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Abstract

Background and Purpose—Estradiol is a sex steroid hormone known to protect the brain
against damage related to transient and global cerebral ischemia. In the present study, we leverage
an experimental murine model of bilateral carotid artery stenosis (BCAS) to examine the putative
effects of estradiol therapy on chronic cerebral hypoperfusion. We hypothesize that long-term
estradiol therapy protects against white matter injury and declarative memory deficits associated
with chronic cerebral hypoperfusion.

Methods—Adult male C57BL/6J mice underwent either surgical bilateral carotid artery stenosis
(BCAS) or sham procedures. Two days after surgery the mice were given oral estradiol (Sham-E;
BCAS-E) or placebo (Sham-P; BCAS-P) treatments daily for 31-34 days. All mice underwent
Novel Object Recognition (NOR) testing 31-34 days after the start of oral treatments. Following
sacrifice, blood was collected and brains fixed, sliced, and prepared for histological examination of
white matter injury and ERK expression.

Results—Animals receiving long-term oral estradiol therapy (BCAS-E2 and Sham-E2) had
higher plasma estradiol levels than those receiving placebo treatment (BCAS—P and Sham—P).
BCAS-E2 mice demonstrated less white matter injury (Kluver-Barrera staining) and performed
better on the NOR task compared to BCAS-P mice. ERK expression in the brain was increased in
the BCAS compared to shams cohorts. Among the BCAS mice, the BCAS—E2 cohort had a
greater number of ERK+ cells.

Conclusion—This study demonstrates a potentially protective role for oral estradiol therapy in
the setting of white matter injury and declarative memory deficits secondary to murine chronic
cerebral hypoperfusion.
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INTRODUCTION

Vascular cognitive impairment is a leading cause of dementia in older adults (1). Chronic
cerebral hypoperfusion (CCH) is implicated in the pathogenesis of subcortical white matter
injury and resultant loss of neurons that contributes to neurocognitive decline (2). Studies
support a critical role for cerebral vascular dysfunction in the onset and progression of both
sporadic and familial forms of Alzheimer’s disease (3, 4). To date, therapeutic efforts to
target vascular cognitive impairment have been unsuccessful.

Mechanisms regulating cerebral protection are not well understood (5-7). Clinical studies
demonstrate that the sex steroid estradiol (17p-estradiol; E2) can protect the brain by
activating pro-survival pathways in neurons and regulating cerebral blood flow (8, 9). Non-
human, experimental models show that activation of estrogen receptors (ER) is a critical step
in the hormone’s ability to protect neurons (2, 10, 11). It is known that activation of the ERa
isoform in neurons enhances the genomic expression of anti-apoptotic genes. However,
research suggests that activation of this genomic mechanism alone cannot fully account for
the steroid hormone’s neuroprotective actions (12).

Understanding mechanisms involved in cerebral protection is increasingly important as the
prevalence of age-related brain disease rises. In this study, we leverage the murine bilateral
carotid artery stenosis (BCAS) model to study protective effects of long-term oral estradiol
administration on white matter injury in the setting of chronic cerebral hypoperfusion. We
evaluate white matter ischemic injury in the corpus callosum and neurocognitive outcome.
Further, we explore activation of the extracellular-signal regulated kinase (ERK) pathway

METHODS AND MATERIALS

Animals

All procedures utilized in this study were approved by the Institutional Animal Care and Use
Committee (IACUC; protocol # 20036) of the University of Southern California and carried
out in accordance with the Guide for the Care and Use of Laboratory Animals (NIH). All
mice were male C57BL/6J (12 weeks of age) and housed in a barrier facility with free
access to food and water on a 12-hour light dark cycle. 42 mice (25-27 g; The Jackson
Laboratory) were chosen and assigned random numbers for use in this study. Control mice
(n = 14) did not undergo any surgical procedure. 14 mice underwent the BCAS surgery and
14 mice underwent sham surgery (see below). Within each group (control, sham, BCAS)
mice were either treated with oral estradiol therapy or placebo. This yielded six groups:
[Placebo (P); Estradiol (E2); Sham + P; Sham + E2; BCAS + P; BCAS + E2]. Each cohort
of mice underwent behavioral testing (NOR paradigm). Following sacrifice, brains were
harvested for quantification of white matter injury and immunohistochemical analysis. At
the time of sacrifice, blood was drawn for measurement of estradiol levels.

