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DISSERTATION ABSTRACT
Mackenzie Nicole Kehmeier

Doctor of Philosophy

Title: The Triple Threat: Estrogen Deficiency, APOE Genotype, and Age on Cerebral Vascular
Function

As late-onset of Alzheimer’s disease (LOAD) prevalence increases, efforts toward
elucidating mechanisms underlying LOAD pathology are needed. Three of the greatest genetic
risk factors for late-onset Alzheimer’s disease are age, female sex, and the apolipoprotein E &4
(E4) genotype. Two-thirds of LOAD cases are females, and perimenopause coincides with the
prodromal phase of LOAD. Post-menopausal females with an £4 allele have higher rates of
LOAD compared with age-matched males with an E£4 allele, suggesting an interaction between
APOE genotype, age, and estrogen deficiency. Cerebral endothelial function can alter cerebral
blood flow (CBF) and compromise the blood-brain barrier. Cerebral endothelial dysfunction is a
common link between the E4 genotype, estrogen deficiency, and LOAD. However, the
interaction effect of APOE, age, and estrogen on cerebral endothelial cell function and
mitochondrial health is unknown. I hypothesized that estrogen fluctuation and deficiency
modulate cerebrovascular function, and this function is further impaired in the presence of the
E4 genotype and age. The following aims were completed to test my hypotheses.

Aim 1: Determine the role of phytoestrogens and female sex hormones on cerebral
vascular function. Aim 1 encompasses Chapters 2 & 3 of this dissertation and the main findings
were two-fold. 1) The estrous cycle in female mice influenced large artery stiffness but not ex

vivo endothelial function in resistance arteries. Thus, accounting for the estrous cycle for ex vivo



endothelial function is not needed but should be accounted for when measuring in vivo large
artery stiffness. 2) Phytoestrogens, specifically soy in the rodent diet, influenced cerebral
vascular function, insulin signaling, and cognitive function. This study also confirmed previous
findings that ovariectomy impairs endothelial function and, for the first time, demonstrated that

a soy diet prevents adverse effects of ovariectomy on insulin-mediated vasodilation.

Aim 2: Determine the interaction effect of APOE genotype and estrogen deficiency on
cerebral vascular function, in vivo whole-body metabolism, and ex vivo cerebral vascular
mitochondrial health. The findings from Aim 2 are shown in Chapter 4. In £3 and E£4 female
mice, [ investigated how estrogen deficiency influenced endothelial and mitochondrial function.
Overall, these results indicated that APOE genotype modulates the impact of estrogen on the
cerebrovasculature. 17p-estradiol enhanced cerebrovascular function and mitochondrial function

in E3 mice, while £4 mice conferred resistance to estrogen status.

Aim 3: Determine the interaction effect of aging and APOE genotype on cerebral
vascular and cognitive function. Aim 3 is addressed in Chapter 5, and investigated the influence
of age and APOE genotype on vascular function and cognition. The major results of this study

demonstrated that age has a greater influence on cerebral vascular function than the £4 genotype.

These series of studies highlight the importance of considering sex and age as a
biological variable that can influence one’s results. The major novel finding of these studies is
that the £4 allele confers resistance to estrogen status, and the broader impact of this finding is
that consideration of APOE genotype is needed when prescribing hormone replacement therapy

for menopausal females.

This dissertation includes previously published and co-authored material.
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I. INTRODUCTION
1.1 Specific Aims

As late-onset of Alzheimer’s disease (LOAD) prevalence increases, efforts toward
elucidating mechanisms underlying LOAD pathology are needed. Two of the greatest risk
factors for LOAD are age and the £4 genotype. The gene encoding for apolipoprotein E (4POE)
has three isoforms in humans (E2, E3, E4), and ApoE itself serves as a functional protein in the
body important for cholesterol and lipid flux. Two-thirds of LOAD cases are females, and
perimenopause coincides with the prodromal phase of LOAD. Post-menopausal females with an
E4 allele have higher rates of LOAD compared with age-matched males with an E£4 allele,
suggesting an interaction between APOE genotype, age, and estrogen deficiency. Cerebral
endothelial function can alter cerebral blood flow (CBF), elevate oxidative stress, and
compromise the blood-brain barrier. Cerebral endothelial dysfunction is a common link between
E4, estrogen deficiency, and LOAD. The proposed mechanism for this interaction is that £4 and
estrogen deficiency cause metabolic dysregulation, increasing flux through oxidative
phosphorylation. This, in turn, increases reactive oxygen species (ROS) production, which
is known to contribute to endothelial dysfunction. However, the interaction effect of APOE, age,
and estrogen on cerebral endothelial cell function and mitochondrial health is unknown.
Understanding this interaction is vitally important as it will provide insight into LOAD

mechanisms, generate therapeutic targets, and provide clinical equity to females.

The proposed study aims to identify the interaction effect of estrogen, age, and
APOE genotypes on cerebral endothelial, cognitive, metabolic, and mitochondrial function.

My central hypothesis is that the interaction of estrogen deficiency, age, and £4 genotype,

14



compared to the individual effects, results in greater vascular impairments, poorer
cognition, and greater mitochondrial dysfunction. By testing these hypotheses, I will

develop a better understanding of LOAD mechanisms in females.

Aim 1: Determine the role of phytoestrogens and female sex hormones on cerebral
vascular function. I hypothesize that periods of low estrogen and estrogen deficiency will have
worse cerebral artery endothelial-dependent dilation (EDD) compared to estrogen sufficiency, and
EDD impairments can be recovered with phytoestrogens. To test this hypothesis, I will assess ex
vivo cerebral artery EDD in a) female mice that are in different stages of the estrous cycle and b)

female mice that are intact, ovariectomized, or ovariectomized on a phytoestrogen diet.

Aim 2: Determine the interaction effect of APOE genotype and estrogen
deficiency on cerebral vascular function, in vivo whole-body metabolism, and ex
vivo cerebral vascular mitochondrial health. I hypothesize that £4 estrogen-deficient
mice will have worse cerebral artery EDD, the highest in vivo reliance on fat
metabolism, and greater vascular mitochondrial dysfunction compared to £3 or
estrogen-sufficient mice. To test this hypothesis, I will assess a) cerebral artery EDD, b)
in vivo whole-body metabolism, and c) ex vivo cerebral vascular mitochondrial function
in £3 and £4 mice that are intact, ovariectomized, and ovariectomized with estradiol

treatment.

Aim 3: Determine the interaction effect of aging and APOE genotype on
cerebral vascular and cognitive function. I hypothesize that aged £4 mice will have
worse impairments in cerebral artery EDD, and cognitive function and elevations in

neuroinflammatory markers compared to young £4 mice and young and old £3 mice. To
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test this hypothesis, I will assess a) cerebral artery EDD and b) cognitive function in

aged and young E3 and £4 female and male mice.

The proposed aims establish the relationship between age, estrogen, and APOE genotype
on cerebrovascular dysfunction, metabolic mitochondrial impairments, cognition, and
neuroinflammatory markers related to LOAD. These aims will help guide future research on how
age, estrogen deficiency, and APOE genotype can alter arterial function and fuel utilization. This
will allow for novel therapeutics and diagnostic measures to intervene before severe pathology of

LOAD presents.

Aim 1
am3  APOE am2 Estrogen
Age Q genotype @ Deficiency

Vv l v /
=0, () o P

Cerebral Endothelial Vascular Mitochondrial Whole-body Fuel
Dysfunction Dysfunction Utilization

L

Cerebral vascular dysfunction

AGon SO

i N

Cognitive dysfunction . Neuroinflamation

Figure 1.1. Aortic stiffness is lower during estrus. Schematic of the proposed
for the relationship between age, APOE genotype, and estrogen deficiency. All
these factors affect the outcomes individually, but my aims will investigate the

interaction effect on the proposed outcome. Late-onset Alzheimer’s Disease
(LOAD).




1.2 Literature Review

1.2.1 Alzheimer’s Disease and related Dementia

There is a current uproar in Alzheimer’s Disease (AD) and dementia related research due
to differing definitions of AD and the incomplete understanding of the disease. Thus, for this
dissertation, we are defining AD as the following: A progressive brain disorder that causes
impaired memory, thinking, and behavior. Amyloid Beta (AP) accumulation and tau tangles
often accompany this disease. AP is generated from the amyloid precursor protein (APP), which
is cleaved by a, B, and y secretases. Cleavage of APP by P secretase generates insoluble AB42
that accumulates as AP plaques. Classical biomarkers like AP plaques and tau tangles are tied
closely with early onset AD, which is AD that occurs before the age of 65 and accounts for 2%
of AD cases. However, AP plaques and tau tangles can manifest with the more prevalent late-
onset AD (LOAD). Interestingly, these pathological hallmarks are not necessary for clinical
diagnosis of AD, suggesting other factors may underly the disease. While there is a myriad of
risk factors for LOAD, three stand out, generating a triple threat in the development and onset of
this disease. These risk factors are age, the £4 genotype, and female sex.

Two decades ago, Farrer and colleagues reported a sex difference in the lifetime risk of
AD in women (1). Women are two times more likely to develop AD. The E4 genotype
dramatically increases the risk of AD, and interestingly, women with a single copy of £4 have a
similar disease risk as men who have two copies of £4. Apolipoprotein E (apoE) is important to
transport lipids and cholesterol and can contribute to cardiovascular disease risk (2). The
interaction effect of estrogen and APOE genotype with age is incompletely understood and
warrants further investigation. Notably, the current literature has left out a critical part of the

picture: the investigation of the cerebral vasculature. Decreased cerebral blood flow (CBF) is the
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first biomarker to change with the onset of AD (3). We and others (4) hypothesize that
cerebrovascular function links cardiovascular risk factors to the observed cognitive decline.
Thus, understanding the underlying mechanisms that alter CBF and how the triple threat interacts
to impact cerebral vascular function, and health will provide crucial insight into personalized

medicine and potential therapeutics.

1.2.2 Sex Hormones
Sex differences in AD and cardiovascular disease (CVD) risk are driven in part by

changes in sex hormones (i.e. estrogen), which occur through the aging process. Other sex
steroid hormones, like progesterone and androgens, influence vasculature and brain function (5,
6). For this dissertation, we will focus specifically on the role of estrogen in vasculature and the
changes that occur in its absence. Estrogen signaling stimulates genomic and nongenomic cell
signaling cascades, and its receptors are present in the vasculature and the brain (7, 8). Most of
estrogen’s action on the vasculature is attributed to action on the estrogen receptors (ER)a and g
protein coupled estrogen receptor (GPER) (9). A decline of estrogen occurs with menopause,
which is the cessation of the menstrual cycle, occurring around the age of 40-60 years in females.
Perimenopause occurs 1-2 years before menopause and is accompanied by fluctuations in
ovarian hormones, follicle-stimulating hormone (FSH), and luteinizing hormone (LH). This
transitional phase and its accompanying hormone fluctuations cause a period of irregular
hormone receptor imbalance, contributing to the many physiological and psychological
symptoms associated with menopause, like cognitive dysfunction and hypertension (10—14).
While humans experience the end of the menstrual cycle, rodents used in research experience a
reproductive senescence known as estropause (rodent menopause), which is very different from
humans (12). It is essential to consider these extraneous variables when performing translational

physiology research.
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Insight from previous clinical trials:

A series of clinical trials have been performed over the last three decades with efforts to
highlight the effect of hormone replacement therapy (HRT) on postmenopausal women’s health.
Specifically, in 2002, a pivotal clinical trial known as the Women’s Health Initiative (WHI)
ended early (15). The importance of this trial has helped shape how we view HRT and brings to
attention the complexity of estrogen signaling and its effects. Despite the beneficial knowledge
this trial provided, it arguably pushed menopause and hormonal research back decades due to the
extrapolated findings. The main headline from this trial was that estrogen causes breast cancer.
While we can appreciate the complexity of hormone signaling, it is essential to note that women
taking estrogen + progestin did experience a statistically significant, but maybe not clinically
relevant, increase in breast cancer (15). However, women taking just estrogen supplementation,
without progestin, experienced a relative decline in breast cancer prevalence. While the WHI did
highlight the importance of potential HRT to mitigate menopausal symptoms, this clinical trial
also was influential in highlighting that HRT in already post-menopausal females was not
sufficient in helping reduce significant disease risk and was additive to disease progression (16,
17). Additional human clinical trials (HERS and HERS II) reported increased incidences and
severity of neurological and vascular disease in women undergoing estrogen replacement therapy
(18-23). This literature has brought forth the critical window hypothesis of hormone therapy
(24). Thus, females who started estrogen therapy greater than ~10 years after entering
menopause saw the adverse effects of estrogen therapy. In contrast, women who began therapy
during the onset of their menopause redeemed the beneficial effects of estrogen (24). Despite the

controversy, this highlights the need to investigate more mechanistic roles of estrogen.
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1.2.3 Cardiovascular contributions to AD with special guest, estrogen:

Estrogen and the endothelium:

The vascular endothelium is a single layer of cells that provides a protective barrier to the
smooth muscle cells (SMC) and supporting matrix proteins. The endothelial layer regulates
blood flow, maintains tissue health, and ensures proper function. Dysfunctional endothelial cells
lead to dysregulated cerebral artery responses (i.e., impaired vasodilation and altered
vasoconstriction), ultimately leading to decreased CBF(25, 26). The primary mechanism for
endothelial cell dysfunction with aging is an increase in reactive oxygen species (ROS),(27, 28)
leading to decreased bioavailability of the vasodilator nitric oxide (NO) and elevated
inflammation (29, 30). Endothelial-dependent dilation (EDD) is where mechanical force like the
sheer stress of blood flow can stimulate eNOS, producing NO. NO then can travel to the SMC,
activating cyclic guanosine monophosphate (cGMP), causing smooth muscle relaxation and
arterial dilation. Endothelium-dependent dilation (EDD) decreases with age and estrogen
deficiency (29, 31). The perimenopausal transition coincides with the onset of the loss of EDD,
similar to the onset of AD (32, 33). Moreau and colleagues demonstrate that EDD, measured by
FMD, declines in a stepwise manner with each stage of the menopausal transition (31). A
placebo-controlled, double-blind, randomized clinical trial demonstrated that aromatase
inhibition, which reduces estrogen, led to a 43% decrease in FMD in young, healthy men (34).
These findings are important, but we must delve into estradiol's more mechanistic roles in
endothelial signaling.

