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ABSTRACT

Menopause is a major endocrinological shift that leads to an increased vulnerability to the risk factors for
cognitive impairment and dementia. This is thought to be due to the loss of circulating estrogens, which exert
many potent neuroprotective effects in the brain. Systemic replacement of estrogen post-menopause has many
limitations, including increased risk for estrogen-sensitive cancers. A more promising therapeutic approach
therefore might be to deliver estrogen only to the brain thus limiting adverse peripheral side effects. We
examined whether we could enhance cognitive performance by delivering estrogen exclusively to the brain in
post-menopausal mice. We modeled surgical menopause via bilateral ovariectomy (OVX). We treated mice with
the pro-drug 10[3,17p-dihydroxyestra-1,4-dien-3-one (DHED), which can be administered systemically but is
converted to 17B-estradiol only in the brain. Young (2.5-month) and middle-aged (11-month-old) female
C57BL/6J mice received ovariectomy and a subcutaneous implant containing vehicle (cholesterol) or DHED. At
3.5 months old (young group) and 14.5 months old (middle-aged group), mice underwent behavior testing to
assess memory. DHED did not significantly alter metabolic status in middle-aged, post-menopausal mice. In
both young and middle-aged mice, the brain-specific estrogen DHED improved spatial memory. Additional
testing in middle-aged mice also showed that DHED improved working and recognition memory. These
promising results lay the foundation for future studies aimed at determining if this intervention is as efficacious
in models of dementia that have comorbid risk factors.
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INTRODUCTION

The average woman spends ~1/3 of her life in menopause. By 2030, it is projected that ~14% of the entire world
population will be menopausal women'. Menopause is an endocrinological transition, due to loss of ovarian
hormones, that increases risk for cognitive decline and dementia?®. In part this is through the exacerbation of
dementia risk factors *°. For example, rates of type 2 diabetes increase among menopausal women®2, Glucose
metabolism within the brain decreases after the transition to menopause despite the brain’s high energy
demands; this is accompanied by hippocampal volume loss, increased amyloid beta deposition, and impaired
memory women®'2. Meta-analyses reveal that while early age at menopause is associated with an increased
risk for developing dementia'®, later age at menopause is associated with better cognitive performance and
delayed cognitive decline™°.

Loss of ovarian-produced estrogen during natural menopause or following surgical menopause (removal of both
ovaries), is thought to contribute to the acceleration of cognitive decline. Estrogen exerts potent neuroprotective
effects within the central nervous system (CNS)'-'8, This includes maintaining energy balance through the
regulation of brain glucose transport and metabolism™2° enhancing blood brain barrier (BBB) integrity?',
hastening the resolution of inflammation post-injury??, and regulating neuronal synaptic plasticity?>2%. Estrogen
receptors are expressed on neurons, glia, and other cell types such as endothelial cells throughout the brain?”-
32 Estrogen receptors are abundantly expressed within brain structures integral for learning and memory such
as the hippocampus® and cortex®'3*. These structures are highly responsive to exogenous estrogen %3 which
speaks to the major role estradiol plays in mediating brain homeostasis. Therefore, supplementing exogenous
estrogens after menopause could help ameliorate post-menopausal cognitive decline.

Several large observational studies have shown that longer lifetime exposure to estrogen is also linked to better
cognition and lower Alzheimer’s disease risk®"-3 . Unfortunately, clinical trials involving treatment with estrogen
have been largely unsuccessful®®*#!. There is a new understanding that estradiol is likely only protective when it
is given soon after menopause (<5 years)*? and in the right formulation (17B-estradiol rather than conjugated
equine estrogens) for a long enough duration to preserve cognitive function*?43. Additionally, systemic treatment
with estrogen has even been associated with adverse peripheral effects®*#4 such as increased risk of estrogen-
sensitive cancers®. Given these limitations, a more promising strategy may be to supplement estrogen
exclusively to the brain. In 2015, Prokai et. al characterized a novel estrogen prodrug, 10B,17B-dihydroxyestra-
1,4-dien-3-one (DHED). When administered systemically to mice or rats, DHED is converted to 17B-estradiol
only in the brain while remaining inert throughout the body*®. In vitro, DHED does not enhance estrogen-sensitive
tumor size #°. Subsequent studies have demonstrated that DHED ameliorates some of the adverse effects of
menopause such as hot flashes*® and depressive symptoms in rodents*’. These significant studies demonstrate
the potential of DHED as a brain-specific estrogen delivery option. However, DHED’s potential to improve
cognition has been understudied, and it has not been examined in middle-aged mice. Middle age itself is a time
in which chronological aging processes converge with the menopausal transition to contribute to the increased
vulnerability to cognitive decline*®. In this study, we sought to validate that long-term DHED delivery is efficacious
during this critical aging timepoint of middle-age.