Bilateral Carotid Artery Stenosis Procedure

14 male mice were subjected to the bilateral carotid artery stenosis procedure using external
micro-coils (Sawane Spring Co., Ltd.) as previously described (13, 14). Briefly, after a
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seven-day quarantine period, mice were anesthetized (4% isoflurane and maintained with
2% isoflurane in 30-50% oxygen and 70-50% nitrogen) and placed in the prone position. A
Laser Doppler Flowmetry microtip fiber probe was fixed to the skull (Bregma point:
posterior +1mm/right +5mm). The mouse was then placed in the supine position. Through a
midline cervical incision, both common carotid arteries were exposed and an external micro-
coil (0.18 mm diameter, 2.5 mm length) was applied to each. Sham operated animals (n =
14) underwent the same procedure, except the microcoils were not placed. Cerebral blood
flow (CBF) values were recorded in the supine position just prior to surgery, following
application of the first microcoil, and following application of the second microcoil using a
Probe 418-1 master probe/PF 5010 laser Doppler Perfusion Monitoring Unit (Perimed AB,
Sweden). Unless otherwise stated, mice were humanely euthanized 35-38 days after the
BCAS/sham procedure (including 4 days of behavioral testing). One BCAS-operated animal
(BCAS+Placebo) was euthanized due to surgical procedure complications.

Oral Estradiol Preparation and Treatments

Estradiol dosage and method of preparation was performed according to Strom et al. (15).
To prepare experimental oral steroid hormone treatments a 1 mg 17p-estradiol tablet
(Watson Labs) was pulverized using a mortar and pestle. Then 1.12 ug of crushed 17p-
estradiol tablet was added to 0.312 L of sesame oil and allowed to dissolve for 2 days while
rocking at 4°C. The total volume of treated oil was then added to 60 mg Nutella (hazelnut
cocoa spread). For each mouse 17p-estradiol- or placebo- treated Nutella (2 mg) was given
per 1 g animal weight (15). Placebo and estradiol tablets contain the following inactive
ingredients: anhydrous lactose, magnesium stearate, microcrystalline cellulose, and
polacrilin potassium. Mice were handled and fed with treated Nutella daily between 8 am
and 10 am as follows: each mouse was removed from its home cage, weighed, and then
individually placed into a separate clean cage containing the Nutella treatment. Treated
Nutella was placed onto the centers of white glass tiles (4 cm?) and placed into the center of
the cage. Mice were given no more than 5 min to consume treatments. Animals were given
oral estradiol or placebo treatments for 31-34 days; oral treatments started 2 days following
BCAS or sham surgical procedures to allow for recovery. During task phases mice were
given oral treatments post behavior training throughout (see below). Plasma estradiol was
measured (see below).

Novel Object Recognition (NOR) Task

Declarative memory was tested in experimental and control mice (n = 41) using a novel
object recognition task (16). Testing commenced 31-34 days after the start of oral estradiol
and placebo treatments and continued for 4 days. The object recognition task was conducted
using a black plexiglass open field box with a white colored bottom. Three objects were
used for the task: 2 red wood cubes (familiar objects) and 1 yellow wood triangle (novel
object). Immediately before testing, mice were taken from the home cage and individually
placed into a separate clean cage. For each phase, mice were placed into the southern portion
of the open field box. During the sample and test phases of the task, two objects were placed
equal distance (5 cm) from the northwest and northeast sides of the box walls. A video
camera was mounted above the box to digitally record the behavior of each mouse in order
to determine the amount of time (seconds) spent with each object. Prior to the behavior task,
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mice were habituated to the test arena for 15 min on testing days 1 and 2. On testing day 3,
mice were exposed to two familiar objects (O1 and O2) located in the arena and allowed to
explore for a 5 min test period. On testing day 4 mice were exposed to one novel object (N1)
and one familiar that were placed in the same locations as day 3 for a 5 min test period.
Exploration was defined as touching the object with the snout. To be counted the mouse had
to be on all four feet; time when the mouse sat on or chewed the object was not included. All
phases of the task were conducted between 8 am and 10 am. The open field box and objects
were washed and cleaned with 70% ethanol between each use. Analysis of NOR behavior
video was performed blind to experimental treatment conditions. Cognitive outcomes were
assessed by computation of a novel exploration index score and the total time spent with
objects. The novel object exploration index is a discriminatory measure that is calculated as
follows: (time exploring novel object-time exploring familiar)/(time exploring novel +
familiar) *100.