Estradiol has acute vasorelaxing properties via eNOS activation and subsequent NO
production. Estrogen can upregulate eNOS expression, increasing nitric oxide bioavailability

(35, 36). Estrogen diffuses through the cell membrane and binds to ERa. ERa interacts with and
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activates PI3k, ultimately recruiting Akt at the membrane (37). Phosphorylation of Akt at serine
473 will then target eNOS, and phosphorylation of eNOS at serine 1177, changing the
conformation of eNOS, enhancing its ability to convert L-arginine into NO and L-citrulline (38).
Another important estrogen-specific receptor that results in vasodilation is GPER (39, 40).
Activation of GPER participates in nongenomic estrogen related signaling, and gper deletion is
associated with an increase in arterial stiffness, pulse pressure, and endothelial dysfunction (39,
41). Endothelial expression of GPER is lower in males and postmenopausal females compared
with premenopausal females (42). It is widely accepted that estrogen binds to GPER at a lower
affinity than classical estrogen receptors, it activates eNOS and NO production through the
PI3k/Akt pathway, similar to ERa (43). The last classical estrogen receptor, Erf, is thought to
have negative vascular consequences (44). Declining circulating estrogen concentrations are
associated with a shift in the ERa:ER ratio, more towards ERf (44), which correlates with EDD
loss. In addition to estrogen’s effects on vasodilation, estrogen also strongly impacts
vasoconstriction.

The balance of constrictors and estrogen’s ability to influence them is important in the
context of aging and disease. A primary constrictor in the vasculature is endothelin-1. A study in
rats, with four groups: sham, ovariectomized, ovariectomy + estradiol, and ovariectomy +
tamoxifen, demonstrated that ovariectomy enhanced cerebrovascular contractions to endothelin-
1 and 17B-estradiol therapy reversed this effect (45). Estrogen can inhibit ET1 synthesis, partly
explaining the increased constriction observed in the ovariectomy group. Another way estrogen
affects the vasoconstrictor balance is via prostaglandins vs prostacyclin production through COX
enzymes(18). Conversion of prostaglandins to prostacyclin promotes a vasodilatory response,

while conversion to thromboxane elicits constriction (46). Researchers previously found in
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middle cerebral arteries that 17p-estradiol decreased cerebrovascular tone by shifting the primary
product of COX1 from prostaglandins to prostacyclin in rats (47). In rats with intact ovaries or
those that have been ovariectomized, the ovariectomized rats had a decrease in vasopressin-
induced thromboxane A2 release in the aorta (48). This decrease was due to lower COX-2 and
thromboxane synthase enzyme mRNA expression in endothelial and SMC. Estrogen
supplementation mitigated this effect (48). The ability of the artery to constrict properly to local
stimuli and maintain vascular balance is critical, and the influence of estrogen on these
constriction properties is often overlooked.

Oxidative stress is an imbalance of the body's reactive oxygen species (ROS) and
antioxidants. Excessive levels of ROS oxidize cellular mitochondria components and DNA,
contributing to the aging process (49). Different reactive oxygen species (ROS) types are
essential for endothelial cell signaling. The first of interest is the superoxide radical (O2-), a
result of incomplete reduction of oxygen in the electron transport system or a product of NADPH
oxidase (NOX) (50). ENOS uncoupling can also produce superoxide, which increases the
oxidative state of the cellular environment (51). NOX (Nox1 and Nox4) activity and function are
lower in cerebral arteries from young female rats compared with young males (52).

Additionally, higher superoxide levels increase the likelihood of reacting with NO to generate
peroxynitrite (ONOO-) (53). ONOO- is a highly reactive molecule that not only results in
cellular injury but also leads to vascular dysfunction by reducing NO. In 17B-estradiol treated
ovariectomized rats, decreased superoxide production was observed due to lower NOX1 and
NOX4 expression in the basilar artery (52). This is one example of estrogen’s ability to promote
a lower oxidative environment by providing the cell with the necessary defense mechanism to

combat oxidative stress.
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Hydrogen peroxide (H202), the second ROS of interest, has both beneficial and
detrimental vascular effects. Production of H202 in the vasculature occurs primarily through the
enzyme superoxide dismutase (SOD). H202 production was initially thought to favor
vasoconstriction pathways because of H202s prominent effects on thromboxane, COX, and
overall contribution to an oxidative environment (54, 55). However, H202 production in a
diseased state is an adaptive mechanism for increasing blood flow. In a diseased state like CVD,
there is an increase in circulating ceramides. Ceramides are metabolized via sphingosine-1-
phosphate (S1P), producing H202 (56). This H202 is released from the endothelium and
diffuses to the SMC:s to elicit hyperpolarization via opening BKca channels, resulting in
vasodilation (57). While these cellular mechanisms of oxidative balance are critical, we must
consider that a primary site of ROS generation is the mitochondria.

Cerebrovascular mitochondrial function:

The human brain has a disproportionate energy demand relative to its size. It contributes
to 2% of the body’s weight, requires 20% of blood flow, and extracts about 50% oxygen and
20% of the body’s available glucose, highlighting its high metabolic activity (58). Thus, it is
unsurprising that mitochondrial dysfunction plays a significant role in impacting the oxidative
balance in the brain. Estrogen interacts with its receptors to regulate mitochondrial biogenesis,
the electron transport system (ETS), lipoprotein metabolism (59—64), and suppress ROS (65-68).
The cerebral vessels are highly metabolically active, with more mitochondria in cerebrovascular
endothelium than in other vascular beds (67, 69). Highly metabolically active cells are subjected
to progressive cellular damage and dysfunction due to the increased production of mitochondrial
ROS (67). Thus, the ability of estrogen to preserve endothelial function, specifically in the brain,

has the potential to mitigate or enhance the development and progression of AD (70). Human

23



brain microvascular endothelial cells treated with 17p-estradiol have greater aconitase activity,
indicating lower mitochondrial ROS, than sham treated controls (67, 68). Another study isolated
mitochondria from cerebral blood vessels in ovariectomized rats vs controls. Control rats
produced less succinate-driven mitochondrial H202 and had more Mn superoxide dismutase
(Sod2) than ovariectomzed rats (65). The same study also found elevations in protein expression
of cytochrome ¢ and both subunits I and IV of complex IV in sham controls vs. ovariectomized
rats (65). This study highlights the critical control estrogen must maintain appropriate
mitochondrial function in cerebral blood vessels (67). Additionally, estrogen acts through the
PGC-1 and NRF-1 pathways, which are important for modulating mitochondrial function,
increasing mitochondrial efficiency, and reducing ROS production (67, 71, 72). Further,
estrogens can regulate mitochondrial membrane microviscosity, improving bioenergetic function
in skeletal muscle, but its role in this effect has yet to be investigated in the vasculature (73).
Estrogens profound effects on regulating mitochondria function and antioxidant defenses
captures the focus of many researchers due to its promising benefits.

Estrogen, vascular inflammation, and contributions AD.:

The menopausal transition produces a storm of oxidative stress, the primary villain of
vascular dysfunction (74). Increased ROS increases inflammatory signaling. Inflammatory
signaling through tumor necrosis factor-a (TNFa) is the primary mediator of vascular
dysfunction with aging and estrogen deficiency (75). TNFa can activate a signaling cascade,
resulting in NF«B to release and translocate to the nucleus. Estrogen inhibits NFxB (75-78)
suggesting a role for estrogen suppressing inflammation. Additional research has found that
ovariectomy increased inflammatory cytokine IL1J in cerebral vessels in response to LPS

injections(77). Overall, estrogen can aid in protection against cerebral vascular dysfunction by
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reducing inflammation (79). While estrogen favors acting on the endothelial layer, its presence
and absence also alter other vascular functions.

Large Artery Stiffness:

Aging of the vasculature results in increased arterial thickening and large artery stiffness.
While CVD risk increases with age in both sexes, women experience an acceleration of stiffness
post menopause (80). The SWAN heart study in 2019 aimed to determine whether women
experienced changes in central arterial stiffness relative to their final menstrual period (80). Their
results indicated that arterial stiffness significantly increased within one year of a female’s final
menstrual period. Healthy post-menopausal women’s carotid artery compliance was lower with
bilateral oophorectomy, and carotid artery B-stiffness was increased in the hysterectomy group
(81). Hysterectomies allow for the preservation of the ovaries, but the removal of the uterus can
still result in a decline in estrogen production due to inadequate blood supply. Thus, as women
traverse menopause, ample evidence suggests they experience increases in arterial stiffness (82).

During menopause, large artery stiffness, mainly the aorta and carotid arteries, experience
a decrease in elastin content, increased elastin fragmentation, and elevated collagen crosslinking,
which increase vascular stiffness (32, 83, 84). This stiffness results in less pressure wave
reflection and a decreased ability to dampen pulse pressure, resulting in a higher transmission of
pulsatile energy (85). This increase in pulsatile pressure is transmitted into small resistant
arteries, like the cerebral vessels, resulting in damage, dysfunction, and remodeling. This
remodeling occurs in the artery's ECM and SMC.

Estrogen increases elastin content and inhibits collagen synthesis, as shown in animal
studies (75, 86, 87). Thus, a reduction in estrogen lowers elastin content, elevates collagen

deposition, and raises advanced glycation end products (AGEs), crosslinking the collagen. A
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study in female monkeys noted increases in aortic collagen type 1 content compared with male
counterparts with age (82, 88). Estrogen influences the regulation of collagen I, III, and matrix
metalloproteases (MMP) 9 and 2 in cardiac tissue (89, 90). When estrogen levels drop, this
regulatory effect diminishes. Additionally, estrogen deficiency increases intra-media thickness
(IMT)(91). A study by Dubey 2000, revealed that estrogen acts by inhibiting MAPK, reducing
SMC proliferation and migration from the media to the intima (92). They concluded that the
affinity of the estrogen type alters the estrogen's ability to inhibit SMC proliferation.
Estrogens enhance vascular function by promoting an anti-oxidative environment,
enhancing NO bioavailability, inhibiting SMC proliferation, and mitigating LAS. When
considering the consequences of estrogen loss and outcomes on AD, we wondered how the £4

genotype could promote poorer vascular outcomes related to AD.

1.2.4 What is Apolipoprotein E?

Apolipoprotein E is a protein involved in the metabolism of fats in the body and plays a
significant role in the transport and distribution of cholesterol and other lipids (93). ApoE is
found in both the peripheral tissues and the brain, with the cerebrovascular endothelium acting as
the barrier between these two regions. ApoE is secreted primarily by the liver and macrophages
in the periphery, whereas in the brain, it is largely produced by astrocytes. 4POE polymorphisms
result in three different APOE isoforms that differ by a single amino acid at residues 112 and
158, where cysteine or arginine are present (94). This difference in amino acids results in a
change in structure and, thus, a change in protein function. APOE genotypes are as follows:
APOE &£2 (Cysl12, Cys158), APOE &3 (Cys112, Argl58), and APOE &4 (Argl12, Argl58)(94).
The APOE polymorphic alleles £2, E3, and E4 have a worldwide frequency of 8%, 78%, and

14% respectively (1, 95). E4 binds insufficiently to low-density lipoprotein receptors (LDLRs),
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resulting in the deficient clearance of lipids, and in the case of AD, AP peptides, resulting in
elevated oxidative stress and inflammation (96-98). While £4 individuals have an increased
prevalence of CVD, due to apoE’s contributions to atherosclerosis, most of this review will focus
on apoE’s function in the brain and cerebrovasculature.

ApoFE in the brain:

ApoE is crucial for brain function. Nearly every cell type in the brain has been reported
to produce apoE (99, 100). Additionally, cholesterol homeostasis is pivotal for normal brain
function. While the brain is only 2% of the body weight, 25% of all cholesterol is found in the
brain(101, 102). Once apoE is secreted, apoE binds to cholesterol ATP-binding cassette protein
(ABCA1), forming HDL particles in the ISF and CSF (101). Primary receptors for apoE are
heparin sulfate proteoglycan (HSPG) and LDL receptors (LRP1), which promote cellular uptake
and redistribution of cholesterol/lipids or convert cholesterol to oxysterols to clear through the
blood-brain barrier (BBB) (101, 103, 104). Individuals with £4 have increased cholesterol levels
in the brain and body (105, 106). The E4’s change in apoE structure is poorly lipidated,
suggesting one of its potential roles in disease and AD specifically.

APOE'’’s role in inflammation and oxidative stress:

APOE modulates immune and inflammatory functions in the periphery and the CNS,
further strengthening APOEs role in LOAD (107). The inflammatory marker, c-reactive protein,
was measured from the Framingham Heart Study offspring cohort. Interestingly, individuals with
the £4 genotype had increased CRP levels, indicating this genotype is associated with higher
baseline inflammation(108). Furthermore, in mice with the knock-in of £3 and E4, E4 mice had
elevated measures of brain TNFa and IL6 secretion compared with £3 mice (109). Studies

demonstrate that microglia from E4s exhibit greater NFkB microglial expression than their £3
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counterparts. This is potentially explained by £4 s ability to bind to the promoter region of
MAPK, activating the death domain (MADD and COMM domain containing 6 (COMMD®)),
which are transcription factors that regulate gene expression via binding to NFxB (110, 111). E4
can also decrease phagocytosis and increase glial activation, leading to an influx of inflammation
and senescent cells in the AD brain (112, 113). APOE4 was also reported to bind to the SIRT1
gene decreasing its expression and activity (110, 111). Sirtl is involved in promoting autophagy,
potentially explaining the role of APOE4 in senescence and neurotoxicity(114). While the role of
apoE on inflammatory processes has been widely investigated, the literature is still inconsistent,
driving the field also to investigate the role of oxidative stress.

The E4 genotype is correlated to elevated levels of oxidative stress, likely due to altered
metabolism and immune response (115). Oxidative stress markers in £4 cerebral vascular
endothelial cells are elevated (100). Additionally, oxidative stress augments apoE secretion from
adipocytes and apoE overexpression-protected cells from hydrogen peroxide-induced damage
(116, 117). AD patients with the £4 genotype have higher microglial lipid droplet accumulation
and neurotoxic factors (118). Given the pleiotropic effects of the APOE gene, the field is moving
to the proposition that the cell type from which apoE is generated plays a vital role in its
functions. The multifaceted functions of apoE make it a potent modulator of cellular stress
response that contributes to aging. As previously mentioned, the mitochondria are the primary
site for ROS production. Thus, we must consider the influence of apoE and APOE genotype on
mitochondrial function.