Our main goal was to evaluate whether DHED could improve cognition in post-menopausal middle-aged female
mice. We used bilateral ovariectomy to model surgical menopause and delivered estrogen to the brain via silastic
capsule implant of DHED in both young and middle-aged mice. We measured cognition after long-term treatment
through a series of behavioral tests. We identified cognitive improvements in mice of both ages, further
supporting the therapeutic potential for DHED.

METHODS
ANIMALS AND EXPERIMENTAL DESIGN:

All experiments were approved by the Albany Medical College Animal Care and Use Committee and in
compliance with the ARRIVE guidelines.

Study 1 Timeline: Female C57BL/6J mice were purchased at 9 weeks of age from Jackson Laboratories (Bar
Harbor, ME, USA). Upon arrival, mice were randomly assigned to cages [group housed (3-5 per cage) at 70-72
°F, 30-70% humidity, with a 12 h light/12 h dark cycle (7 a.m. on/7 p.m. off)]. Mice were group housed for the
duration of the study. Mice were provided with normal chow diet (Purina Lab Diet 5P76) and water ad libitum.
Following one week of acclimation, cages of mice were randomized to treatment groups based on cage ID
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number and received bilateral ovariectomy and a intrascapular subcutaneous silastic capsule implant containing
either DHED (mixed to a 1:10 ratio with cholesterol packed to a length of 4mm) or vehicle (cholesterol only
packed to a length of 4mm). One month later, mice underwent Morris water maze (protocol described below) to
assess spatial learning and memory. The following week mice were deeply anesthetized with isoflurane and
intracardially perfused with saline and tissues were collected. Experiments were conducted in 1 cohort of 16
mice (N=8 mice per group). Experimenters were blinded to DHED status.

Study 2 Timeline: Female C57BL/6J mice were purchased at 44 weeks of age from Jackson Laboratories (Bar
Harbor, ME, USA). Acclimation, housing conditions, and randomization to treatment group were the same as
described for study 1. After 1 week of acclimation, mice received bilateral ovariectomy and a silastic capsule
implant containing DHED in a ratio of 1:30 (low dose), 1:10 (medium dose), 1:3 (high dose), or vehicle
(cholesterol), each packed to a length of 4mm. A reference group of 10 age-matched females received a sham
surgery and vehicle implant. Capsule implants were replaced every 6 weeks. At 3.5 months after ovariectomy,
mice underwent a series of behavior tests to assess cognitive deficits. Next, a glucose tolerance test was
performed to assess metabolic status. Three and a half months after surgery, mice underwent behavior testing
(detailed below) in the following order: Anxiety-like behavior was assessed using the marble burying test, anxiety-
like behavior and general locomotor activity were tested with the open field. Spatial recognition memory and
episodic-like memory were assessed in the object place recognition test (OPRT) and novel object recognition
test (NORT). Working memory was assessed in the Y maze, and activities of daily living were assessed with the
nest building test. For all behavior tests mice were allowed to acclimate to the behavior room for one hour prior
to testing in the same ambient conditions used during the test. Lights were kept dim except during marble
burying, which took place under fluorescent lights (lux=~400). Open field, OPRT, NORT, and Y maze were video
recorded and analyzed using automated tracking software (ANY-maze 5.1, Stoelting, Wood Dale, IL).The
following week mice were deeply anesthetized with isoflurane and intracardially perfused with saline and tissues
were collected. Mice were group housed for the duration of the study. Experiments were conducted in 3 cohorts
of 16-17 mice (n=9-10 mice per group). Final n numbers for each figure are noted in figure legends.
Experimenters were blinded to DHED status.

Bilateral Ovariectomy (OVX): Mice were anesthetized with isoflurane and body temperature was maintained. An
incision was made to the caudal abdomen and underlying peritoneum. The first ovary was then located and
pulled out before ligation distal to the uterus. A cut was made above the oviduct to remove the ovary. Once
hemostasis was verified, the uterus was returned into the abdomen. The second ovary was removed in the same
manner. After the removal of both ovaries, incisions were closed using 4-0 silk sutures and tissue adhesive. For
age-matched intact mice (study 2), the abdomen and peritoneum were incised, and the ovaries were identified
and pulled out. The ovaries were then placed back into the abdomen without ligation or excision. Wound clips
were placed on the incisions. Mice were allowed to recover from anesthesia before returning to their home cage.
Buprenorphine (100 ul of 0.03mg/mL) was administered via subcutaneous injection (2x day for 3 days) for pain
management.