Kliver-Barerra Staining/Plasma ELISA

Mice were transcardially perfused with PBS + heparin saline and fixed (4%
paraformaldehyde and 0.2% picric acid in PBS). Blood samples were collected at the very
beginning of the cardiac puncture to determine 17p-estradiol levels in blood plasma with an
ELISA kit (Calbiotech Inc, Spring Valley, CA) following the manufactures instructions.
After perfusion, the brains were removed from the cranium and dehydrated using a sucrose
gradient (10%-30%), and then the brains were paraffin embedded; one brain (Sham +
Placebo) was damaged during histological processing. To visualize changes to white matter
tracts, the paraffinized brain located approximately 1 mm posterior to the Bregma (adjusted
according to mouse atlas) was then sliced into serial 20 um-thick coronal sections and
Kliver-Barrera staining was performed (n = 40) (14). White matter integrity was evaluated
at 400x magnification (Keyence BZ-X1000) in the area (ROI) of the corpus callosum and
cingulate bundle according to the 4 point scale developed by Wakita et al. used for
assessment of injury in the BCAS model by our group and others.(17-19) It is a derivative
of the clinical Fazekas sacle (1987).(20) The scale is as follows: normal (grade 0),
disarrangement of the nerve fibers (grade 1), formation of marked vacuoles (grade 2), and
disappearance of myelinated fibers (grade 3) (21). Scores were assigned to the left and right
ROIs and the average scores from three independent blind observers were used for data
analysis.

ERK ldentification

To examine whether chronic cerebral hypoperfusion was capable of enhancing ERK
pathway activation we examined the retrosplenial cortex in fixed brain slices. The
retrosplenial cortex is a brain area involved in head movement and temporal discrimination
learning task in rodents and networks with the prefrontal cortex via the corpus callosum and
cingulate bundle as well as the hippocampus (22-25). To visualize changes in ERK
expression in experimental mice a subset (n = 16) of paraffinized brains were sliced into
serial 20 um-thick coronal sections (located approximately 1.25 mm posterior to the
Bregma; adjusted according to mouse atlas) and mounted onto glass slides. Slices were then
permeabilized (1% Tween-20) and incubated with antisera consisting of anti-active phospho-
p44/42 ERK1/2 (Thr202/Tyr204; 1:500; Cell Signaling Technology, #9101) antibodies
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overnight at 4°C. Primary antibodies were detected using anti-mouse-Alexa488 secondary
antibodies for 1 h at room temperature (Jackson Immuno Research). ProLong Gold anti-fade
mounting medium (Thermo Fisher Scientific) was applied to slices and then cover slipped.
The number of active phospho-p44/42 ERK1/2 positive cells was collected from one field of
view (4x magnification; Keyence BZ-X1000) that included the left and right side of the
retrosplenial cortices. Cells from each side of the cortex were counted using ImageJ (1.47v)
software and the numbers were averaged. Cells were counted by an independent observer
that was blind to the experimental conditions.

Statistics Analysis

RESULTS

GraphPad Prism 5 software was used to analyze data results. One-way ANOVA with
Bonferroni’s Multiple Comparisons Test was used to test for significance differences
between groups when investigating weight, blood plasma, and behavior testing. A ranked
One-way ANOVA (Kruskal-Wallis) with Dunn’s multiple comparisons post hoc test was
used for ordinal data to investigate white matter pathology. Student’s unpaired two-tailed t-
test with Welch’s correction was used to assess differences between two similar groups. For
NOR total time with familiar and novel objects, a two-tailed paired t test was used. Box
graphs represent the median value and interquartile range (IQR) whereas the plus sign (+)
within boxes represents the mean value. Data in the text are presented as mean + SEM for
continuous data. Specific n numbers are stated for each experiment in the results section.