APOE and mitochondrial function:

While the symbiotic relationship of apoE and the mitochondria is not new, it is

overlooked as a driver of AD. APOE4 fragments have been found in the mitochondria of N2a
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cells (110, 119). These E4 cells have a reduction in mitochondrial complex I, IV, and V,
supported by lower measures of oxygen consumption (OCR) compared to E3 cells (120).
Additional evidence, such as amplified ROS production, increased intracellular lipid droplets,
and enhanced oxidative damage compared with the £3 genotype, supports that the £4 genotype
is associated with mitochondrial dysfunction(100, 119, 121, 122). This metabolic dysfunction
can be seen in £4 individuals, who display lower brain glucose metabolism via FDG-PET scan,
exemplifying a reduction in energy uptake.(123, 124). Mitochondrial dysfunction associated with
E4 has been well investigated in cell culture models and brain tissues; however, the role E4 plays
specifically on cerebrovascular mitochondrial function remains unknown. ApoE is vital for the
entire body’s lipid flux, and we must understand how this protein and its varying isoforms
impact the cerebrovascular since this is the barrier between the two distinct pools of apoE.

APOE in the vasculature:

The first biomarker of LOAD onset is alterations in cerebral perfusion (3), observed in
older £4 individuals. Previous research has provided limited knowledge of the impact and
mechanisms of APOE genotype on vascular endothelial dysfunction. Most of the current
literature regarding apoE, the cerebrovascular, and AD is about its effects on the integrity of the
BBB (125, 126). In 2021, Montage and colleagues studied vascular dysfunction, Ap pathology,
neuronal dysfunction, and behavior in older (18-24mo) £3 and E4 knock-in mice alone and
crossed with 5SXFAD mice. Their findings show that old £4 knock-in mice and £4 x 5SxFAD
mice, compared to their respective £3 lines, developed accelerated BBB breakdown associated
with loss of pericyte capillary density, followed by subsequent reductions in CBF with and
without AP presence (126). This group’s work proposes the loss of BBB integrity is connected to

the CypA-NFkB-MMP9 BBB degrading pathway in pericytes, and when activated, MMP9
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degrades tight junction proteins. This is supported by the observed loss of zonulin-occludin
(ZO)-1 and occludin in £E4 animals (125, 126). While this novel pathway and this group’s work
support a strong genotype effect and explanation of the mechanistic cause of BBB breakdown,
the role of apoE in regulating blood flow in resistance arteries in the brain is warranted.

Other APOE effects in the Brain:

ApoE’s role in AD onset and progression has been growing since apoE was discovered in
the 1970s. ApoE transports lipids through the PNS and CNS and can also influence neuronal
signaling via the reelin pathway acting through APOER2 (113). Reelin is essential for neuronal
migration, dendritic spine development, and synaptic plasticity (113). APOE4 limits reelin
binding, decreasing synaptic plasticity(113, 127). ApoE also plays a vital role in microglia, and
the APOE-TREM2 pathway drives dysfunctional microglia. This can be seen by the deletion of
APOE4 reducing microglial activation and neuroinflammation in the presence of AP and tau
pathology (128). ApoE’s effects in the brain is critical for proper function, and sex differences

have emerged in apoE’s functions.

1.2.5 Estrogen and APOE:

The E4 allele has sex-dependent effects where the risk of developing AD is higher in
APOE4 expressing females than males (1, 129, 130). ApoE levels are lowest in the APOE4
genotype compared to £3, and these differences are more pronounced in females (129, 131).
Interestingly, action on ERa upregulates ApoE mRNA and protein expression (132). ERa
expression is reported to be higher in AD and APOE4 EFAD mice. This is proposed as a
protective mechanism to increase apoE's presence (129, 133, 134). ER activation is associated
with decreases in apoE levels, and it is hypothesized the HT effects on cognition could be

blunted due to the reduced levels of apoE in £4 carriers (132). Some studies have found £4
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carriers more sensitive to HT protection (135—137). In contrast, others have found HT to interact
negatively with apoE (133, 138-142), resulting in £4 individuals being non-responsive to HT.
This highlights the need to elucidate the mechanisms and consequences behind the interaction

effect of sex hormones and APOE genotype.

1.3 The triple threat: Age, APOE genotype, and estrogen deficiency on cerebrovascular

function

Given the lack of information on this triad of risk factors and how they interact, this
dissertation and the following chapters aim to uncover the novel effects of apoE, its influence on
the regulation of cerebral artery function, and the mechanisms underlying the alterations
observed. Also, we aim to shed light on the often-overlooked sexual dimorphisms that exist in
disease, specifically AD, and how the sex steroid hormone estrogen can interact with the APOE

genotype to influence cerebral vascular and cognitive outcomes.
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II. IN VIVO ARTERIAL STIFFNESS BUT NOT ISOLATED ARTERY
ENDOTHELIAL FUNCTION VARIES WITH THE MOUSE ESTROUS CYCLE

From: Kehmeier, M. N., Bedell, B. R., Cullen, A. E., Khurana, A., D’Amico, H. J., Henson, G.
D., & Walker, A. E. (2022). In vivo arterial stiffness, but not isolated artery endothelial function,
varies with the mouse estrous cycle. American Journal of Physiology-Heart and Circulatory
Physiology, 323(6), H1057-H1067. https://doi.org/10.1152/ajpheart.00369.2022 PMID:
36240435

2.1 Introduction

In the past, females were often excluded from research studies leading to a limited
understanding of many physiological processes. In 2014, the National Institutes of Health
announced a policy requiring both sexes to be represented in preclinical biomedical research for
cells and animals, unless otherwise justified (143) and many scientific journals are beginning to
add this requirement (144). Proper design of rodent studies that include females necessitates an
acknowledgement of the hormonal fluctuation throughout the estrous cycle, and purposeful
decisions about whether to control for these fluctuations. Therefore, it is crucial to elucidate the
effects of the estrous cycle on physiological processes.

In women, the menstrual cycle phase impacts vascular function, in particular, stiffness of
the large elastic arteries and endothelial function (145, 146). The large elastic arteries,
specifically the aorta and carotid arteries, have a high elastin content contributing to their high
compliance. Greater large artery stiffness corresponds with elevated systemic pulse pressure and
increased risk for cardiovascular diseases and Alzheimer’s disease (147). At the same time,
endothelial cell function is important for regulating vascular tone and can modulate the
compliance of arteries (148). Endothelial cells produce nitric oxide (NO), a potent vasodilator,
through activation of endothelial nitric oxide synthase (eNOS). Impaired endothelial function,

measured by endothelium-dependent vasodilation, is associated with cardiovascular and
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cerebrovascular diseases (149). While numerous studies have examined changes to large artery
stiffness and endothelial function during the menstrual cycle(145, 146, 150, 151), the effects of
estrous cycle phase on these vascular outcomes in mice has yet to be investigated.

The impact of the menstrual or estrous cycle on vascular function likely arises from
modulation by sex hormones (152). In mice, the estrous cycle is on average 5 days in length and
composed of four stages: proestrus, estrus, metestrus, and diestrus. Circulating estrogen in mice
is highest in the proestrus and estrus phases and lowest in diestrus (146). Other sex hormones
also vary during the estrous cycle, such as progesterone and testosterone. Estrogens bind to
estrogen receptor o (ERa, Esr/ gene), estrogen receptor B (ERp, Esr2 gene), and estrogen G-
protein coupled receptor (GPER, Gperl gene) in vascular cells. Activation of ERa and GPER
increase NO bioavailability and deletion of Gper! is associated with higher arterial stiffness in
mice (153, 154). Sex hormones are highly specific and have a high affinity for their receptors,
allowing the slightest differences in sex hormone concentrations to induce physiological changes
(155). Thus, despite the short duration of the mouse estrous cycle and low concentrations of
circulating sex hormones, it is possible for the changes in circulating sex hormone concentrations
and subsequent downstream receptor-mediated signaling to modulate physiological function
between estrous cycle phases.

Due to the importance of including young female rodents in research, it is pertinent to
understand the effects of the estrous cycle on vascular physiology and related outcomes.
Therefore, the purpose of this study was to determine the effect of the mouse estrous cycle phase
on arterial stiffness, vascular endothelial function, arterial estrogen receptor expression, and
cognitive function. We hypothesized that estrous cycle stages with high circulating estrogen,

namely proestrus and estrus compared with diestrus, would have lower aortic stiffness and higher
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cerebral and mesenteric artery endothelial function. We further hypothesized that arterial
estrogen receptor expression and eNOS expression/activation would be highest during
proestrus/estrus compared with diestrus. As vascular function has overarching effects on other
organs, we sought to determine the effects of the estrous cycle on cognitive function and motor
coordination. We hypothesized that proestrus/estrus would be associated with higher cognitive

function and better motor coordination.

2.2 Methods

Animals

Female C57BL/6 mice were purchased from Charles River and studied at 6-7 months of
age (n=23). All mice were on a phytoestrogen free diet (Envigo, Teklad Global Soy Protein-Free
Extruded Rodent Diet, 2920X) with food and water provided ad /ibitum and housed in the animal
care facility on a 12/12-hour light-dark cycle at 24°C. Mice were euthanized by exsanguination
under isoflurane immediately prior to vascular reactivity studies. In efforts to match the estrous
cycles, female mice were induced into cycling by one cup of male bedding. All animal
procedures conform with the Guide to the Care and Use of Laboratory Animals (8™ edition,
revised 2011) and were approved by the Institutional Animal Care and Use Committee at the
University of Oregon.

Estrous Cycle Tracking

The mouse estrous cycle was tracked via vaginal cytology at least 5 days prior to each
test and at euthanasia. The vagina was flushed with a sterile transfer pipette containing sterile
saline and the sample was expelled into a 36 well plate and placed on a slide for staining. Using
rapid differential stain kit (Vet-One, Boise Idaho), the samples were stained per kit instructions.

Once the slide was dry, samples we observed under LMil microscope (Lecia Microsystems,
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Wetzlar, Germany) by two separate investigators and the cycle was determined. After analysis an
additional two separate investigators confirmed cycle stage and any that were contradicting were
verified by the University’s veterinarian. Proestrus was identified by the presence of many
nucleated epithelial cells, while estrus was identified by a predominance of cornified epithelial
cells. Lastly, diestrus was determined by the presence of polymorphonuclear leukocytes (156,
157)(see supplemental figure S2.1). Metestrus was excluded from this study due to its limited
duration within the estrous cycle.

Hormone Analysis

Plasma hormone concentrations for 17p-estradiol (E2), esterone (E1), progesterone, and
testosterone were analyzed via Liquid Chromatography—Mass Spectrometry (LC-MS). Blood
samples were collected via cardiac puncture with a heparin saline coated syringe. The blood was
centrifuged, then plasma was collected and frozen in liquid nitrogen. All plasma analyses were
performed by the Endocrine Technologies Core at Oregon National Primate Research Center at
Oregon Health & Science University. Estradiol and esterone had low levels of detected and
quantification for these is less accurate. The ratio of E2 to E1 was calculated and reported (see
table 2.1).

Aortic stiffness

Aortic stiffness was measured in vivo by pulse wave velocity (PWV). In a cohort of mice
(n=6), PWV was measured three times during a five-day period, with one day between each
measurement, with the goal to make measurements in each phase of the cycle. However, given
the short duration of proestrus, we did not collect enough measurements during this stage to
include in the analysis, and thus, data for only estrus and diestrus are presented for the repeated-

measures comparison. For the remaining mice, PWV measures were collected only once. Mice
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were anesthetized using isoflurane (2% isoflurane in 100% oxygen) and laid supine on a
temperature-controlled heating pad (35°C). Electrodes were placed on distal portions of limbs
that recorded ECG, while two Doppler transducers were positioned on the aortic arch and
abdominal aorta, and the distance between the two transducers was recorded. Using the Doppler
signal processing workstation program (DSPW; Indus Industries, Webster, TX, USA), the time
of a pulse to travel from the arch to the abdominal aorta was analyzed, and the time was then
divided by the distance between the transducers. Two researchers analyzed all the files
independently, and the average was taken.

Vascular Reactivity

Endothelium-dependent vasodilation was assessed in ex vivo isolated pressurized
mesenteric arteries and posterior cerebral arteries, as described in detail previously (Cole et al
2021). Arteries were excised and cannulated onto glass micro pipettes in a myograph chamber
(Danish MyoTechnology Inc.) filled with physiological salt solution. All arteries were
preconstricted with phenylephrine (1-6 M to obtain 20-40% preconstruction) and increases in
luminal diameter in response to increasing concentrations of endothelium-dependent dilators
acetylcholine (ACh: 1x10”to 1x10 M) and insulin (1x10” to 1x10”° M) were determined. After
ACh and insulin responses, arteries were incubated for 30 minutes with 0.1 mM of N omega-
Nitro-L-arginine methyl ester hydrocholoride (L-NAME). ACh and insulin responses were
repeated in the presence of LNAME to determine the contribution of nitric oxide synthase to
endothelium-dependent dilation. Endothelium-independent dilation was measured by the
increases in lumen diameter to sodium nitroprusside (1x107'° to 1x10* M).

Motor Coordination

36



Motor coordination testing was performed using a rotarod (47650 Rota-Rod NG, Ugo
Basile, Gemonio, Italy) over a two-day period. The first day was a training session, mice were
required to stay on the rod rotating at 4 rpm for 90 seconds. The second day consisted of three
trials, with a 10-minute rest between trials, where the rod accelerated during each trial from 4 to
40 rpm with a cut-off time at 5 minutes. The time was recorded for when the mouse fell from the
rod or rotated around the rod two consecutive times (158).

Nesting behavior test

Nest building tests instinctual behavior and was performed over a 12-hour period. Mice
were singly housed overnight in a cage with food, water, and a condensed cotton nestlet. In the
morning, the researcher scored the nests and placed mice back in their communal cage. Nests
were scored on a scale of 0-5, and the scoring criteria were as follows: 0- nestlet is untouched; 1-
nestlet has been moved but no significant tearing; 2- significant tearing, but no formation of a
nest; 3- significant tearing, indication of nest OR nest is in the corner of the cage; 4- significant
tearing, formation of nest in the corner; 5- significant tearing, formation of nest in corner and the
nest walls are high making a bowl like nest (159).

Protein Expression

The thoracic aorta was excised and cleaned of fat and blood and frozen in liquid nitrogen.
Samples were homogenized in total protein extracting reagent buffer and protease inhibitor
cocktail, and then water sonicated for 60 seconds twice at 50% power. Lysate protein
concentration was assessed using a commercially available kit (Pierce BCA protein assay kit;
Thermo Fisher, Waltham, MA). 4-20% Precast Criterion TGX gels were used for separation.
Membranes were blocked with 5% goat serum in TBS-T. The transfer was verified with ponceau

red stain, and then incubated in primary antibodies overnight in PBS containing 3% BSA.
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Primary antibody concentrations are listed in supplemental table S2.2. Following incubation,
membranes were washed and incubated with a species-appropriate HRP-conjugated secondary
antibody. Following washes, membranes were incubated with Pierce Enhanced
Chemiluminescence Western Blotting Substrate (Pierce ECL, Thermo Fisher) and imaged with
an Odyssey Fc (LI-COR, Lincoln NE). Image J was used to determine protein band density and
relative protein expression was calculated as protein density normalized to GAPDH density.
Values were normalized to the group in diestrus. See supplement Table S2.2 for antibody list and
validation.

Gene Expression

In samples of mesenteric arteries and cerebral arteries (combined middle cerebral artery,
posterior cerebral artery, and basilar artery), mRNA gene expression was quantified for Esr/,
Esr2, and Gperl through qPCR (see supplement Table S2.1 for primer sequences). RNA from
cerebral arteries and mesenteric arteries was isolated by a standard protocol using Qiazol and
RNAeasy Micro Kits (Qiagen, Hilden, Germany) and then quantified using a NanoDrop 2000
(Thermo Scientific, Waltham, MA). Reverse transcription was performed to produce cDNA with
a Qiagen Quantitect Reverse Transcription Kit. The cDNA samples underwent real-time qPCR
using ThermoFisher PowerUp Sybr Green and a Quantstudio 5 real-time PCR system
(ThermoFisher Scientific, Waltham, MA). mRNA expression was calculated using the 2-24¢T
method. 18s mRNA was used as a housekeeping gene control, and values were normalized to the

group in diestrus.

Statistical Analysis

Statistical analyses were performed with IBM SPSS (Version 26, Armonk, NY) and

GraphPad Prism 9.0. One-way analysis of variance (ANOVA) between proestrus, estrus, and
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diestrus groups were used unless otherwise noted. In cases of a significant F-value, post-hoc
analyses were performed using a Tukey correction for preplanned comparisons. For the matched
PWYV measures, a paired t-test was used to compare cycle phases. A repeated measures ANOVA
was used to determine group differences for dose responses. Pearson correlation analysis was
used to assess bivariate relations of interest. Significance was set at p<0.05, and values are

represented as mean + SD. Outliers were identified as z score>2 and removed from the data set.

2.3 Results

Animal characteristics throughout the estrous cycle

There were no differences for body weight or any tissue weights, except for uterus
weight, between the stages of the estrous cycle (all p>0.05, Table 2.1). Uterus weight was higher
in the proestrus phase compared to estrus (p=0.0014) and diestrus (p=0.007). Plasma testosterone
concentration was higher for mice in diestrus compared with mice in proestrus and estrus
(p=0.0003, Table 1). Plasma esterone was elevated during the proestrus phase compared to the

other two phases (p=0.03, Table 2.1).
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In vivo arterial stiffness is dependent on estrous cycle phase

In a subset of mice that underwent repeated measures of arterial stiffness across the
estrous cycle, aortic PWV increased from estrus to diestrus (p=0.0046, Fig 2.1 A). In the full
subject sample, PWV was lower for the mice in estrus when compared with mice in diestrus
(p=0.0048). Mice in proestrus did not differ from the other stages for aortic PWV (p=0.32 versus
estrus, and p=0.40 versus diestrus, Fig 2.1 B). Heart rate did not differ between groups (p=0.20,
data not shown).

Endothelial function ex vivo is independent of estrous cycle phase

The posterior cerebral artery and mesenteric artery responses to ACh did not differ
between estrous cycle phases (dose response RM-ANOVA and maximal responses ANOVA, all
p>0.05, Fig 2.2 A, B). The maximal ACh responses in the cerebral and mesenteric arteries did
not correlate with uterus weight (posterior cerebral artery: r =0.04, p=0.40; mesenteric artery: r
=0.21, p=0.17, progesterone (cerebral artery: r=0.37, p=0.11; mesenteric artery: r=-0.14,
p=0.30), or testosterone (cerebral artery: r=0.22, p=0.24; mesenteric artery: r=0.02, p=0.47),
further indicating no influence of the estrous cycle on endothelium-dependent vasodilation.
Furthermore, the posterior cerebral artery and mesenteric artery responses to insulin were not
different between estrous cycle phases (dose response RM-ANOVA and maximal responses
ANOVA, all p>0.05, Fig 2.2 D, E). Likewise, the response to ACh and insulin in the presence of
L-NAME was not different between estrous cycle phases for either artery (dose response RM-

ANOVA and maximal responses ANOVA, all p>0.05, Fig 2.2 A, B, D, E). Endothelium-
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independent vasodilation in response to sodium nitroprusside was also not different between

groups for either artery (dose
response RM-ANOVA and
maximal responses ANOVA,
all p>0.05, Fig 2.2E, F).
Sensitivity (EC50) and
preconstriction also did not
differ between estrous cycle
phases for any dose response
(all p>0.05, supplemental
Table S2.3). These data reveal
that ex vivo endothelium-
dependent and endothelium-
independent vasodilatory
responses in resistance arteries
are independent of the estrous
cycle phase.
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Figure 2.2. Ex vivo resistance artery endothelial function does
not differ with estrous cycle phase. Endothelium-dependent
dilation to acetylcholine (ACh), in the presence and absence of
nitric oxide synthase inhibitor L-NAME, in the A: posterior
cerebral artery (PCA) and B: mesenteric artery from mice in
proestrus, estrus, or diestrus. Endothelium-dependent dilation to
insulin in the C: PCA and D: mesenteric artery, and endothelium-
independent dilation to sodium nitroprusside in the £: PCA

and F: mesenteric artery from mice in proestrus, estrus, or diestrus.
Repeated measure ANOV A showed no differences were found
between groups. n= 7-9/group. Data are mean = SD.

Gperl in either the cerebral or mesenteric arteries (all p>0.05, Figure 2.3 A, D), while mesenteric

artery Esr2 was not detectable. Cerebral artery Esr2 gene expression for mice in estrus was 57%
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lower than diestrus (p=0.008) and 54% lower than proestrus (p=0.04, Fig 2.3 B). Gperl

expression in the mesenteric arteries during proestrus was lower than diestrus (p=0.03, Fig 2.3

E).
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Figure 2.3. Resistance artery estrogen receptor gene expression during the estrous
cycle; lower Esr2 expression in cerebral arteries during estrus. Cerebral artery (CA)
gene expression of A: Esrl (estrogen receptor ), B: Esr2 (estrogen receptor f3),

and C: Gperl (GPER) from mice in proestrus, estrus, or diestrus. Mesenteric artery (MA)
gene expression of D: Esrl and E: Gperl from mice in proestrus, estrus, or

diestrus. Esr2 was below threshold for detection in the MA. n=3-7/group. *p<0.05. A one-
way ANOVA with Tukey’s multiple comparison was used to test statistical significance.
Data are mean + SD.

Large artery protein expression

Aorta protein expression for ERa did not differ with estrous phase (p=0.34, Fig 2.4 A),
but p-Era (Ser167) was elevated during the estrus phase compared with proestrus (p=0.04, Fig

2.4 B). The ratio of p-ERa to total ERa was not different between phases (p=0.85, Fig 2.4 C).
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Aorta protein expression of Akt, p-Akt (Ser 473), eNOS, p-eNOS (Ser1177), and their ratios did

not differ between the stages of the estrous cycle (all p>0.05, Fig 2.4 D-I).
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Figure 2.4. Aorta protein expression during the estrous cycle; higher pERa expression in the
aorta during estrus. Aorta protein expression for 4: estrogen receptor a (Era), B: phosphorylated
ERa at serine 167 (pERa), and C: pERa:ERa ratio, D: Endothelial nitric oxide synthase

(eNOS), E: phosphorylated eNOS at serine 1177 (eNOS)(peNOS), F: pENOS:eNOS ratio, G: Akt, H:
phosphorylated Akt at serine 473 (pAkt), and pAkt: Akt ratio for mice in proestrus (P), estrus (E), and
diestrus (D). Representative blot to the right. n=2-8 /group. *p<0.05. pAkt and its Gapdh was taken
from supplemental figure 6 lanes 1 (P), 3 (D), and 5 (E). A one-way ANOVA with Tukey’s multiple
comparison was used. Data are mean + SD.
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Motor Coordination and Cognitive Function is independent of estrous cycle

Motor coordination, measured by the accelerating rotarod test, did not differ between estrous
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. 300- s 5 =
Fig 2.5A). Cognitive % n ﬁl é‘
c
3 A
function, tested by nest § b } E g 3l
building, also did not L 7 2- g
’ @ 100+
. - 1=
differ between estrous =
I (p=0.34 i s
cycle stages (p=0.34, i B
o> 9 o OIS
, 55 o &
Fig 2.5 B). & @ & QO
Q¢ “ > \\39\ &
x§
Q\OQ, Q/‘o. @éﬁ‘\}
0\

Figure 2.5. Motor coordination and cognitive function did not differ
with estrous cycle phase. 4: Amount of time on the rod during the
accelerating rotarod test in mice during proestrus, estrus, and diestrus. B:
Nest building score for mice grouped by estrus cycle phase at start of test
and phase at completion. n=4-8/group. No differences were found between
groups using a one-way ANOVA. Data are mean + SD.

2.4 Discussion

The major finding of this investigation is that aortic stiffness measured in vivo is lower in the
estrus phase of the estrous cycle compared with the diestrus phase. In contrast, we found no
differences between estrous cycle phases for resistance artery endothelial function measured ex
vivo in either cerebral or mesenteric arteries. Cerebral artery gene expression of Esr2 was lowest
in the estrus phase, while gene expression of Gperl was higher during the estrus phase compared
with proestrus. Esr was not different between estrous cycle phases in small resistance arteries.
Our results also reveal that phosphorylated ERa was elevated in the aorta in the estrus phase, but

eNOS and Akt expression did not appear to be affected by the estrous cycle with the aorta.
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Lastly, we found no differences between estrous cycle phases in motor coordination or cognitive
function. Taken together, these results suggest that the mouse estrous cycle impacts large elastic
artery stiffness, but not small resistance artery endothelial function, and these effects are
accompanied by differences in estrogen receptor gene expression and post-translational
modifications.

Large artery stiffness: modulation by hormonal fluctuations

Increased large artery stiffness is associated with cardiovascular diseases and poor overall
health (147). With increasing age, large arteries become stiffer while circulating concentrations
of sex steroid hormones decline progressively (160, 161) suggesting a potential relationship
between large artery stiffness and lower levels of circulating sex hormones. Previous studies in
human premenopausal females reveal that PWV (brachial-femoral or carotid-femoral) and aortic
augmentation index were lower during the ovulatory or luteal phases (i.e., high estrogen phases)
compared with during menses, suggesting that estrogen fluctuations during the menstrual cycle
impact arterial stiffness (145, 150, 151). These results are similar to our findings of higher PWV
in the diestrus phase, equivalent to the menses phase of a human. However, there are inconsistent
findings in this regard in human studies, with some studies finding no effect of the menstrual
cycle on arterial stiffness (162—166). Potential explanations for the varying results include
inadequate tracking of the cycles, diets containing soy, or small sample sizes (167, 168). It is
important to note that the mice in this study were on a phytoestrogen free diet, while the typical
research mouse diet contains phytoestrogen soy protein. Thus, it remains unknown the effects of
estrous cycle on artery stiffness in mice fed a diet containing soy protein. In summary, our results
indicate that the mouse estrous cycle impacts large artery stiffness and accounting for the estrous

cycle in future studies will allow for further insights into how sex steroid hormones modulate the
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vasculature. More importantly, failure to account for the estrous cycle or phytoestrogen diet in
studies of in vivo large artery stiffness may increase the variability of the data and mask potential
results.

Mechanisms of modulation of large artery stiffness

Due to the short duration of the estrous cycle, it is unlikely that structural changes to the
aorta account for the differences in stiffness between estrous cycle phases. As such, the most
likely mechanism for the effects of the estrous cycle on PWV is a change in arterial tone.
Circulating estrogen affects arterial tone, primarily by inducing vasodilation through actions on
receptors ERa and GPER1 (9). ERa expression is increased in human endothelial cells during
the late follicular phase (169). In contrast, we did not find a difference in aortic ERa expression
between mouse estrous cycle phases. This may be due to our measurement of the whole aorta in
mice compared with the measurement of isolated endothelial cells in human subjects in the
previous study. We did find that ERa phosphorylation at Serine 167 was highest in the aorta
during the estrus phase. In the presence of estradiol, the estrogen receptors undergo a
conformational change, enhancing the likelihood of being phosphorylated, and once
phosphorylated the receptor is more likely to affect nuclear transcription (170). Thus, our
findings suggest greater activation of ERa in the aorta during the estrus phase. The non-genomic
activity of ERa includes the phosphorylation of Akt, which in turn phosphorylates eNOS leading
to greater NO production which can occur within minutes after exposure to estrogen (171). In
addition, ERa genomic signaling upregulates eNOS and superoxide dismutase expression (172).
Gavin and colleagues demonstrated that endothelial cell ERa expression is positively related to
brachial artery endothelium-dependent dilation, as well as eNOS and p-eNOS (Ser1177)

endothelial cell expression in healthy human females (169). eNOS expression is also higher in
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the brain during the proestrus phase compared with diestrus in rats (173), and NO may play a
pivotal role in the regulation and timing of the estrous cycle (174, 175). Thus, our results indicate
that aortic ERa phosphorylation is modulated by the estrous cycle, while previous studies
suggest the menstrual cycle modulates ERa expression concomitant with changes to eNOS
expression.

GPERI1 also participates in nongenomic estrogen related signaling and impacts large
artery function (176). Aortas from middle-aged and old female mice have lower expression of
GPER protein when compared to aortas from young female mice, and the vasodilatory responses
to GPER agonist G-1 is impaired in aged female mice (176). Furthermore, young female mice
have a lower PWV compared with young male mice, and this sex difference is abolished by
GPER deletion (177). GPER deletion also results in an elevated pulse pressure, an indicator of
greater large artery stiffness, in response to angiotensin II, but only in female mice (153).
Unfortunately, we were unable to reliably measure GPER protein expression in this study. Thus,
GPER has impacts on vascular tone and arterial stiffness; however, it remains unknown what
role GPER protein expression plays in the aorta across the estrous cycle.

ERp is also thought to impact vascular function but is also lowly expressed in the larger
arteries (176), further suggesting the primary roles of ERa and GPER in large artery stiffness
change during the estrous cycle. In general, ER is thought to negate the actions of Era-mediated
transcription (178) and have negative vascular consequences (179). Alterations in ER subtype
expression with age and declining circulating estrogen concentration may mediate a shift in the
ERa:ERp ratio, towards more ER (179). This shift towards more ER} may promote an adverse
vascular phenotype and contributes to the development of hypertension and vascular injury, as

previously found in the uterine arteries (44, 180). Given the low expression of ERJ in large
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arteries, we were not able to detect ERp in our aorta samples. Thus, the relationship between
estrogen receptors with aging and estrous warrants further investigation.

In addition to estrogen receptors and NO, changes to other vasodilators and hormones
with the estrous cycle impact arterial tone. For example, cyclooxygenases have a role in the
increased middle cerebral artery velocity during the late follicular phase of the menstrual cycle
(181). Hydrogen peroxide-induced vasodilation may also change during the estrous cycle as
estrogen increases superoxide dismutase expression resulting in increased conversion of
superoxide to hydrogen peroxide (172). It is also important to note the fluctuation of other
hormones throughout the estrous cycle and their impacts on arterial tone. The effects of
progesterone on endothelial function remain controversial (182), but majority of previous
research shows progesterone can elicit negative effects on endothelial function (183, 184).
Increased testosterone concentrations also correlate with endothelial dysfunction (182, 183, 185).
Yet to be thoroughly investigated is the impact of luteinizing hormone and follicular stimulating
hormone on endothelial function and arterial health. Thus, future studies are needed to determine
the exact hormones and signaling involved in the changes to arterial stiffness during the estrous
cycle.

Ex vivo small artery function and the estrous cycle

Despite the effects of the estrus stage on PWV, downstream small resistance artery
endothelial function did not differ between estrous cycle phases in this study. These results could
be due to the removal of the artery from the in vivo exposure to hormones when performing the
ex vivo studies. Alternatively, estrogen potentially has a greater impact on conduit artery
endothelial function compared with small resistance arteries (186, 187). Importantly for our

study, the resistance artery results are consistent between two different endothelium-dependent
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vasodilators, ACh and insulin. A meta-analysis of the impact of the menstrual cycle on vascular
endothelial function found that conduit artery flow-mediated dilation was greatest during the late
follicular phase. In contrast, this meta-analysis revealed no effect of the menstrual cycle on
forearm or leg blood flow (186). A previous study also observed that the estrous cycle modulated
the neurovascular response to angiotensin II, specifically angiotensin II-induced cerebral
endothelial dysfunction and impaired neurovascular coupling was spared during proestrus and
estrus phases compared with diestrus (188). One explanation for the conflicting results is that
these previous studies were performed in vivo (i.e., with estrogen present) compared with our ex
vivo studies. Thus, future studies could explore the acute vs. chronic effects of the hormonal
environment on vascular function throughout the estrous cycle.

Resistance artery estrogen receptor expression

Our data revealed that Esr2 expression was modulated by the estrous cycle in cerebral
arteries, Esrl gene expression was independent of the estrous cycle in cerebral arteries and
mesenteric arteries. As a lower ERa:ERP ratio contributes to an adverse vascular phenotype, the
lower Esr2 expression during estrus could serve as a vascular protective mechanism (44). While
our results for cerebral artery endothelium-dependent dilation do not have the same pattern as
these Esr2 expression results, there are other potential cerebrovascular benefits of changes to
estrogen receptor expressions, such as metabolic and antioxidant benefits (59—-61, 73, 189, 190).
The ability to detect Esr2 gene expression in the cerebral vasculature aligns with previous studies
indicating relatively higher expression in the brain for Es»2 (191). The cerebral artery samples
collected in this study could include other brain cells that surround these arteries; thus, it is

unknown which specific cells are expressing Esr2 in these tissue samples. An implication of this
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finding is that treatments that activate estrogen receptors could have differential effects
depending on which receptors are being highly expressed in that tissue.

We found that Gper! expression was elevated during periods low estrogen (i.e., the
diestrus phase). It was previously shown in mesenteric arteries that females better endothelium-
dependent dilation in middle age compared with males, but these sex differences are absent in
Gperl knockout mice (39), suggesting that GPER plays a pivotal role in endothelial function in
females. However, in our study, despite differences in Gperl gene expression, no differences in
endothelial function in mesenteric arteries was found between estrous cycle stages, thus
dissociating Gperl expression from endothelial function.

Estrous cycle stage, cognitive function, and motor coordination

In this study, estrous cycle stage had no effect on cognitive function measured by nest
building, consistent with previous findings (192). Furthermore, motor coordination assessed by
accelerating rotarod was not affected by the estrous cycle also in line with past literature (193,
194). It is important to note the difficulty in measuring nest building across the estrous cycle due
to the short duration of the cycle phases and the likelihood of switching between phases during
the 12-hour test period. Overall, our data suggests that the estrous cycle does not need to be
accounted for with motor or cognitive tasks.

Challenges of measuring steroid hormones

The measurement of sex hormones and estrous cycle staging in rodents presents a
number of challenges. The most commonly used technique to measure serum sex hormones in
rodents is immunoassays, but these often overestimate steroid hormone levels due to the lack of
specificity (195-202). As such, it has been recommended that all studies reporting steroid

hormones as an endpoint use mass spectrometry based assays to ensure specificity and
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reproducibility (203). The inconsistencies in the literature related to sex hormone concentrations
during the mouse estrous cycle may arise from the varied accuracy of different measurement
techniques (157, 204-210). Furthermore, serum sex hormone concentrations may vary widely
within an estrous cycle stage (211) indicating that a single measurement for each stage is not
sufficient for capturing the hormone status. Thus, caution should we used when measuring sex
hormones by immunoassay or using sex hormones to stage the estrous cycle.
Limitations

Our study has a few limitations that should be noted. We did not measure passive
stiffness or examine structural differences in the aorta. Thus, while we believe the short duration
of the estrous cycle precludes structural changes to the aorta as the mechanisms for differences in
stiffness, we do not have evidence from this study to support this hypothesis. Our samples for
gene and protein expression are whole arteries, and thus, we cannot determine estrogen receptor
abundance within specific cells, for example endothelial cells vs. smooth muscle cell expression.
Another limitation of our study is the inability to measure protein expression in cerebral arteries
due to limited tissue availability, and thus we cannot confirm that the differences seen in gene
expression are indicative of protein expression. We fed the mice in this study a phytoestrogen
free diet to limit the confounding effects. However, standard rodent chows often contain
phytoestrogen soy that may modulate the influence of the estrous cycle on the vasculature.
Lastly, our findings may be specific to the C57BL/6 strain and we encourage further

investigation with other rodent strains.

2.5 Conclusions

These results suggest that the estrous cycle should be accounted for when measuring in vivo

large artery stiffness in young female mice. However, given that estrous cycle stage did not

51



affect ex vivo measures of endothelial function in small arteries, it appears that accounting for
estrous cycle in these outcomes is not needed. Changes to estrogen receptor expression or
activation may contribute to these vascular outcomes, specifically we find that during the estrous
cycle Erf} gene expression fluctuates in cerebral arteries and p-Era protein expression is
modulated in the aorta. In summary, it is important to consider sex as a biological variable and
accounting for hormonal fluctuation during in vivo measurements of vascular function will likely
improve the quality of results. Acknowledging the effect of the estrous cycle on vascular
function may explain the variability found within female rodents and further the understanding

of the effects of sex hormones on vascular function.
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Table 2.1. Animal Characteristics

Variable Proestrus Estrus Diestrus

n 8 8 7

Age, months 6.0+0.3 59+0.2 59+0.2
Body mass, mg 23.9+1.7 242+1.7 244+1.1
Heart mass, mg 0.11 +£0.01 0.12+0.02 0.12+0.01
Percent heart:body mass 0.47 +0.05 0.50 +£0.07 0.51 +£0.03
Spleen mass, mg 0.09 £ 0.02 0.11+£0.02 0.10 £ 0.01
Percent spleen:body mass 0.41 £0.07 0.44 £ 0.06 0.42+£0.03
WAT mass, mg 0.76 £ 0.24 0.76 £ 0.36 0.77+0.19
Percent WAT:body mass 3.16 £ 0.88 3.08 +£1.37 3.14 £0.67
Gastroc mass, mg 0.15+0.02 0.18+0.04 0.17+0.03
Percent gastroc:body mass 0.67+0.11 0.75£0.15 0.70+0.13
Uterus mass, mg 0.10 £ 0.01 0.08 £0.01* 0.08 +£0.01*
Percent uterus:body mass 0.43 £0.04 0.33 £0.05* 0.32+0.03*
Esterone (ng/mL) 0.002 £ 0.001 0.001 £ 0.0004* 0.001 +0.001*
Estradiol (ng/mL) 0.008 £ 0.001 0.001 £ 0.000 0.002 + 0.003
E2:E1 ratio 2.64+1.74 0.49 +£0.01 1.45+0.76
Progesterone, ng/ml 232+ 1.15 5.42 + 2.80* 4.40 +2.70
Testosterone, ng/ml 0.016 £ 0.012 0.024 +0.096 0.094 + 0.050"

WAT: white adipose tissue, Gastroc: gastrocnemius. E2: estradiol. E1: esterone. *p<0.05 vs.
Proestrus, Tp<0.05 vs. Estrus. Values are mean+SD.
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ITII. THE EFFECTS OF DIETARY SOY CONTENT ON CEREBRAL ARTERY
FUNCTION AND BEHAVIOR IN OVARIECTOMIZED FEMALE MICE

From: Kehmeier MN, Khurana A, Bedell BR, Cullen AE, Cannon AT, Henson GD, Walker
AE. The effects of dietary soy content on cerebral artery function and behavior in

ovariectomized female mice. Am J Physiol Heart Circ Physiol. 2023 Dec 29.
doi:10.1152/ajpheart.00618.2023. PMID:38156886

3.1 Introduction

As females age, they transition through menopause, experiencing an increase in
cardiovascular, metabolic, and neurodegenerative disease risk (212-214). Vascular impairments
underlie many of these diseases(3). Cerebrovascular impairment occurs with menopause (215),
likely due to the decline in estrogen that induces endothelial cell dysfunction (35). Therefore, a
better understanding of the actions of estrogen and estrogen deficiency will provide further
insight into mechanisms of cerebrovascular dysregulation.

The hormonal changes that occur post-menopause can be modeled by ovariectomy in
rodent models. Previous studies have shown that ovariectomy in mice results in impaired
endothelial function, and this endothelial dysfunction is prevented by treatment with estradiol
(216, 217). Estrogens bind to estrogen receptor a (Era) and G protein-coupled estrogen receptor
(GPER) in vascular endothelial cells to exert their vasodilatory effects through increased nitric
oxide (NO) production (153, 154). Estradiol also exerts anti-inflammatory and antioxidant
effects, for example, inducing up-regulation of mitochondrial superoxide dismutase (SOD2) in
the vasculature (218). Thus, ovariectomy impairs vascular function by downregulating these
estrogen signaling pathways. When examining the effects of ovariectomys, it is important to
consider external factors that may influence the estrogen pathway.

Among standard rodent chows, there is a large variance in soy content. For example, in

our diet at the University of Oregon, the ingredient with the second highest concentration is
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soybean meal (Lab Diet, PicoLab Rodent Diet 20, 5053) compared with other common diets
where soybean meal is the sixth ingredient (e.g., NIH-31 Irradiated Open Formula, Inotiv, 7017).
Soybean meal is rich in polyphenol isoflavones, known as phytoestrogens which can mimic the
effects of estrogen (219). Specifically, our diet contains the phytoestrogen genistein, known to
bind to Era (220). Furthermore, genistein is known to improve endothelial function (221).These
phytoestrogens have antioxidants effects by activating estrogen receptors to upregulate SOD
expression (222). However, the effects of a soy diet are inconsistent throughout the literature,
with a previous study in cerebral arteries finding no effect of a high soy diet on vasodilator or
vasoconstrictor function after ovariectomy in rats (223). Thus, given these inconsistencies, the
effects of soybean meal on vascular outcomes needs to be clarified.

The onset of menopause is associated with insulin resistance and metabolic deficiencies
(224). Insulin signaling has only recently become a topic of interest for cerebral vascular
endothelial function, since cerebral glucose uptake primarily occurs through GLUT1, which is
insulin independent. However, recent studies demonstrate a role for insulin signaling in cerebral
endothelial function, where endothelial dysfunction coincides with the onset of insulin resistance
(225, 226). Furthermore, intranasal delivery of insulin increases cerebral blood flow and broadly
improves cognitive function (227, 228). Insulin is known to increase NO production, a
phenomenon that does not always require an intact insulin receptor (IR) (229). The activation of
nitric oxide synthase (NOS) by insulin primarily occurs via phosphorylation by kinases such as
proto-oncogene- protein kinase Src (cSrc), phosphoinositide 3-kinases (PI3k), and protein kinase
B (Akt), similar to how estrogen signaling activates NOS (37). However, the impact of
ovariectomy and soy diet on insulin signaling in the cerebral vasculature has yet to be

investigated.
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Due to the importance of considering the effect of diet in menopausal research, it is
pertinent to understand the impact of diet on ovariectomized mice for proper experimental design
of future studies. Therefore, the purpose of this study was to determine the effects of a standard
chow diet containing soy on cerebral endothelial function, cerebral artery gene expression,
hippocampal protein expression, and nesting behavior in female mice after ovariectomy. We
hypothesized that ovariectomy would lead to impaired cerebral endothelial function, including
the vasodilatory response to insulin. We further hypothesized that a standard chow diet
containing soy would prevent endothelial dysfunction in ovariectomized mice. Furthermore, as
cerebrovascular function is known to influence neurobehavioral function, we hypothesized that
nesting behavior would be better in the sham and ovariectomy group on the soy diet compared

with the ovariectomy group.

3.2 Methods

Animals

Female C57BL/6J mice were purchased from Jackson Lab and studied at 6-7 months of
age (n=43). Mice were ovariectomized or underwent sham surgery at 4 months and were studied
8 weeks after surgery. Mice were fed a phytoestrogen-free diet (Envigo, Tekalad Global Soy
Protein-Free Extruded Rodent Diet, 2920X) or fed our standard rodent chow that contains a high
amount of soybean meal (Lab Diet, PicoLab Rodent Diet 20, 5053). See Supplemental Table 3.1
for detailed nutritional information. Food and water were provided ad libitum, and mice were
housed on a 12/12-hour light-dark cycle at 24° C. Mice were euthanized by exsanguination under
isoflurane immediately prior to vascular reactivity studies. The estrous cycle was tracked at the
time of pulse wave velocity measures and at sacrifice for Sham mice (230). All animal

procedures conform with the Guide for the Care and Use of Laboratory Animals (8" edition
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revised 2011) and were approved by the Institutional Animal Care and Use Committee at the
University of Oregon.
Ovariectomy

Female mice were randomly assigned to Sham fed a phytoestrogen-free diet (Sham),
ovariectomy fed a phytoestrogen-free diet (OVX), or ovariectomy fed a standard chow diet
(OVX+Soy). Ovariectomy procedures were performed at 4 months of age. Prior to the
ovariectomy procedure, mice were anesthetized with 2% isoflurane. Heart rate, breathing rate,
and body temperature were monitored throughout the surgery. Two incisions (~5mm) mid-flank,
parallel to the spine, were made, and the skin was gently separated from the underlying muscle.
The ovarian fat pad was gently exteriorized with the ovary and oviduct. A small hemostat was
placed between the uterine horn and the oviduct, while absorbable surgical sutures (VetOne)
were used to ligate the oviduct proximal to the hemostat. The ovary and oviduct were excised,
and a drop of 2% bupivacaine was applied. The muscle wall was then closed with the absorbable
suture, and an additional dose of bupivacaine was applied to the incision site of the muscle wall.
Following this, the skin layer was closed. This process was repeated for the remaining ovary on
the opposite flank. Once the surgery was complete, the mouse received 0.5 mL of sterile saline.
Mice were monitored daily until a veterinarian approved the return to normal housing conditions.
For sham surgeries, the ovary and oviduct were exteriorized and re-inserted back into the body
cavity, and the muscle wall was closed as described above.

Plasma Hormones & Glucose

Blood samples were collected via cardiac puncture with a heparin saline-coated syringe.
The blood was centrifuged, then plasma was collected and frozen in liquid nitrogen and stored at

-80°C. Plasma hormone concentrations for 17p-estradiol (E2), estrone (E1), and progesterone
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were analyzed via Liquid Chromatography—Mass Spectrometry (LC-MS). Plasma insulin and
glucose were analyzed via ELISA. All plasma analyses were performed by the Endocrine
Technologies Core at Oregon National Primate Research Center at Oregon Health & Science
University. Estradiol and estrone had low levels of detection, and quantification for these was
less accurate, while non-detected levels were excluded from means. The ratio of E2 to E1 was
calculated and reported (see Table 3.1).

Vascular Reactivity

Endothelium-dependent vasodilation was assessed in ex vivo isolated pressurized
posterior cerebral arteries, as described in detail previously (230, 231). Arteries were excised and
cannulated onto glass micropipettes in a myograph chamber (Danish MyoTechnology Inc.) filled
with a physiological salt solution. All the arteries were pre-constricted with phenylephrine (1-6
uM) to obtain 20-40% pre-constriction of starting luminal diameter. Increases in luminal
diameter in response to increasing concentrations of endothelium-dependent dilators
acetylcholine (ACh: 1x10” to 1x10* M) and insulin (1 to 10000 ng/mL) were determined.
Insulin doses were prepared from a 4mg/mL stock (Insulin, human recombinant, zinc solution,
Gibco), by diluting in physiological salt solution containing bovine serum albumin. After ACh
and insulin responses, arteries were incubated for 30 minutes with 0.1 mM of N omega-Nitro-L-
arginine methyl ester hydrochloride (L-NAME). ACh and insulin responses were repeated in the
presence of LNAME to determine the contribution of NOS to endothelium-dependent dilation.
Endothelium-independent dilation was measured by the increases in luminal diameter to sodium
nitroprusside (SNP) (1x107'° to 1x10* M).

Passive Stiffness
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Passive arterial stiffness was measured ex vivo in the PCA’s by the resting lumen
diameter and medial wall thickness while increasing intraluminal pressure (232). Passive
stiffness was measured following a 60-minute incubation of calcium free solution to eliminate
myogenic tone. Each artery was recorded from 5 to 100 cmH20 (3.7-73.5mmHg) in 5 cmH20
increments. From this stress-strain curves, Beta-stiffness, and elastic modulus were calculated as
previously described (233).

Gene Expression

In samples of cerebral arteries (combined middle cerebral artery, anterior cerebral
arteries, and basilar artery), and mesentery arteries, mRNA gene expression was quantified for
superoxide dismutases (Sod) I, 2, & 3, estrogen receptor alpha (EsrI), glucose transporter 1
(Slca2al), insulin receptor (/rs), NADPH oxidases (NOX2), and protein-coupled estrogen
receptor (GPER)through qPCR (see Supplemental Table S3.2 for primer sequences). RNA from
cerebral arteries was isolated by a standard protocol using Qiazol and RNAeasy Micro Kits
(Qiagen, Hilden, Germany) and quantified using a NanoDrop 2000 (Thermo Scientific,
Waltham, MA). Reverse transcription was performed to produce cDNA with a Qiagen Quantitect
Reverse Transcription Kit. The cDNA samples underwent real-time qPCR using ThermoFisher
PowerUp Sybr Green and a Quantstudio 5 real-time PCR system (ThermoFisher Scientific,
Waltham, MA). mRNA expression was calculated using the 2-AACT method. 18s mRNA was
used as a housekeeping gene control, and values were normalized to the Sham group.

Protein Expression

The hippocampus was carefully dissected from the other brain tissue, and the aorta was
properly cleaned of fat, and both were then flash-frozen in liquid nitrogen. Samples were

homogenized in protein extracting buffer and protease inhibitor cocktail, then internally
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sonicated twice at 50% power for 60 second intervals. Hippocampal lysates were centrifuged at
3,000 rpm for 10 minutes at 4°C, and the supernatant was removed. Lysate protein concentration
was assessed using a commercially available kit (Pierce BCA protein assay kit; Thermo Fisher,
Waltham MA). Bio-Rad stain-free TGX gels were used for protein separation. The stain was
activated to ensure protein separation and then transferred onto a nitrocellulose membrane.
Membranes were imaged after transfer to verify the total protein transferred, and then
membranes were blocked in with 5% bovine serum albumin (BSA) in TBS-T for 50 minutes,
then incubated in the primary antibodies overnight in PBS containing 3% BSA. Primary antibody
concentrations were as follows: Gapdh 1:2000; IRS1 1:1000; pAkt 1:1000; Akt 1:1000; pEra
1:1000; Era 1:500; P85 (PI3k) 1:1000, eNOS (1:1000), p-eNOS(S1177) (1:1000). Following
incubation, membranes were washed and incubated with a species-appropriate HRP-conjugated
secondary antibody. Following washes, membranes were incubated in Azure
Chemiluminescence (Azure Biosystems, Dublin, CA) and imaged with a ChemiDoc Imaging
system (ChemiDoc, BioRad, Hercules CA). Image J was used to determine protein band density
and relative protein expression was calculated as protein density normalized to GAPDH density.
Values were normalized to the Sham group. See Supplemental Table S3.3 for antibody list and
validation.

Cognitive function

Nest building is a test of instinctual behavior and was performed over a 12-hour period.
Mice were singly housed overnight in a fresh cage containing a condensed cotton nestlet. The
following morning, the researcher scored the nests. The same researcher scored all nests. The
intrapersonal coefficient of variation in our laboratory is 0% for this test. Nests were scored on a

scale of 0-5 with the following criteria: 0- nestlet is untouched; 1- nestlet has been moved but no
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significant tearing; 2- significant tearing, but no formation of a nest; 3- significant tearing,
indication of nest OR nest is in the corner of the cage; 4- significant tearing, formation of nest in
the corner; 5- significant tearing, formation of nest in corner and the nest walls are high making a
bowl like nest (159).

Aortic Stiffness

Aortic stiffness was measured in vivo by pulse wave velocity (PWV) (230). Mice were
anesthetized using isoflurane (2% isoflurane in 100% oxygen) and placed supine on a
temperature-controlled heating pad (37°C). Electrodes were placed on distal portions of limbs
that record ECG, while two Doppler transducers were positioned on the aortic arch and
abdominal aorta. The distance between the transducers was recorded. Using the Doppler signal
processing workstation program (DSPW; Indus Industries, Webster, TX, USA), the time of a
pulse to travel from the arch to the abdominal aorta was analyzed, and the time was then divided
by the distance between the transducers. Two researchers analyzed the files independently, and
the average was taken.

Statistical Analysis

Statistical analyses were performed with IBM SPSS (Version 26, Armonk, NY) and
GraphPad Prism 9.5. After checking for normality, a one-way analysis of variance (ANOVA)
between Sham, OVX, and OVX+Soy groups was used unless otherwise noted. In cases of a
significant F-value, post-hoc analyses were performed using a Tukey correction for preplanned
comparisons. Repeated Measures ANOVA was used to determine group differences for dose
responses. Significance was set at p<0.05, and values are represented as mean = SEM. Outliers

were 1dentified as z score>2 and removed from the data set.
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3.3 Results

Animal characteristics

OVX and OVX+Soy mice had significantly smaller uteri compared with the Sham group,
confirming successful ovariectomies (p<0.0001, Table 3.1). The OVX and OVX+Soy groups
had significantly more white adipose tissue compared with the Sham group (p<0.0001, Table
3.1). The sham mice had a significantly lower body weight compared with the OVX group
(p=0.03) and the OVX+Soy group (p=0.03). There were no differences in other tissue weights
between groups (p>0.05, Table 3.1). Serum sex steroid hormone ranges were as expected based
on our previous results (230). The Sham group trended to have higher estrone, estradiol, and
progesterone compared with both ovariectomy groups (all p> 0.05, Table 3.1). There were no
group differences in plasma insulin and glucose concentrations between groups (all p> 0.05,
Table 3.1).

Cerebral Artery Endothelial function

The PCAs from OVX mice had impaired endothelium-dependent dilation to ACh
compared with the Sham group (max: p=0.210, dose-response: p=0.002 Figure 3.1A and D).
PCA vasodilation to ACh did not differ between the Sham and OVX+Soy groups, nor between
OVX and OVX+Soy groups (p>0.05, Figure 3.1A and D). Maximal endothelium-dependent
vasodilation to insulin was 27% lower in PCAs of OVX mice compared with the Sham mice
(max: p=0.05, dose-response p=0.005 Figure 3.1 B and E). Interestingly, maximal PCA dilation
to insulin was 27% higher in OVX+Soy mice compared with the OVX group (max: p=0.04,
dose-response: p=0.001), and no difference in the vasodilation response to insulin was observed
in the Sham group (p>0.05, Figure 3.1B and E). Endothelium-independent dilation in response to

SNP was not different between groups (dose-response and maximal responses, all p>0.05),
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indicating that the differences in vasodilation were due to endothelial cell impairment. The
response to ACh and insulin in the presence of L-NAME was nearly absent for all groups and
was not different between groups (dose-response and maximal responses, all > 0.05, Figure

3.1A, B), suggesting that the group differences in vasodilation are due to differences in NO
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Figure 3.1. Cerebral artery endothelial function is impaired with ovariectomy but preserved
with a soy diet. Young female mice underwent sham or ovariectomy (OVX) surgery and were fed a
soy-free diet, while a separate cohort underwent OVX surgery and were fed a high-soy diet (OVX-
Soy). In isolated posterior cerebral arteries (PCA), endothelial-dependent dilation was measured in
response to (A) acetylcholine (ACh) and (B) insulin, in the presence and absence of nitric oxide
synthase inhibitor L-NAME. (C) Endothelium-independent dilation was measured in response to
sodium nitroprusside (SNP). PCA maximal vasodilation to ACh (D) and insulin (E). Repeated measure
ANOVA of dose responses and one-way ANOVA of maximal responses found that the ACh response
differed between Sham and OVX, while insulin responses in OVX differed from both Sham and
OVX+Soy. *p<0.05 between Sham v OVX; # p<0.05 between OVX and OVX+Soy. n= 8-11/group.
Data are mean + SEM.
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bioavailability. Sensitivity (EC50) to vasodilators and the amount of pre-constriction also did not
differ groups (all p>0.05, Supplemental Table S3.4). These results reveal that cerebral artery
endothelial function is impaired after ovariectomy due to lower NO bioavailability. The most
intriguing finding is that a standard chow diet containing soy prevents the decline in insulin-
mediated vasodilation after ovariectomy.

Small Artery Gene Expression

Cerebral artery gene expression for insulin receptor (/nsr) was significantly higher in the
OVX+Soy group compared with the Sham group (p=0.03) and showed a trend towards higher

expression compared
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Figure 3.2. Cerebral artery gene expression differs with ovariectomy
status and dietary soy. Cerebral artery (CA) gene expression of (A)
superoxide dismutase (Sod)!, (B) Sod2, (C) Sod3, (D) glucose transporter

no differences

compared with the type 1 (GLUT1, Slca2al), (E) insulin receptor (Insr), and (F) estrogen
receptor o (Esrl). Sodl, Sod3, Sica2al, and Esrl were not different
OVX+Soy group between groups. Sod?2 trended lower in the OVX (soybean meal free)

group compared with the Sham (soybean meal free) group. Insr was
(p>0.05, Figure 3.2B). significantly higher in the OVX+Soy group compared with the non-soy

diet Sham and OVX groups. One-way ANOVA with Tukey multiple
Sodl and Sod3 did not comparisons test. *p<0.05. n=8-13/group. Data are mean + SEM.
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differ between groups (all p>0.05, Figure 3.2A & C). Lastly, cerebral artery expression of
Slca2al (GLUT]1 transporter) and estrogen receptor alpha (Esr1) did not differ between groups
(all p>0.05, Figure 3.2 D,F). In small mesentery arteries, gene expression for Gperl was higher
in the Sham group compared to OVX group (p=0.04), and the OVX+Soy group (0.01), and Nox2

was not different between groups (Figure 3.3).

Figure 3.3. Mesentery artery
a. _ b. gene expression differs with
ovariectomy but not dietary
soy. Mesentery (MA) gene
expression for (A) g-protein-
coupled estrogen receptor
(Gperl) and (B) NADPH
oxidase 2 (Nox 2). Gperl was
significantly higher in the
Sham group compared to the
OVX group and OVX+Soy
group. One-way ANOVA with
oy Tukey multiple comparisons
S & & test. *p<0.05. n=8-13/ group.
O\\‘\" Data are mean + SEM.
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Hippocampal Protein Expression

Hippocampal protein expression for total ERa trended to be higher in the OVX+Soy
group compared with the OVX group (p=0.12), and the Sham group did not differ from either
OVX groups (P>0.05, Figure 3.4 A). P-ERa (Ser167) and the ratio of p-ERa to total ERa did not
differ between the groups (all p>0.05, Figure 3.4 B & C). Hippocampal protein expression of
AKT, p-AKT (Serd73), and its ratio also did not differ between groups (all p>0.05, Figure 3.4 D-
F). Lastly, hippocampal IRS1 and the p85 subunit of PI3k did not differ in any group (all > 0.05,

Figure 3.4G & H).
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Figure 3.4. Hippocampal protein expression is independent of ovariectomy status and dietary
soy. (A) Hippocampal protein expression for estrogen receptor a (ERa) trended to be elevated in
ovariectomized mice fed high dietary soy (OVX+Soy) compared with OVX (soybean meal free) mice.
However, (B) phosphorylated ERa at serine 167 (pERa) and (C) pERa:ERa ratio did not differ
between groups. (D) Akt, (E) phosphorylated Akt at serine 473 (pAKT), (F) pAKT: AKT ratio, (G)
insulin receptor substrate 1 (IRS1), and (H) PI3k (p85) did not differ between groups. Representative
blots are below each graph and are aligned to the groups above. One-way ANOVA with Tukey’s
multiple comparison analysis. *p<0.05. n=4-10 per group. Data are mean + SEM.
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Aortic Protein Expression

Aortic protein expression for phosphorylated-eNOS (P-eNOS) at serine 1177 (Ser1177),
and total eNOS did not differ between groups (all >0.05, Figure 3.5 A, B). However, the ratio of
phosphorylated eNOS to total eNOS trended higher in the OVX+Soy group compared with the

OVX group (p=0.058, Figure 3.5C).
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Figure 3.5. Aorta eNOS phosphorylation is influenced by soy diet. (A) Phosphorylated endothelial
nitric oxide synthase at serine 1177 (P-eNOS(S1177)) and (B) total eNOS did not differ between
groups. (C) p-eNOS:eNOS ratio trended to be elevated in the ovariectomized with high dietary soy
(OVX+Soy) group compared to the OVX group. One-way ANOVA with Tukey’s multiple
comparison analysis. *p<0.05. n=6-9/ group. Data are mean + SEM.

Artery stiffness is independent of ovariectomy and diet

Large artery stiffness, measured by aortic pulse wave velocity, did not differ between
groups (all p>0.05, Figure 3.6B). Furthermore, the passive stiffness of the PCAs, determined by
the elastic modulus and B-stiffness index, did not differ between groups (all p>0.05,

Supplemental Figure 1).
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Cognitive Function is impacted by a soy diet

Cognitive function, tested by nest building, was higher in the OVX+Soy group compared
with the Sham group (p=0.025) and the OVX group (p=0.04, Figure 3.6A). These data reveal
that a standard chow diet containing soy improved nest building in mice regardless of

ovariectomy status.
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Figure 3.6. Cognitive function and aortic stiffness with ovariectomy
status and dietary soy. (A) Nest building behavior was better in the
ovariectomized with high dietary soy (OVX+Soy) group compared with
the sham and OV X (soybean meal free) groups. (B) Aortic stiffness,
measured by pulse wave velocity (PWV) did not differ between groups.
One-way ANOVA with Tukey’s multiple comparison analysis.
*p<0.05. n=10-16/ group. Data are mean + SEM.

3.4 Discussion

The major findings of this study are that ovariectomy impairs cerebral endothelial
function, and that a diet containing soy prevented the impairment in vasodilatory function in
response to insulin after ovariectomy. Furthermore, we found that the OVX+Soy group had
higher cerebral artery gene expression for /nsr, while Sod2 trended to be lower in the OVX
group. Our results also revealed a trend for OVX+Soy to have higher ERa hippocampal protein
expression when compared with the OVX group. Additionally, our results revealed a trend
toward higher activated eNOS in the OVX+Soy group compared with the OVX group. The

OVX+Soy mice also performed better on an instinctual behavior test. Lastly, contrary to our
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hypothesis, we found no differences in aortic or cerebral artery stiffness with ovariectomy or soy
diet. Taken together, these results suggest that dietary soy and ovariectomy status influence
cerebral artery function and cognitive function, and researchers need to consider the effect of
dietary soy on vascular outcomes when interpreting research results from studies in rodents.

Estrogen and endothelial function

Females are more protected from insulin-related metabolic syndromes and cardiovascular
diseases at young ages than their male peers, but this protection is reduced after menopause
(234). There is considerable evidence to support that the loss of estrogen results in impaired
endothelial function across many models (217, 235-238). Specifically, previous studies
demonstrate that ovariectomy impairs endothelium-dependent vasodilation in resistance vessels
of female rodents (239). In the present study, we found that ovariectomy led to impaired cerebral
artery vasodilation in response to Ach, but not to SNP, indicating impaired endothelium-
dependent dilation with no effect on endothelium-independent dilation. Additionally, declines in
estrogen lead to diminished antioxidant production, impacting the overall balance of oxidative
stress. Reactive oxygen species are known to reduce NO bioavailability through direct
interactions, and loss of ERa signaling downregulates SOD expression, further impairing redox
balance (218). Similarly, we found a trend for lower Sod2 gene expression in cerebral arteries
after ovariectomy in the present study. Ovariectomy has also been shown to increase superoxide
production in the basilar artery of rats, and treatment with 17B-estradiol decreased this
superoxide production (240).In addition, post-menopausal females have less tetrahydrobiopterin
(BH4), an essential co-factor for eNOS (241). In the absence of BH4, eNOS becomes uncoupled
and produces superoxide rather than NO, as well as prevents eNOS uncoupling (242). These

insults contribute to the vicious cycle of oxidative stress and inflammation within the vascular
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wall that can modulate estrogen-ER signaling, impair vascular function, and even influence
disease pathologies such as atherosclerosis (243). Thus, there is substantial evidence that
endothelial dysfunction occurs post-ovariectomy and post-menopause, suggesting that
interventions that activate estrogen signaling are promising for improving cerebrovascular
function in older females.

Soy and Vascular function

With the increased interest in differences between sexes, it is increasingly important that
researchers consider how basic variables, like diet, can influence our findings (143). Previous
studies have highlighted the beneficial influence of phytoestrogens on vascular function. Catina
and colleagues found a reduction in ACh-mediated dilation in aortic rings from ovariectomized
rats, and this impairment was prevented by treatment with a soy extract (237). Equol, the primary
active metabolite postulated to be responsible for the cardiovascular benefits of soy, vasodilates
basilar arteries in vivo and enhances NO-mediated dilation (244). In contrast, Schreihofer and
colleagues found no effect of a high soy diet or estradiol administration on vasoconstriction or
vasodilation responses in middle cerebral arteries after OVX in rats (223). Our findings are
similar to this previous study in that soy did not impact endothelial-dependent dilation in
response to ACh in the present study. Based on previous literature and our study, we conclude
that there are inconsistencies in the effects of soy on endothelium-dependent vasodilation in
cerebral blood vessels.

Similar to estrogen, there is abundant evidence that the phytoestrogens in soy activate and
upregulate eNOS (245-247). Our data may suggest that a soy diet increases eNOS activation at
serine 1177 in ovariectomized animals, but it should be noted that our findings are only a trend

and did not reach statistical significance. Schroihofer, et. al., found that a high soy diet leads to a
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higher ERa gene expression in the hippocampus but not in the cerebral vessels (223). Similarly,
our results show that Ers/ (ERa) expression in the cerebral arteries was not different between
groups. Although we did see a trend for higher ERa protein expression in the hippocampus with
a high soy diet, there were no effects of soy on phosphorylated Era or Akt/p-Akt in the
hippocampus, suggesting that the soy diet did not change Era activation in the brain. Thus, we
conclude that soy diet has minimal effects on estrogen receptor signaling in the cerebral vessels,
and more studies are warranted to better understand the mechanisms by which a soy diet affects
cerebrovascular function.

Insulin sienaling and cerebrovascular function

Insulin signaling in the brain and cerebral vasculature is a growing topic of interest,
particularly given the relationship between diabetes and Alzheimer’s disease (42). Insulin
signaling exists throughout the vascular tree. However, the effects of insulin-mediated
vasodilation are best characterized in the skeletal muscle, where vasodilation of arteries and
arterioles is important for increased blood flow and glucose delivery (248). Vasodilation by
insulin occurs primarily through the activation of NOS via phosphorylation by kinases such as
cSrc, PI3k, and Akt (37). We found insulin to be a potent vasodilator in the posterior cerebral
arteries, which was primarily mediated via NO. This is supported by results from Katakam and
colleagues, who found that insulin vasodilates cerebral arteries, and this vasodilation does not
occur in endothelium-denuded cerebral arteries (226). It is important to note that this previous
study was in relatively metabolically healthy male rats, and it is essential to consider what
happens in cases of insulin resistance.

Insulin resistance not only leads to whole-body metabolic dysregulation but also impairs

insulin-mediated vasodilation. Interestingly, insulin can also stimulate endothelin-1 (ET-1) via
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Ras/MAPK signaling, which is associated with a pro-inflammatory state (248, 249). Thus,
endothelial insulin signaling is a balance of vasodilators and vasoconstrictors. In healthy
individuals, the net result is vasodilation; however, in the case of insulin resistance,
vasoconstriction predominates due to reduced activity of NO signaling and enhanced ET-1
insulin signaling (248, 250). A recent study demonstrated that female mice are protected against
overnutrition and obesity-induced impairments in the vasodilatory response to insulin (251).
These findings suggest that estrogen in young females may preserve insulin-mediated responses
despite the presence of metabolic stressors.

The major novel finding of our study is that a high soy diet preserves cerebral artery
vasodilation to insulin after ovariectomy. While these are the first studies to examine the effects
of soy on insulin-mediated vasodilation, the results are aligned with previous studies
demonstrating that soy improves whole-body insulin sensitivity in ovariectomized rats (252).
Our findings further indicate that a soy diet preserves insulin-mediated vasodilation by
maintaining NO signaling and is associated with greater insulin receptor expression. Thus, the
enhanced insulin-mediated vasodilation with a soy diet is potentially due to the higher expression
of insulin receptors, leading to increased eNOS activation. However, the exact mechanisms by
which soy consumption improves insulin actions remain unclear, and more research is required
to understand the impact of insulin resistance on the brain vasculature.

Large artery stiffness

Greater large artery stiffness elevates systemic pulse pressure and increases
cardiovascular, cerebrovascular, and neurodegenerative disease risk (253). Recent evidence from
The SWAN Heart study reveals that arterial stiffness accelerates within one year of menopause

(80). A systematic review of human clinical trial data examined the efficacy of dietary and

72



nutrient interventions for the treatment of arterial stiffness. The data revealed that soy was one of
the few factors that reduced arterial stiffness (252, 254). Since the menopausal transition is
associated with increased large artery stiffness in humans (255), we hypothesized that
ovariectomy would result in elevated PWV. Contrary to our hypothesis, ovariectomy and soy
diet did not affect PWV in our study. While the human literature is more consistent, in rodents
there are many conflicting results regarding the effects of ovariectomy and soy on arterial
stiffness. A previous study found that aortic PWV was lower with a soy diet but was not affected
by ovariectomy status (252). In contrast, a different study found that omega-3 fatty acids, which
are high in soy, prevented the arterial stiffening induced by ovariectomy (256). Contrary to these
findings, another study found ovariectomy reduced arterial stiffness (257). Potential factors
leading to these inconsistencies include the age at which the mice were ovariectomized and the
length of time the animals were on the diet. Our mice were young and otherwise healthy,
potentially explaining the discrepancies between our findings and recent clinical trials. Overall,
the evidence supporting the benefits of soy for arterial stiffness is stronger in humans than in
rodents.

Soy diet and cognitive function

To our surprise, our data revealed that mice on a soy diet had better nest-building scores,
a measure of instinctual behavior in mice, compared with both OVX and Sham control mice. In
contrast, a recent study compared mice assigned to three different diets, one of which was a high
soybean meal diet, and found no influence of diet on nest-building behavior (258). However, this
previous study did not examine the influence of ovariectomy on these outcomes. A potential
mechanism for the cognitive benefits of soy is through its phytoestrogen properties, as it is

known that estrogen enhances learning, memory, and mood (259). ERa is particularly important
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in regulating behavior and function (260). We observed trends to higher protein expression of
ERa in the hippocampus with the soy diet. Thus, we could postulate that estrogen receptor
signaling underlies the better nest building. These results highlight the importance of diet in
assessments of cognitive function. Given the variability between institutions for the diets fed to
rodents, more consideration of diet will enhance scientific rigor and reproducibility (258).
Limitations

There are some limitations to our study that need to be noted. First, we did not study a
Sham+Soy group as we were primarily interested in the effects of a soy diet following
ovariectomy. As a result, we cannot determine the interaction effect of OVX and soy diet in this
study. Secondly, we also did not measure testosterone or aromatase; thus, we are unsure of the
amount of testosterone being converted to estradiol and how this influenced our findings. Third,
although soybean meal content was the primary difference between diets, other differences (see
Supplementary Table 1) could influence the results. Another addition to the soy diet was dried
beet pulp, which is known to be high in nitrates, potentially contributing to NO production,
however literature on this remains controversial. Fourth, all mice were on the soy-containing diet
until ovariectomy or Sham surgery, when mice were switched to the soy-free diet based on group
assignment. The soy diet during development could have protective properties that influenced
the outcomes after ovariectomy. Fifth, how sex hormones contribute to vascular function during
development warrants further investigation. Sixth, we did not measure superoxide directly, and
believe this measure would be beneficial for future studies. Lastly, due to the low protein
content of the cerebral arteries, we were not able to examine changes in protein expression in this

tissue.
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It is also important to highlight our high doses for insulin (1000 and 10000 ng/mL) are
higher than those used in previous studies (226). Physiological fasting plasma insulin in humans
ranges from 5-10 pU/mL (0.27 ng/mL) (261). Post-prandial plasma insulin can be 55 pU/mL
(~2.2ng/mL) or higher in humans (262), and insulin can be higher than 230 pU/mL (8 ng/mL)
during a glucose tolerance test in high-fat fed mice (263). Thus, in our study, the first two insulin
doses are considered physiologically relevant, while the three higher doses are

supraphysiological.

3.5 Conclusion

The results of these studies demonstrate the beneficial effects of dietary soy on
cerebrovascular function, insulin signaling, and cognitive function. We confirmed previous
findings that ovariectomy impairs cerebral artery endothelial function. For the first time, we
demonstrated that a diet containing soy prevents the adverse effects of ovariectomy on insulin-
mediated vasodilation. Our results also provide insights into the potential mechanisms for these
vascular effects, such as increased insulin receptor expression with soy diet and decreased
estrogen receptor and antioxidant expression after ovariectomy. We also find that dietary soy
improves instinctual behavior, suggesting potential benefits to cognitive function. The results of
these studies highlight the need to consider soy content in the diet when studying cerebrovascular
function. Together, these results imply that the effects of diet on vascular function may explain
potential inconsistencies found between studies, particularly in female rodents.
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Table 3.1. Animal Characteristics

Sham OVX OVX + Soy Diet
n 17 17 10
Age (months) 6.13+£0.2 6.35+0.3 5.84 £ 0.08
Body mass (g) 242+ 1.1 26.5 £ 2.2* 27.0 £ 3.6*
Heart mass (mg) 0.13 +0.01 0.12 £ 0.01 0.13 £ 0.01
Percent heart: body 0.52+0.05 0.46 £0.06 0.49 £ 0.11
mass
Liver mass (mg) 1.23+0.12 1.30 £0.22 1.36 £0.14
Percent liver: body 5.13£0.5 5.10£0.71 518+ 1.2
mass
Spleen mass (mg) 0.10 + 0.004 0.11 £0.03 0.10 £ 0.01
Percent spleen: body  0.41 £0.05 0.41+0.12 0.37+0.1
mass
WAT mass (mg) 0.81 +£0.29 1.53 £+ 0.49* 1.58 £ 0.51*
Percent WAT: body  3.30+1.03 5.70 = 1.67* 6.30 £2.0*
mass
Gastroc mass (mg) 0.18 £ 0.04 0.18 £ 0.04 0.19 £ 0.03
Percent gastroc: body 0.73 +0.15 0.69 £0.18 0.73+£0.22
mass
Soleus mass (mg) 0.01 + 0.004 0.01 +0.003 0.01 £ 0.004
Percent soleus: body  0.05 £0.02 0.04 £0.01 0.04 £0.02
mass
Uterus mass (mg) 0.08 £ 0.02 0.03 +£0.02" 0.01 £0.01"
Percent uterus mass:  0.36 +0.1 0.12+0.1° 0.07 £0.03*
body weight
Estrone (ng/mL) 0.0016 £+ 0.0005 0.0014 + 0.0004 0.0012 £+ 0.0004
Estradiol (ng/mL) 0.003 + 0.002 0.001 +0.0001 ND
E2/E1 ratio 1.875 0.714* ND
Progesterone (ng/mL) 4.01 £2.1 3.05+0.83 3.05+13
Glucose (mg/dL) 205.3 £37.8 186 +46.7 197.5+18.3
Insulin (ng/mL) 0.36+0.2 0.46 £ 0.3 0.38+£0.2

Table 1: Characteristics of animals used for studies. Data are presented as mean = SD. Not

detected (ND). *p < 0.05 vs Sham, 1 p<0.05 vs. ovariectomy (OVX), #p < 0.0001 denotes significant
difference between Sham and Soy OVX and OVX. White adipose tissue (WAT), Gastrocnemius

(gastroc), esterone (E1), 17B-estradiol (E2)
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IV. APOE4 GENOTYPE CONFERS RESISTANCE TO THE VASCULAR AND
METABOLIC BENEFITS OF 178-ESTRADIOL

4.1 Introduction

APOE genotype is the most significant genetic risk factor for late-onset Alzheimer’s
disease (LOAD), where E4 increases risk 3 to 10-fold for one and two alleles (95, 130, 225).
Two-thirds of LOAD cases are females, and the perimenopausal transition coincides with the
onset of LOAD (264). Post menopausal females with an £4 allele have higher rates of LOAD
compared with age matched males with an E£4 allele, suggesting an interaction between E4,
estrogen deficiency, and LOAD (1, 265). A potential intervention to combat the negative effects
of menopause on AD is estrogen/ hormone replacement therapy (HRT). Conflicting reports exist
on how APOE genotype modulates the effects of estrogen loss on neural functions. The literature
indicates that estrogen status has greater effects in £4 than E3 (137, 266, 267), has the same
effect in both E3 & E4 (268), or has negative effects in £4 while having positive effects in £3
(133, 138, 139, 141, 142). While literature is contradictory, studies have not investigated the
effects of £4 and estrogen on the cerebral vasculature, a major piece of the puzzle.

The first biomarker of LOAD is altered cerebral blood flow, closely followed by
metabolic changes in the brain (3). Altered CBF results from cerebrovascular dysfunction
contributing to AD (269). Cerebrovascular dysfunction emerges from lower nitric oxide
availability, elevations in ROS, and an overall promotion of an oxidative and pro-inflammatory
environment (270). NO bioavailability decreases with each menopausal phase and is restored in
the presence of estrogen (31). Estrogen can also aid in increasing NO bioavailability, and
promotes an antioxidant, anti-inflammatory environment (75, 77, 271). Lastly, estrogen has

major influences on mitochondrial function, the primary ROS producer (73, 272).
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Metabolic dysfunction is a common feature of the AD brain, caused by impairments in
delivery and utilization of glucose. Decreased brain glucose metabolism is measured by F-FDG-
PET imaging, and alterations are found in the early stages of AD (3, 273). Specifically, £4
perimenopausal females exhibit a lower brain metabolic rate compared to £3 (33, 274, 275).
Since glucose uptake is impaired in menopausal and AD brains, this piques questions into how
energy demands are being maintained for cellular functions?

Mitochondrial dysfunction is a well-studied contributor to many diseases, but particularly
AD. E4 expression is associated with altered mitochondrial dynamics and dysfunction in
astrocytes (276) and neurons (119). However, little is known about £4’s impact on mitochondrial
health and function in the cerebral vasculature, the barrier that divides the periphery and brain.
Mitochondria influences vascular tone and health (277), potentially linking their dysfunction to
the altered cerebral hemodynamics observed in E4 carriers. Aging alters the cerebral vasculature
to impair mitochondrial function (278), but this has yet to be investigated in the £4 genotype and
estrogen status was not accounted for. Thus, understanding the interaction of APOE genotype
and estrogen on the cerebral vascular mitochondria could provide novel insight into the
dysregulation that occurs during menopause and AD.

The purpose of this study was to investigate the interaction effect of APOE genotype and
estrogen status in cerebral vascular function and metabolism. We hypothesized that
ovariectomized E£4 female mice had poorer vascular and mitochondrial function than their £3
and estradiol-treated £4 counterparts. We further hypothesize that £4 mice exhibit overall worse
cerebral vascular and mitochondrial function compared to £3 mice, measured by ex vivo pressure
myography and respirometry (oroboros). We expected that £4 females would show poorer

cognition than their £3 counterparts, while estradiol-treated £3 mice would perform better
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cognitively than their sham and ovariectomy (OVX) E3 groups. We also hypothesized that
impairments in £4 females were partially due to elevated inflammatory markers. Lastly, we
predicted that APOE genotype and estrogen status will influence both cerebral and large artery

stiffness.

4.2 Methods

Animal Characteristics

We purchased E3 (JAX#029018) and E4 (JAX#027894) mice from the Jackson
Laboratories and established a breeding colony. We studied homozygous E£3 and £4 female mice
~6 months of age. All mice were on a standard chow diet (Lab Diet, PicoLab Rodent Diet 20,
5053) until they received ovariectomy or sham surgery at 4 months old, after which, mice were
fed a high fat, high cholesterol diet (Atherogenic Rodent Diet, Teklad, TD.02028; 42.6% kcal
from Fat). Food and water were provided ad libitum, and mice were housed on a 12/12-hour
light-dark cycle at 24°C. Mice were euthanized by exsanguination under isoflurane immediately
prior to vascular studies. All animal procedures conform with the Guide for the Care and Use of
Laboratory Animals (8" edition revised 2011) and were approved by the Institutional Animal
Care and Use Committee at the University of Oregon. See table 4.1 for animal characteristics.

Ovariectomy & Estradiol Implants

Female mice were randomly assigned to Sham (Sham), ovariectomy (OVX), or
ovariectomy supplemented with 17B-estradiol (OVX+estradiol). OVX procedures were
performed at 4 months of age. Prior to the ovariectomy procedure, mice were anesthetized with
2% 1soflurane. Heart rate, breathing rate, and body temperature were monitored throughout the
surgery and were performed as previously explained (279). Mice were monitored daily until a

veterinarian approved the return to normal housing conditions. Subcutaneous estradiol implant
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surgeries occurred one-week post ovariectomy. Mice were again anesthetized with 2%
isoflurane, and a small incision was made (~3mm) on the posterior cervical area of the mouse. A
subcutaneous space was created, and a 60-day slow releasing 0.36mg 17p-estradiol pellet
(Innovative Research of America, Sarasota, FL) was inserted in the subcutaneous space. The
incision was closed, and mice were monitored until a veterinarian approved their return to their
home cage.

Plasma Hormones & Total Cholesterol

Blood samples were collected via cardiac puncture with a heparin saline-coated syringe.
The blood was centrifuged, then plasma was collected and frozen in liquid nitrogen and stored at
-80°C. Plasma hormone concentrations for 17p-estradiol (E2), estrone (E1), and progesterone
were analyzed via Liquid Chromatography—Mass Spectrometry (LC-MS). Total cholesterol was
measured via ELISA. All plasma analyses were performed by the Endocrine Technologies Core
at Oregon National Primate Research Center at Oregon Health & Science University. Hormone
levels that were undetected were entered as 0, and the ratio of E2 to E1 was calculated and
reported (see Table 4.1).

Cerebrovascular Reactivity

Endothelium-dependent vasodilation was assessed in ex vivo isolated pressurized
posterior cerebral arteries, as described in detail previously (230, 231). Arteries were excised and
cannulated onto glass micropipettes in a myograph chamber (Danish MyoTechnology Inc.) filled
with a physiological salt solution. All the arteries were pre-constricted with phenylephrine (1-6
uM) to obtain 20-40% pre-constriction of starting luminal diameter. Increases in luminal
diameter in response to increasing concentrations of endothelium-dependent dilators

acetylcholine (ACh: 1x10” to 1x10* M) and insulin (1 to 10000 ng/mL) were determined.
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Insulin doses were prepared from a 4mg/mL stock (Insulin, human recombinant, zinc solution,
Gibco), by diluting in physiological salt solution containing bovine serum albumin. After ACh
and insulin responses, arteries were incubated for 30 minutes with 0.1 mM of N omega-Nitro-L-
arginine methyl ester hydrochloride (L-NAME). ACh and insulin responses were repeated in the
presence of LNAME to determine the contribution of NOS to endothelium-dependent dilation.
Endothelium-independent dilation was measured by the increases in luminal diameter to sodium
nitroprusside (SNP) (1x1071° to 1x10* M). See supplemental table S4.1 for artery characteristics.

Cerebrovascular Mitochondrial function

To measured ex vivo cerebrovascular mitochondrial function, we used the oroboros (O2k,
OROBOROS Innsbruck, Austria). Brain arteries were carefully dissected from the brain and
placed in ice-cold BIOPS (10mM Ca-EGTA buffer, 0.1 uM calcium, 20mM imidazole, 20 mM
taurine, 5 mM K-MES, 0.5 DTT, 6.56 mM MgCI2, 5.77 mM ATP, 15 mM phosphocreatine, pH
7.1), followed by permeabilization with 30 ug/mL saponin in BIOPS for 30 minutes, followed
with a 30-minute wash in MIROS. The arteries were then spun down briefly and placed in the
respirometry chamber. All data were collected at 37° C in a super oxygenated environment (200-
400 umol/L O2). Mitochondrial integrity was confirmed by measurement of respiratory
responses to cytochrome c. Each chamber received the same titration protocol probing for
carbohydrate metabolism with the following sequential additions: 5mM pyruvate, 2mM malate,
10 mM glutamate, 5 mM ADP, 10 mM cytochrome c, 10 mM succinate, 1| mM FCCP, 10uM
rotenone, 10 uM antimycin A, and 10 uM myxthiazol. This provides an in-depth evaluation of
cerebral artery respiratory capacity and substrate control during OXPHOS, as well as the extent

of non-phosphorylating respiratory leak, and noncoupled enzymatic capacity of the ETS. Once
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respiratory measures were completed, the cerebral arteries were removed, spun down and frozen
for further analysis.

DNA Content and mRNA Expression

After respirometry data collection, CA were thawed, the MIR05 was removed, and 200 ul
of Quizol was added to the samples, and DNA isolation was performed according Quiros et al.
(280). Samples were homogenized and water sonicated for 2 minutes at 50%. 0.2mL of
chloroform per 1mL of Trizol was used, and samples were centrifuged for 15 minutes @
12,000g. 0.3 mL of 100% Ethanol per 1 mL of TRIzol reagent. Follow gentle inversion and
incubation for 3 minutes, samples were centrifuged again for 5 minutes @ 2000g to pellet the
DNA. After pelleting the DNA went through a series of wash steps, followed by solubilization in
70 ul in RNA free H20. DNA content was quantified by nanodrop (Nanodrop 2000
Spectrophotometer, ThermoFisher Scientific, Waltham, MA). The DNA samples underwent real-
time PCR (Quantstudio 5, ThermoFisher Scientific, Waltham, MA) for mitochondrial DNA by
16S and ND1, and for nuclear DNA by HK2 (see supplemental table 4.2 for primer sequences).
The A4ACt was calculated (ACt = Ct(mtDNA gene)—Ct(nDNA gene); AACt = ACt(Sample of
interest) — ACt(Control sample)). In additional mice, we conducted gene expression
measurements to identify the components of our samples. Using a similar technique as the
sample collection of Cerebrovascular Mitochondrial Function, arteries that were dissected from
the brain, then underwent RNA isolation, reverse transcription and qPCR. Gene expression was
performed for the following genes: pecam1 (endothelial cells), acat2 (smooth muscle cells), gfap
(astrocytes), Rbfox3 (neurons), and alfl (microglial)(Supplemental Table S4.2).

Protein Expression
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Protein expression was measured for the hippocampus and aorta by Western blot. The
hippocampus was carefully dissected from the other brain tissue, and the aorta was dissected and
cleaned of perivascular fat. Both were then flash-frozen in liquid nitrogen. