the E2 + Levo horenon
combination impaired spatial working memory relatto either of the hormones alone when the spatiaking
memory task was highly taxing. Furthermore, a i@tethip between activated Erk2 levels in the frbotatex and
spatial working memory following E2-Only treatmewas observed. These findings are significant ay the
highlight opposing effects of an estrogen and pstmgen hormone combination treatment, and raisteur
questions regarding which underlying neurobiologiteechanisms are responsible for the individualnitbge
enhancements of E2-Only and Levo-Only, and forrtegating effects when the two hormones are adraneidt
together. This study illustrates that although attogen and a progestogen can be cognitively beakfivhen
administered alone, the clinically used combinatidrthe same estrogen and progestogen does notsaeite
result in added benefits, and can in fact yielddimpents. Indeed, in the context of hormone therapg plus one

does not always equal two.
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Figure L egends

Figure 1. Study timeline and trajectory of rat body weight throughout the span of the study. (A) Study

timeline depicts time periods between Ovx, starttreBtment injections, and order of behavioralingst(B)

Changes in body weight accurately represent exgdltetuations as a result of Ovx, type of treattnand maze

testing.

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 onlgummed across trials, depicting a decrease in &fkdrs for
E2-Only and Levo-Only treatment groups relativéh® Vehicle group. C) WMI errors across Trials fiedBlock
1 of testing. D) WMI errors on Trial 3 only, the derate working memory load trial, for Block 1 oftiag,

illustrating that all hormone treatment groups meaeer WMI errors relative to the Vehicle group.\BEMI errors

33



on Trial 4 only, the high working memory load trifdr Block 1 of testing, depicting that the E2+begroup made
more WMI errors relative to E2-Only and Levo-Oniwgps. F) Treatment x Trial interaction, represenptWMI
errors made on the moderate and high working mernoay trials (Trials 3 and 4, respectively) and afneent
(Vehicle and E2+Levo) for Block 1 of testing. Thagact of E2 + Levo treatment on WMI performance was

dependent on working memory demand. All errorseamressed as mean + SEM. #p < 0.1, *p < 0.05, *p4.

Figure 3. Water radial-arm maze (WRAM) performance following a 6-hour delay. Top graph showsVMC
errors made on baseline trials (T3+4 on Day 12 &AM) and post-delay trials (T3+4 on Day 13 of WRAIR)
all treatment groups. Bottom graphs illustrate WIEI€rs made on baseline trials and post-delaystsaplit by

treatment group. All errors are expressed as mesEM. *p < 0.05

Figure 4. Morris water maze (MWM) performance. A) Swim distance to the platform for the 5 daygaxziting,
illustrating that all treatment groups learned thek as depicted by the decrease in swim distarrossadays. B)
Percent swim distance in the northeast (NE) quadtzat previously contained the platform comparedhe
opposing southwest (SW) quadrant that never caedaia platform on the probe trial, confirming spatia
localization of the platform by animals from ak#&tment groups. All measurements are expresse@as MSEM.

***p < 0.0001

Figure5. 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 congbdoethe Vehicle group and compared to the LevoyOnl
group. (B) Estrone blood serum levels were elevatede E2-Only and E2 + Levo treatment groupstineao the
Vehicle group and relative to the Levo-Only gro(p) Uterine horn weight increased for the two Eated groups
(E2-Only, and E2 + Levo) relative to the Vehiclegp and relative to the Levo-Only group. All measnents are

expressed as mean + SEM. ***p < 0.0001

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 ohasprovide a representative image of the blots fo
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phosphorylated Erkl and Erk2 as well as total Enkd Erk2 in the frontal cortex. (A) Block 1 WMCrers did
not correlate with activated Erk2 expression wittlie Vehicle group. (B) Block 1 WMC errors correlatwith
activated Erk2 expression within the E2-Only gro{@). Block 1 WMC errors did not correlate with aetied Erk2
expression within the Levo-Only group. (D) BlockMMC errors did not correlate with activated Erkgesssion
within the E2+Levo group. Of note, the false disgwrate-corrected statistio®) are reported here to account for

multiple correlations* Q < 0.1. Activated Erk2 expression is expressechasghorylated Erk2/total Erk2.

Frontal Cortex WMC errors WMI errors RM errors

Treatment Protein r P Q r P Q r P Q
Vehicle Erk 1 0.6059| 0.0634] 0.87471 0.1273 0.7260 0.8909 -0.650@418" | 0.8747
Erk2 0.7242| 0.0179" | 0.7160 | 0.2288 0.5249 0.8909 -0.5830.0769| 0.8909
E2-Only Erk1 [-0.4873| 0.1531| 0.8747| 0.0781 0.8302 0.92p4 -0.104%7736| 0.9099
Erk2 -0.8803| 0.0008" | 0.0960* | -0.3846| 0.2725| 0.8747| -0.80790.0047" | 0.2820
Levo-Only Erk1 |-0.6021| 0.0862| 0.8747| -0.59790.0890| 0.8747 -0.724#40.0273"| 0.8190
Erk2 -0.4252| 0.2538| 0.8747| -0.50540.1652| 0.8747] -0.381f70.3107| 0.8747
E2 4+ Levo Erk 1 0.3383| 0.3389] 0.87474 0.3297 0.35R2 0.8747 0.3822756.| 0.8747
Erk2 0.2607 | 0.4670, 0.8744 0.4711 0.16P4 0.8747 0.160%6570.| 0.9099

Table 1. Correlation matrix showing Pearspoorrelations, for each treatment group, betwedinaed Erkl and
activated Erk2 expression in the frontal cortex amdr measures for Block 1 of WRAM, the block esting
where main behavioral effects were seen. To acdoumbultiple correlations, a false discovery réE®R)
threshold of 0.1 was used; both uncorreci®dafid FDR-corrected)) statistics are reported (Benjamini and
Hochberg, 1995). Significant correlations followiRBR-correction are noted with a * and aréohd; significant
correlations prior to FDR-correction are noted véthand aretalicized.
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Figure 1
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Figure 2
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Figure3

6-hour WRAM Delay

4 -
# D - Vehicle
= O E2-Only
: 2 1 ‘A Levo-Only
= T =¥ E2+Levo
1 1
0 v '
Baseline Post-delay
T3+T4 T3+T4
Vehicle E2-Only Levo-Only E2+ Levo
4 4 4 4
Is 3 g 3 :s 3 — :s 3
E 2 E 2 E 2 I E 2
1 1 1 |_:l__| 1 |;l;|
0 ] 0 - 0 | |

Baseline Post-delay Baseline Post-delay Baseline Post-delay Baseline Post-delay



Figure 4
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Figure 5
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Figure 6
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17p-estradiol (E2) and Levonorgestrel (Levo) are exogenous hormones given adone and in
combination to women

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

E2 aone and Levo alone improved spatia working memory performance

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

While E2 and Levo aoneimproved memory, the E2+Levo combination did not maintain these
effects