Cerebral Blood Flow (CBF)

CBF values were recorded after BCAS (placement of bilateral microcoils) or sham surgery.
Values were calculated as percentage of baseline CBF levels recorded prior to midline
cervical incision. Mean CBF changes in the entire Sham and. BCAS cohorts (including all
sub-groups) and in each of the 4 experimental subgroups (Sham+P, BCAS+P, Sham+E,
BCAS+E) are shown in Table 1. There were significant difference in CBF changes between
the entire cohorts of Sham and BCAS mice (p < 0.0001). There were no significant
differences in CBF changes between the two Sham (Sham+P vs. Sham+E; p=0.56) or the
two BCAS (BCAS+P vs BCAS+E; p = 0.29) groups (see Table 1).

Long-term oral estradiol treatment

Mice consumed oral estradiol (approximately 970 ng of 17p-estradiol per animal per day;
based on average starting weight of 26 g per animal) for approximately 35-38 days. During
this period no significant weight changes (One-way ANOVA p = 0.62) were observed from
the start (26.4 £1.04 g) to the end (28.0 £1.06 g, p=ns) of testing. On average, placebo
treated cohorts gained 1.7 £0.12 g (n = 20) while the estradiol treated cohorts gained 1.4
+0.38 g (n=21). The BCAS + E2 (~1.1 g, n =7) and Sham + E2 (~1.2 g, n = 7) groups had
the lowest mean weight gain values when compared to the remaining groups (~1.6-1.8 g).

Blood plasma estradiol levels

Plasma ELISA results for (Figure 1) demonstrate that mice treated with oral estradiol had
significantly higher plasma estradiol levels than those treated with placebo (One-way
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ANOVA p =0.0002, F(5 35) = 6.775). BCAS + E2 (p = 0.005, median 15.0 pg/ml, IQR 14—
15.5 pg/ml, n =7) and Sham + E2 (p = 0.014, median 19.4 pg/ml, IQR 15.7-19.9 pg/min =
7) groups had a higher levels of plasma estradiol than BCAS + P (median 6.95 pg/ml, IQR
4.25-10.2 pg/ml, n = 6) and Sham + P (median 10.6 pg/ml, IQR 8.79-16.1 pg/ml, n=7)
groups, respectively. There was a biologic difference between plasma estradiol levels
between control mice that received oral P (median 10.6 pg/ml, IQR 8.38-17.1 pg/ml, n =7)
and E2 (median 15.7 pg/ml, IQR 11.5-19.9 pg/ml, n = 7) treatments that approached
significance (two-tailed unpaired t test with Welch’s correction, p = 0.069).

Oral estradiol reduces deficits in Novel Object Recognition (NOR) behavior induced by

BCAS

Novel object exploration index (Figure 2A) and total time with familiar and novel objects
(Figure 2B) were determined for each group. Sample-testing phase demonstrated that mice
spent the same amount of time with the two familiar objects (O1 and 02), suggesting a lack
of lateral preference (i.e. left vs. right side object). The BCAS + P mice had lower novel
object exploration indexes (Fig 2A; 0.48, IQR 0.42-0.57, n = 6) and spent less relative time
with the novel object (Fig 2B; 4.2 sec, IQR 3.8-6.3 sec, n = 6) than did the Sham + P mice
(0.60, IQR 0.56-0.67; 5.6 sec, IQR 4.4-7.9 sec, n = 7). The BCAS + E2 mice exhibited
significantly better (higher) novel object exploration indices (0.64, IQR 0.62-0.69, n = 7)
than did the BCAS + P mice (0.48, IQR 0.42-0.57, n = 6; Fig 2A,; unpaired two tailed t-test
with Welch’s correction p = 0.012, t = 3.21, df = 8). They also spent more relative time with
the novel object (8.2 sec, IQR 7.6-11.9 sec, n = 7) than did the BCAS + P mice (4.2 sec,
IQR 3.8-6.3 sec, n = 6); In fact, the BCAS + E2 mice had novel object indices (0.64, IQR
0.62-0.69, n = 7; One-way ANOVA p = 0.022, Fs5 35) = 3.05) and exploration times (8.2 sec,
IQR 7.6-11.9, n = 7; One-way ANOVA p = 0.013, Fs 35) = 3.41; Bonferroni’s Multiple
Comparisons Test p < 0.05) similar to those of the sham operated mice (both Placebo, 5.6
sec, IQR 4.4-6.4 sec, n =7, and E2 treated, 7.7 sec, IQR 4.4-9.2 sec, n = 7) suggesting a
protective effect of the estradiol.

Oral estradiol treatment decreases white matter injury secondary to BCAS in the corpus

callosum

A Kruskal-Wallis test shows a significant global difference in the median white matter injury
scores between groups (p < 0.0001). Post hoc assessment of the groups using a Dunn’s
multiple comparisons test showed (Figure 3) significant differences in median white matter
injury score between BCAS + P (1.83, IQR 1.48-2.12, n = 6) and Sham + P (1.00, IQR
0.50-1.00, n = 6) mice. Further, BCAS + E2 mice (1.00, IQR 1.00-1.50,p<0.01,n=7)
demonstrated less white matter injury than BCAS + P mice (1.83, IQR 1.48-2.12, n = 6). No
significant differences in white matter injury existed between Sham + E2 (0.50, IQR 0-0.50,
p <0.05, n=7)and BCAS + E2 mice (1.00, IQR 1.00-1.50, n = 7).

Oral estradiol treatment enhanced the expression of active ERK following BCAS

Immunohistochemistry and cell counting demonstrated that active ERK expression (Figure

4) was enhanced in the retrosplenial cortices in the BCAS mice compared to Sham-operated
mice (One-way ANOVA p = 0.0003, F(3 1) = 13.88). Further, there was an increase in ERK
positive cells in the BCAS + E2 mice (71.5 £12.23, n = 4) when compared to the BCAS + P
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(37 £17.66, n = 4; Bonferroni’s Multiple Comparison Test, p < 0.01), the Sham + E2 (32.75
+3.59, n =4, p <0.01), and the Sham + P (21 +5.94, n = 4, p < 0.001) cohorts. There was
also a significant increase in ERK phosphorylation when the Sham + E2 group was
compared to the Sham + P treated mice (p < 0.05, two-tailed unpaired t test with Welch’s
correction, p = 0.018, t = 3.21, df = 6).

DISCUSSION

Our data demonstrates that long-term estradiol treatment results in decreased white matter
injury and cognitive deficits in the setting of experimental chronic cerebral hypoperfusion
secondary to bilateral carotid artery stenosis. The finding of increased active ERK
expression with oral estradiol administration suggests a possible mechanism for future study.
The BCAS model used in these experiments generates reproducible white matter injury and
behavioral deficits. This model system is an attractive paradigm for testing estradiol
administration as prior studies suggest that estrogen both exhibits neuroprotective effects in
the setting of ischemic stroke and influences neurocognition in normal aging and a range of
disease processes.

Changes in endogenous estrogen levels have been shown to affect cognitive function.
Human studies demonstrate that formal memory testing scores decline following menopause
(26, 27) and that pre-menopausal women who undergo surgical oophorectomy exhibit
similar neurocognitive impairments to post-menopausal women (28, 29). Analogous
findings have been described in rodents and non-human primates. Spatial memory deficits
appear after 12 months of age in female mice (30). This timeframe corresponds to late
middle age, menopause, and estrogen decline (31). Likewise, young female mice exhibit
cognitive impairment following surgical ovariectomy (32). In aged rhesus monkeys,
ovariectomy causes impairment in a delayed response task. The addition of estradiol to these
aged female animals reverses the impairment to a level of function similar to young animals
(11). Taken together, these data suggest a potential role for estrogen therapy in the
prevention and/or treatment of cognitive decline.

Estrogen-mediated protection may be relevant to both normal aging processes and diseases
involving cognitive decline. (33-35). Studies have clearly demonstrated an association
between chronic cerebral hypoperfusion, cognitive decline, and Alzheimer’s disease (3). It is
well known that B-amyloid and tau proteins play a role in Alzheimer’s disease pathology.
Data suggests that estradiol protects against Ap/tau protein toxicity and neuronal cell death
(36-39). Changes in ERa expression level may be involved in the development of
Alzheimer’s disease neuropathology (40). ERa co-localizes with neurofibrillary tangles and
interacts with tau protein in hippocampal and cortical tissue from individuals (female and
male) with Alzheimer’s disease.

Chronic cerebral hypoperfusion and low sex steroid hormone levels are both known risk
factors for cognitive impairment and dementia (11, 29, 41-47). However, potential
therapeutic avenues resulting from interactions of these two exposures remain understudied.
(5, 6). Gonadal hormones are known to influence working memory tests affected by injury
to the medial and orbital prefrontal cortices (48). Prior studies have demonstrated white
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matter ischemic changes and novel object recognition deficits in the setting of chronic
cerebral hypoperfusion secondary to BCAS. In these experiments, we sought to determine
whether estradiol therapy could reverse these injuries.

One potential mechanism of estradiol-mediated protection is thought to be related to rapid
activation of pro-survival signal transduction pathways, regulated by a sub-population of
ERa localized to the plasma membrane (10). Although several pathways may be involved,
estradiol-dependent activation of ERK appears to be a key early step (10, 49, 50). The
mechanisms by which cell surface estradiol receptors activate ERK and other pro-survival
pathways are not completely clear. However, evidence strongly suggests G protein-coupled
signaling cascades are involved (51). In addition to neuroprotection, activation of the ERK
pathway by membrane localized ERa modulates memory consolidation in rats and mice
(52-54). On novel object recognition testing, memory consolidation is evident with either
pre- or post-treatment with estradiol (55, 56). Inhibition of estradiol-induced ERK pathway
activation, using pathway blockers, prevents enhancement on novel object memory testing
(52-54, 57). Our data shows increased activated ERK expression in the setting of BCAS as
well as with oral estradiol administration, with the greatest ERK levels evident in the BCAS
—E2 cohort. It is possible that the decreased white matter injury and improved NOR
performance in BCAS-E2 mice (compared to BCAS—-P mice) is related to ERK activation.
Future studies aimed at probing this mechanism through the use of ERK-inhibitors could be
informative.

As expected, our BCAS mice exhibited increased white matter injury and deficits in NOR
testing when compared to their sham-operated counterparts (13, 76). Oral estradiol
administration resulted in decreased white matter damage and fewer neurobehavioral deficits
in the BCAS cohort, supporting a protective effect of estradiol. Interestingly, estradiol
treated sham-operated mice (that did not undergo BCAS) demonstrated improved white
matter injury scores when compared to their placebo treated counterparts as well. However,
novel object recognition testing did not indicate behavioral differences among these groups.
Differences may be explained by the activation of the ERK pathway in sham-operated
animals that received oral estradiol treatment.

The estrogen-mediated effects on cognition may derive, in part, from protection against
subtle ischemic injury resulting from cerebral hypoperfusion. Robust evidence exists for the
protective effects of estrogen in the setting of stroke/cerebral ischemia. Studies have
suggested that female rodents sustain less injury following ischemic stroke than their male
counterparts. However the protection is eliminated when females are ovariectomized (58). In
vivo studies show an accumulation of estradiol binding in the cortex of rats following
experimental stroke (59). Animal studies suggest that estradiol-mediated neuroprotection
requires the activation of ERa and ERK (10, 11, 60, 61). Cortical up-regulation of ERa
mRNA in neurons and glial cells (59, 61-63) has been demonstrated in rodent, ovine, and
non-human primate stroke models. This effect is consistent across sexes.

Rodent studies have demonstrated neuroprotective capabilities of estradiol therapy across a
spectrum of disease models (64). However, these findings have not translated to clinical
application (29, 41-43, 65). This discordance may result from species-specific differences in
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brain structure/function, route of treatment administration, estradiol composition, and
prescribed dosing parameters (58). The current study leverages a noninvasive oral treatment
protocol and pharmaceutical grade estradiol to recapitulate a practical clinical treatment
regimen. Serum ELISA analysis demonstrated that plasma estradiol levels were significantly
elevated in the estradiol treated mice (when compared to placebo treated) at the time of
behavioral/histological analysis (Figure 1). While many studies demonstrate neuroprotective
effects of estradiol, some report toxic sequellae (66-68). These differences may be due to
prescribed dosages and route of estradiol administration (69). Ingberg et al. (70) utilized a
low dose administration protocol in ovariectomized female mice to achieve steady
physiological serum hormone levels that ranged from 5-50 pg/ml. This dose was protective
against transient focal ischemia. A low dose, peroral method was also protective in our
current BCAS studies.

The potential model paradigms for testing the effects of exogenous estrogen therapy include
male, or ovariectomized female, mice. We chose to use male mice in the current study to
eliminate the influence of endogenous gonadal estradiol and limit the number of surgical
procedures (ovariectomy) prior to behavioral testing and histological assessment (71-74).
Further, ovariectomy has been found to cause dysregulation of glucose homeostasis in
female mice (75).

CONCLUSIONS

This study leverages a BCAS model of CCH to examine the neuroprotective effects of long-
term oral estradiol therapy on white matter integrity and neurobehavior. The results
demonstrate that estradiol reduces CCH-induced white matter injury in the corpus callosum
and ameliorates resultant deficits on NOR testing. Our data show an increase in activated
ERK expression in estradiol treated animals, suggesting a possible mechanism through
which estradiol could exert its protective role. Details regarding estradiol dosing parameters,
timing, and effects on other neurocognitive domains remain to be studied.
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Figure 1. Elevated blood plasma estradiol levels in mice receiving oral estradiol
Blood was collected from male mice after 32—-35 days of oral treatments and plasma

estradiol levels determined using an ELISA assay. Analysis of the optical density means (+)
reveals a significant difference between the placebo (P) and estradiol (E2) treated groups for
both BCAS and Sham animals. There difference in plasma estradiol levels between control
animals in each treatment arm approaches significance (p = 0.069). **p < 0.01 (unpaired
two tailed t-test comparisons are between P and E2 groups within each treatment cohort)
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Figure 2. Estradiol reduces deficits secondary to BCAS on Novel Object Recognition task
After long-term estradiol treatment, male mice underwent novel object recognition testing.

(A) BCAS+E2 had a significantly higher novel object exploration (discriminatory) index
than BCAS-P (p=0.012). (B) BCAS+P group spends an equal amount of time exploring
both objects and illustrates why this group has a low discrimination index shown in Figure
2A. *p < 0.05, **p < 0.01, ***p < 0.001
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White Mater Injury Scale

Figure 3. There is decreased white matter injury in the corpus callosum in BCAS and sham mice
who receive oral estradiol

One day after behavior testing the brains from male mice were fixed, sliced, and prepared
for Kliiver-Barerra staining (left side, representative sections) to assess the changes to white
matter tracks of the corpus callosum. Analysis using a white matter injury scale (right side;
see methods for injury scale ranking) shows that the oral estradiol treated BCAS group had
decreased white matter injury compared to the placebo counterpart. Estradiol-treated sham
animals also demonstrated less white matter injury than their placebo treated counterparts.
*p < 0.05, **p < 0.01 (unpaired two tailed t-test comparisons are between P and E2 groups
within each treatment cohort)
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BCAS + Placebo Sham + Placebo

BCAS + Estradiol Sham + Estradiol

Figure 4. Oral estradiol treatment increases ERK phosphorylation in the brain of BCAS and
Sham animals

Analysis of brain slices using immunohistochemistry (left side, representative sections of
BCAS and Sham) revealed that oral estradiol treatment increased the level of ERK
phosphorylation in BCAS mice (right side, bar graph). The increase in ERK phosphorylation
was also evident in estradiol treated sham animals when compared to placebo treated-sham
animals (right side, bar graph). (Bonferroni’s Multiple Comparisons Test, **p < 0.01, ***p
< 0.001; unpaired two-tailed t-test with Welch’s correction, ®p < 0.01, Sham + Placebo vs.
Sham + Estradiol)
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Table 1
Cerebral blood flow (CBF) measurements using Laser Doppler Flowmetry following

placement of microcoils around the bilateral carotid arteries

Values shown represent the mean percent (%) change in CBF from baseline after the placement of the 2" coil.
There were no significant differences in CBF changes among the E2 and Placebo treated groups (Sham+P vs
Sham+E2 or BCAS+P vs BCAS+E2). As expected there were significant differences in CBF changes between
the Sham and BCAS cohorts.

Sham BCAS
5.07% + 10.11 -27.46% + 14.72 p <0.0001

Sham + P Sham + E2
6.71% + 9.59 3.43% +11.10 p=0.56

BCAS +P BCAS + E2
-23.29% +10.7 -32.33%+18.16 p=0.29
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