Preparation of Silastic Capsules: Silastic capsules were prepared 3 days prior to implantation. On day 1, 10mm
of silastic tubing (ID: 1.47mm OD: 1.96mm; 508-006 Dow Corning) was cut and one side was clogged with ~2mm
of silicone glue (Permatex #80050). This was allowed to set overnight protected from dust. The next day, DHED
powder (SML1642-25MG, Millipore) was mixed in a 1:10 ratio (study 1) with cholesterol (45-C8667, Krackeler
Scientific) and silastic tubing was packed to 4mm with the DHED mixture or cholesterol only (vehicle). For study
2, to assess the efficacy of different ratios of DHED, capsules were packed with DHED powder in ratios of 1:30,
1:10, 1:3, or cholesterol only (vehicle). The remainder of the tube was sealed with silicone glue and allowed to
set overnight. On day 3, the capsules were washed in 70% ethanol and soaked overnight in sterile saline.

Silastic Capsule Implant: Immediately following ovariectomy, while mice were still anesthetized with isoflurane,
a small incision was made between the shoulder blades of the mice and the capsule was inserted
subcutaneously with sterile forceps. Incisions were closed using 4-0 silk sutures and tissue adhesive. For study
1, capsules remained in place for the duration of the study (4 weeks). For study 2, capsules were initially
implanted immediately after OVX as described for study 1 and replaced every 6 weeks to ensure continuous
administration of the drug. During implant replacement, the old capsule was removed using sterile forceps before
the new one was placed. Buprenorphine (100 ul of 0.03mg/mL) was administered via subcutaneous injection (2x
day for 3 days) for pain management.
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BEHAVIOR:

Morris Water Maze: Morris Water Maze (MWM) was performed as previously described*®. Mice were placed in
a pool 125 cm in diameter. Mice were trained to swim to a platform submerged 2.5cm under water made opaque
with white tempera paint. The temperature of the pool was 20 to 22 degrees Celsius. MWM took place in three
different types of trials: visible, hidden, and probe. During the visible trials (day 1), mice were trained to locate
the escape platform submerged below the surface of the water with the aid of visual cues. Mice underwent 6
visible trials, separated by a 30-minute inter-trial interval each. Mice were carefully placed near the wall of the
pool in two alternating locations. The trial ended when the mouse located the platform. Mice were rescued and
placed in a recovery cage under a heat lamp. If the mouse failed to locate the platform after 3 minutes, they were
guided to the platform by placing a finger on the platform. If they still did not locate the platform, they were
brought to the platform by being gently dragged by the tail. This was repeated until they stayed on the platform
for at least 10 seconds. Throughout the visible trials, the platform was not moved. The following day, mice were
trained to locate a hidden platform, using extra-maze cues for spatial reference and orientation (hidden trials;
day 2). Visual cues were placed on the walls of the pool above the water line at the borders of the quadrants.
The platform was returned to the same place and remained in the same location for all hidden trials. There were
6 hidden trials with a 30-minute inter-trial-interval. Twenty-four hours after the final hidden trial, spatial memory
retention was assessed through a three-minute probe trial (in which the platform was removed; day 3). For the
visible and hidden ftrials, latency to find the platform over the course of the trials was measured. For the probe
trial, the straightness of the path used to reach the target location was measured (path efficiency). All trials were
video recorded and analyzed using automated tracking software (ANY-maze 5.1, Stoelting, Wood Dale, IL).

Marble Burying: Allentown cages were filled with wood chip bedding to a depth of 1 inch. 12 identical black
marbles were gently placed on top of the bedding in 4 rows of 3 marbles. One mouse was placed in the corner
of each cage. The cages were covered with a filter top and the mice were undisturbed for 30 minutes. Mice did
not have access to food or water during the test. After 30 minutes, the mice were removed carefully to not move
the marbles and placed back in their home cages. Pictures were taken from an aerial view of the cages. Marbles
were cleaned with 70% ethanol to prevent odor cues between mice. Three independent scorers blinded to
treatment counted the number of marbles buried in each cage based on the picture. Marbles were considered
buried if two-thirds or more of their surface area was covered by the bedding. The average of the three scores
was taken as the number of marbles buried.

Open field: As previously described*®*°, mice were placed in a 49.5 x 49.5 cm square arena and allowed to
explore freely for 10 min, then removed and placed in a “recovery cage” so as not to expose them to naive cage
mates. Anxiety-like behavior was measured as the amount of time spent in the center of the arena. General
locomotor behavior was assessed as the measure of total distance traveled (pathlength).

Object Place and Novel Object Recognition: The combined test took place as three 10-minute trials: a “training”
trial, the “OPRT” trial and the “NORT" trial, with an inter-trial interval of 1hr. The open field arena was used, with
a horizontal piece of black tape on the north wall serving as a visual cue. In the training trial, mice were placed
in the open field arena and allowed to explore two identical objects, one in the northwest (NW) corner and one
in the northeast (NE) corner, each 8 cm from the wall. After the training trial, mice were placed in a recovery
cage for 2 hours, and the open field box and objects were cleaned with 70% ethanol. In the OPRT test trial, the
NW object was placed in its original position while the NE object was moved to the southwest (SW) corner. Mice
were allowed to explore again for 10 minutes before being returned to their recovery cage for 2 hours. In the
NORT test trial, the NW object was returned to its original position in the arena, along with a novel object in the
SW corner. Mice were allowed to explore again for 10 minutes. For the training trial, preference for the NE object
vs NW object was computed as [(NE object time)/(NE + NW object time) x 100]. For the OPRT and NORT,
recognition indexes [(SW object time)/(SW + NW object time) x 100] were computed. To evaluate spatial
recognition memory and episodic-like memory, the difference between the recognition indexes and the
preference during the training trial were calculated. Exclusion criteria included failure to explore both objects as
well as exploring both objects for less than 10 seconds during the training trial. Additionally, animals were
excluded if they explored objects for less than 4 seconds during the NORT or OPRT. 9 animals total were
excluded from OPRT and 10 animals were excluded from NORT based on these criteria.

Y Maze Spontaneous Alternations: Mice were placed in a Y-maze (Stoelting, Wood Dale, IL) with 3 identical
arms (5 cm W x 35 cm L x 10 cm H) and allowed to explore freely for 3 minutes. Data from the first minute was
analyzed. Arm entries were recorded. Each set of 3 non-repeating arm entries was counted as a triad. Working
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memory was measured as the % of spontaneous alternations [(# of triads)/(# arm entries — 2) x 100]. Mice with
fewer than 4 arm entries were excluded from the test (1 mouse was excluded based on this criteria).

Nest Building: Nest building took place as previously described*®®'. Mice were individually housed overnight
and were provided intact nestlet material. 16 hours later, mice were carefully removed from the cages and group-
housed in their home cage. The nests were scored by three independent scorers, blinded to conditions. Nests
were scored on a scale of 1-5 in 0.5 point increments °2 , with 1 being the lowest possible score and 5 being the
highest. Scores were averaged between the three scorers.

Glucose Tolerance Test: Glucose tolerance test was carried out as previously described*®%953, After the
completion of behavior testing, mice were fasted for 16 hours overnight, and the next morning baseline blood
glucose levels in saphenous vein blood were measured by glucometer (Verio 1Q, OneTouch, Sunnyvale CA,
USA). Each mouse received 2g/kg of glucose via i.p. injection and blood glucose levels were re-measured at 15,
30, 60, 90, and 120 minutes post-injection.

Quantitative PCR: qPCR was performed according to our previously published methods “>%. Flash frozen
hippocampi were thawed and homogenized in 50uL RNA-Later (45-R0901-100MLsigma). RNA was extracted
from 25uL of homogenate using the RNeasy® Plus Mini Kit (Qiagen, Catalog number 74134). RNA
concentrations were determined using ThermoScientific NanoDrop One and RNA was converted to cDNA using
a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Catalog number: 4368814). The gPCR
reactions were performed using TagMan Gene Expression Master Mix (Applied Biosystems, Catalog number
4369016) in the presence of TagMan Assays with primer/probes for ERa (MmO00433149 m1), ERp
(Mm00599821 _m1) and GPER1 (Mm02620446_s1) as target genes. RPL13A (Mm05910660_g1) was used as
the housekeeping gene. Data is represented as fold change relative normalized expression compared to OVX-
vehicle-treated mice using Bio-Rad CFX Maestro software.

Statistics: Data were analyzed with Prism 8.1 (GraphPad Software, San Diego, CA, USA). A student’s T-test
was used when comparing 2 groups only (e.g., Morris water maze probe trial in Study 1). For study 2, one-way
ANOVA with Dunnett’s correction for multiple comparisons was used to compare all groups to OVX-vehicle.
Gonadally intact vehicle treated mice are only represented for reference. For behavior data in which performance
is judged relative to chance (e.g recognition index), data are analyzed with a one-sample T-test vs. chance. For
data that was tracked over time (e.g. Morris water maze escape latency and weight change), mixed effects
ANOVAs [DHED X trial (1-12)] were used. The robust regression and outlier removal test (Prism 8.1) was used.
Data is presented as mean +SEM on bar graphs and mean +/- SEM on line graphs.
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RESULTS
DHED improves spatial learning and memory in ovariectomized young mice

To investigate whether DHED could improve cognition when administered long term via silastic capsule, young
(2.5 months old) mice were given a bilateral ovariectomy (OVX) and implanted with a subcutaneous silastic
capsule of either vehicle (cholesterol) or DHED (ratio of 1:10 in cholesterol). One month later, spatial learning
and memory were assessed through the Morris water maze (Figure 1A). Across repeated visible trials, when
the platform was marked by a flag, both groups significantly reduced their time to reach the platform, and no
group differences were seen in this latency (mixed effects ANOVA, main effect of trial, p<0.0001, trial x treatment,
p=0.4857), indicating that both groups demonstrated cued learning equally well. However, when the flag was
removed and animals had to rely on spatial cues in and around the maze to navigate to the submerged platform
(hidden trials), escape latency was significantly better in DHED treated animals (mixed effects ANOVA, main
effect of trial, p=0.0363, trial x treatment, p=0.0.0116; Figure 1B). When spatial memory was assessed in the
probe trial, DHED treated mice showed a significantly better path efficiency to locate the area where the platform
had been (Figure 1C, 1D; Student’s T-test p=0.0265). These data indicate that DHED significantly improves
spatial learning and memory in a surgical menopause model.

A Experimental design for Study 1
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Figure 1. DHED improves spatial learning and memory in ovariectomized young mice. (A) Experimental timeline for
Study 1. Figure created with BioRender. (B) Escape latency during the visible (left) and hidden (right) trials of Morris water
maze (MWM) performed one month after ovx and vehicle (veh) / DHED implant. Mixed effects ANOVA showed a trial x
treatment interaction for hidden trials only *p=0.0116. (C) Representative plots of the path vehicle-treated mice (top) and
DHED-treated mice (bottom) used to locate the area where the escape platform had been during the probe trial. (D) Path
efficiency to reach the area that the escape platform had been during the probe trial. N=7/group. Student’s f test *p=0.0172.
Data are presented as mean +SEM.

DHED does not exacerbate metabolic effects of ovariectomy in middle-aged females

Loss of estrogens during menopausal transition has been shown to increase metabolic burden in women, such
as increased visceral adiposity and glucose intolerance®-’. To investigate metabolic effects in a more clinically
relevant age group, we performed bilateral ovariectomy in middle-aged (11 months old; Figure 2) females and
treated them with silastic capsules containing either vehicle (cholesterol), DHED in a ratio of 1:30 (low dose),
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1:10 (medium dose), or 1:3 (high dose). Capsules were replaced every six weeks to ensure continuous drug
supply for the 3.5 month duration. An ovary-intact vehicle treated group was included for reference purposes on
each graph (green line = mean, shading = standard error). Weight was tracked for the duration of the study
(Figure 3A). Percent change in body weight at the end of the study relative to the mouse’s starting weight was
calculated (Figure 3B). There were no group differences in weight gain (mixed effects ANOVA time x treatment
p=0.7519; one way ANOVA p=0.7278). Visceral adipose tissue, which is known to increase in humans after
menopause onset and is associated with increased risk for cardiovascular disease and other metabolic diseases,
was collected at the end of the study and weighed (Figure 3C). There were no group differences in visceral
adipose tissue as a % of body weight (one way ANOVA p=0.8889). Glucose intolerance was assessed through
a glucose tolerance test. Overall, there was a time x treatment interaction (mixed effects ANOVA p=0.0412).
Specifically, compared to vehicle-treated mice, mice that received the high dose DHED showed significantly
higher blood glucose levels at 60 and 90 minutes after glucose injection (Figure 3D; Dunnett's multiple
comparison test: 60 min p<0.0008, 90 min p=0.0236 DHED high vs vehicle). While no significant group
differences were observed when analyzing the area under the curve (AUC) for the glucose tolerance test (Figure
3E; one way ANOVA p=0.1018), there was a trend for the high dose DHED-treated animals to have greater AUC
than vehicle treated animals (p=0.0535). These data indicate that at low-to-moderate doses DHED does not
impair glucose tolerance. Uterine weight fluctuates with variations in levels of circulating estrogen and can be
used as a proxy measurement of circulating estrogens. Uteri were dissected at the end of the study and wet
weights taken (Figure 3F). As expected, ovariectomized mice had lower uterine weights than the ovary-intact
reference group and there were no group differences in uterine weight among the vehicle and DHED-treated
mice (one way ANOVA p=0.1363). Importantly, this data indicates that DHED does not exert estrogenic effects
on this estrogen sensitive peripheral organ. Overall, these data suggest that low and medium doses of DHED
do not affect metabolic status of menopausal mice.

Behavior testing

ovariectomy DHED DHED e
:mDTaEr?t implant implant
P replacement replacement
? 0O O

WL

11 months 12 months 13 months 14 months 15 months
old old old old old

Figure 2. Experimental design for study 2. Mice were ovariectomized and implanted with DHED or vehicle at 11 months
of age. Capsules were replaced every 6 weeks to ensure continuous supply of the drug. Behavioral assays were performed
3.5 months after ovariectomy/implant. Figure created with BioRender.
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Figure 3. DHED does not exacerbate post-menopausal metabolic effects in middle-aged females (A) % weight
change over the course of the study. (B) Weight change (%) from start to end of study. (C) Fat pad weight as % body weight
at the end of the study. (D) Blood glucose concentrations (mg/dL) over 2 hours post-glucose challenge. Mixed effects
ANOVA time x treatment interaction *p=0.0412 with Dunnett’s post hoc test vs vehicle *p<0.05, ***p<0.001. (E) Area under
the curve (AUC) from the glucose tolerance test. (F) Uterus weight at the end of the study. N=7-10/group. One-way ANOVA
with Dunnett’'s post hoc test vs vehicle. Data are presented as mean +SEM. Gonadally intact, vehicle treated, age-matched
reference group represented on bar graphs as mean (dark green line) £+SEM (light green shading). veh=vehicle;
med=medium.

DHED improves working memory and spatial recognition memory in ovariectomized middle-aged
females

To evaluate the ability of DHED to improve memory in middle-aged female mice using a surgical menopause
model (OVX), we performed a series of behavior tests 3 months (age 15 months) after OVX and vehicle or DHED
treatment. To assess working memory, mice were placed in a Y-maze and allowed to freely explore (Figure 4A).
Spontaneous alternations (%) were analyzed as a measure of working memory (Figure 4B). Compared to
vehicle-treated mice, mice that received either a medium or high dose of DHED showed significantly higher %
alternations, indicating a better working memory (one way ANOVA, p=0.0147; vehicle vs DHED medium
p=0.0362; vehicle vs DHED high p=0.0215). Mice that received a low dose of DHED did not perform significantly
better than vehicle treated mice (p=0.8334). There were no group differences in overall number of arm entries
(Figure 4C), indicating that differences in alternations were not related to overall exploratory differences (one
way ANOVA p=3168). Taken together, these data indicate that while long term treatment with low dose DHED
is not sufficient to improve working memory, treatment with DHED at the medium and high doses improved
working memory in ovariectomized middle-aged females. We assessed spatial recognition memory through an
object place recognition test (OPR; Figure 4D). OPR was calculated as the difference in preference for an object
during the training trial (old place) vs the preference for same object during the test trial (new place). Compared
to vehicle-treated mice, mice that received either a medium or high dose of DHED showed significantly greater
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preference during the test trial (Figure 4E), indicating a better object place memory (one way ANOVA p=0.0363;
vehicle vs DHED medium p=0.0465; vehicle vs DHED high p=0.0252). Mice that received a low dose of DHED
did not perform significantly better than vehicle (p=0.2848). No group differences were observed in total object
exploration time (Figure 4F; one way ANOVA p=0.7135) suggesting that the differences observed during the
OPR task were not related to differences in exploration.

We assessed episodic-like memory in a novel object recognition test (NOR) after a two-hour inter-trial interval
immediately following object place recognition test (Sup. Figure 1A-B). We did not detect any group differences
via one way ANOVA (p=0.0899). However, secondary analysis (one-sample t-test vs 0, chance) revealed that
the medium DHED group showed a significant preference for the novel object (p=0.0461) while the other groups
did not. This indicates that while OVX mice are impaired in this test of episodic-like memory, mice treated with a
medium dose of DHED after OVX have preserved episodic like-memory.

Since cognitive tests can be influenced by activity levels, we evaluated locomotor activity in the open field test
and found no differences (Sup. Figure 1C; one way ANOVA p=2861). Anxiety-like behavior can also influence
cognitive performance. We assessed anxiety-like behavior via the % of the time spent in the center of the open
field (Sup. Figure 1D) and via defensive marble burying behavior (Sup. Figure 1E). We did not observe any
significant differences in either test. Activities of daily living were assessed through a nest building test (Sup.
Figure 1F), however, no group differences were observed. Overall, these data suggest that anxiety-like behavior
and activities of daily living are not worsened by DHED. This further supports that the DHED-related
improvements in memory tasks we report above are not due to confounding influences such as anxiety. Overall,
these data suggest that long term treatment of DHED has beneficial effects on several cognitive aspects
including working and spatial recognition memory.
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Figure 4. DHED improves working memory and spatial recognition memory in post-menopausal middle-aged
females. (A) Schematic of Y maze spontaneous alternations (created in BioRender). (B) % alternations (C) Number of arm
entries. N=8-10/group. (D) Schematic of object place recognition (created in BioRender) depicting the training and testing
trial (E) Difference between % time spent with object in its new place during testing trial vs % time with that same object
during training trial (F) Total exploration time with both objects. N=6-8/group. Data are presented as mean +tSEM. One-way
ANOVA with Dunnett’s post hoc test vs vehicle *p<0.05. Gonadally intact, vehicle treated, age-matched reference group
represented on bar graphs as mean (dark green line) £SEM (light green shading). veh=vehicle; med=medium.
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DHED does not change hippocampal expression of estrogen receptor mRNA

Given the improvements in hippocampal-dependent learning and memory tasks we observed in DHED treated
mice, we sought to examine whether long term treatment with DHED altered expression of estrogen receptor
genes in the hippocampus of our middle-aged mice (Figure 5). We did not observe any changes in hippocampal
MRNA expression of estrogen receptors (ER) a or B (one way ANOVA p=0.7709 for ERa; p=0.5829 for ER;
Figure 5A and 5B). The ratio of ERa to ERB has been reported to decrease in the brain with age®® and to be
functionally associated with increased synaptogenesis and transcription of synaptic plasticity genes %°. When
we calculated the ratio of ERa to ERB mRNA we did not observe any group differences (Figure 5C; one way
ANOVA p=0.2025) We also did not observe any differences in G-protein coupled estrogen receptor 1 (GPER)
(p=0.6061; Figure 5D). These data show that DHED treatment does not alter hippocampal expression of
estrogen receptors genes.
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Figure 5. DHED does not change hippocampal expression of estrogen receptor mRNA. Relative expression of mMRNA
of estrogen receptors: ERa (Esr1) (A), ERB (Esr2) (B) The ratio of ERa:ERB (C), and GPER (GPER1) (D). mRNA levels
were quantified using the AACq method and reported as fold change relative to vehicle-treated (veh) females. N=8-
10/group. Data are represented as mean +SEM. One-way ANOVA with Dunnett’s post hoc test vs. vehicle. Gonadally intact,
vehicle-treated age-matched reference group represented on bar graphs as mean (dark green line) +SEM (light green
shading). med=medium.

DISCUSSION

The goal of this study was to determine if the estradiol prodrug DHED can be administered long term via a silastic
capsule implant to rescue cognitive deficits after surgical menopause. Others have previously demonstrated that
DHED rapidly converts to estradiol in the brain“®. However, whether cognitive performance can be improved by
silastic capsules of DHED over 3.5 months had yet to be assessed. In our current study, we aimed to improve
cognition in middle-aged females with surgical menopause by treating them with a subcutaneous silastic capsule
implant of DHED. Overall, we found that DHED did not significantly alter metabolic status in middle-aged, post-
menopausal mice. In both young and middle-aged mice, DHED improved spatial memory, and in middle-aged
mice DHED also improved working memory. These results lay the groundwork for a novel therapeutic
intervention for cognitive decline in women without increasing risk for adverse peripheral effects of traditional
estrogen replacement therapy.

Systemic treatment with estrogen has been associated with adverse peripheral effect 344 such as increased risk
of estrogen sensitive cancers®. This could be due to the direct pro-oncologic effect of estrogen on these
peripheral tissues. By restricting estrogen’s actions to the brain, DHED represents a more promising opportunity
for therapeutic intervention. In this study we found that DHED did not alter uterine wet weight, weight gain,
visceral adiposity, or glucose tolerance in middle-aged females. Uterus wet weight is a proxy measurement for
circulating estrogens. Our finding that DHED does not alter uterus weight indicates that DHED does not exert
estrogenic effects on the uterus. This is consistent with what others have reported regarding uterus weight in
response to DHED #5%°, Qurs is the first study to examine the effect of DHED on metabolic measures. Systemic
17B-estradiol treatment reduces weight gain after OVX in middle-aged rats®' ¢' as well as young OVX mice®?.
This is associated with a reduction in food intake®2. Perhaps our finding that DHED does not alter weight is due
to the lack of peripheral 17B-estradiol in these mice. In the periphery, estrogen activates metabolic mediators
such as insulin, leptin, and GLP-1%3. Although some studies have linked the anorexigenic effects of systemic
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17B-estradiol to its signaling within the hypothalamus, direct administration of 173-estradiol to the hypothalamus
has shown mixed results 4%, We are the first to demonstrate that DHED does not have adverse metabolic
consequences as assessed by body weight, glucose intolerance, and visceral adiposity.

In this study we found that in young ovariectomized mice, DHED improves spatial learning and memory.
Specifically, we found that while mice are equally able to learn the association between swimming to the flagged
target and being rescued from the water maze (associative learning), DHED improves cued learning as
measured by the trials in which the platform is hidden, and mice must use spatial cues around the maze and
room to locate the platform. In naturally cycling females, Morris water maze performance and search strategy
vary depending on estrogen levels throughout the estrous cycle, with phases of high estrogen being associated
with better performance®®’. One group assessed the effect of DHED on spatial memory using a different
behavior test (radial arm maze) in an APPswe/PS1dE9 transgenic Alzheimer’s disease (AD) mouse model®°.
Among female AD mice, regardless of ovariectomy, DHED improved spatial memory. However, our study is the
first to assess the effect of DHED on spatial recognition memory and to take into consideration the important
variables of age, DHED dosage, and longerterm treatment which are likely to be clinically important variables
given that age and dosage alters the efficacy and long term outcomes of HRT in women. In middle-aged females,
we found that DHED significantly improved spatial recognition memory in the OPR test. Though no other study
has examined DHED’s effect on spatial recognition memory, there is robust data on the ability of exogenous
estrogen to enhance object place performance in rodents®7°. Inhibition of local E2 synthesis within the
hippocampus impairs object recognition in ovariectomized female mice”". Overall, our data indicates that DHED
has a similar beneficial effect of spatial recognition as estrogen in ovariectomized mice.

We found that in middle-aged females, DHED in a ratio of 1:10 or 1:3 improves working memory. To assess
working memory in this study we used Y maze spontaneous alternations paradigm. Currently, only one other
study has assessed the effect of DHED on working memory*®. Prokai et al performed a delayed match-to-sample
plus maze test in rats after ~1.5 months of DHED treatment (via alzet mini-pump)*°. The authors found that
DHED significantly improved working memory (reduction in the number of errors). In this study we found that
mice treated with DHED over a longer time frame (3.5 months) exhibit enhanced working memory via Y maze
spontaneous alternations paradigm. Though further investigation would be helpful, our work along with that of
Prokai et al provides evidence of DHED’s ability to improve working memory across multiple behavioral assays
and in multiple species over the long term.

Given that DHED is an estradiol pro-drug, we sought to establish whether estrogen receptor expression is altered
by DHED administration. Previous studies have shown that inhibition of estrogen receptors (ER’s) ERa or ER
in the hippocampus impairs object place recognition and novel object recognition in ovariectomized mice’.
When we assessed levels of estrogen receptor mRNA in the hippocampus of middle-aged, DHED-treated mice,
we found that ERa, ER[ as well as GPER were all similar to levels of intact, age-matched mice. Future studies
are needed to determine which estrogen receptor(s) are mediating the protective effects of DHED. Improving
our understanding of the mechanism by which DHED improves cognition is critical. It is highly likely that the
mechanism is the same as that of estrogen in the brain. In this regard, so far data suggests that E2-mediated
memory improvement occurs through estrogen receptors and depends on numerous cell signaling cascades
such as ERK, PI3K/Akt, and mTOR as well as epigenetic processes such as DNA methylation'”2468.71-73 Though
outside the scope of this investigation, future research is needed to confirm that DHED administration results in
upregulation of these same cascades.

Systemic hormone replacement therapy has shown mixed results in ameliorating menopausal cognitive
decline®**'. Growing data suggests that these varied results may be due to the length of time between
menopause onset and the initiation of estrogen replacement therapy, the “timing hypothesis”. Rodent data
supports that there is a critical window after ovariectomy in which estrogen replacement therapy is beneficial,
which is not related to chronological age’ . However, the ovariectomy model does not parallel the menopausal
transition in that during ovariectomy, circulating estrogens are depleted immediately. On the other hand, human
menopause is preceded by peri-menopause, in which estrogen levels fluctuate appreciably. Imaging studies
reveal that the changes in brain glucose utilization, neuropathology, cognitive alterations actually begin during
peri-menopause in women®'2, In mice, in contrast to ovariectomy, a model of menopause that incorporates the
peri-menopausal transition can be achieved by administering 4-vinylcyclohexene diepoxide (VCD). VCD
accelerates ovarian failure while keeping ovaries intact’®’’. Previous work using VCD has shown that VCD
causes large estrogen fluctuations before ovarian failure, mimicking peri-menopause’’. Using this model, our
group and others have shown that accelerated ovarian failure leads to exacerbation of metabolic deficits®'’7,
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neurovascular dysfunction’®, and cognitive impairment®'. We are currently testing the ability of DHED to rescue
such deficits in this model of menopause.

In this study, we identified a new method of administering DHED long-term, via silastic capsule, with a dose of
1:10 DHED:cholesterol showing optimal results. We identified several new behavioral paradigms in which DHED
exhibits beneficial effects in both young and middle-aged mice. Our data strongly supports the use of DHED to
enhance cognitive performance in a rodent menopause model. By increasing estrogen exclusively in the brain,
DHED represents a potential novel therapeutic strategy for cognitive decline in post-menopausal women,
avoiding adverse peripheral effects of traditional estrogen replacement therapy.
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Novel Object Recognition Test
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Supplemental Figure 1. DHED does not alter anxiety-like behavior or activities of daily living. (A) Schematic of novel
object recognition (created in BioRender) depicting the training trial, object place testing trial and novel object recognition
testing trial. (B) Difference between % time spent with object in its new place during novel object recognition testing trial vs
% time with replaced object during training trial. Open Field (C) distance traveled and (D) % time in the center of the open
field arena. (E) Number of marbles buried during the marble burying test. (F) Nest scores from the nest building task. Data
are presented as mean +SEM. +p<0.05, one-sample T-test vs chance (0). Data are represented as mean +SEM. One-
way ANOVA with Dunnett’'s post hoc test vs vehicle *p<0.05. Gonadally intact, vehicle-treated age-matched reference
group represented on bar graphs as mean (dark green line) +SEM (light green shading). veh=vehicle; med=medium.
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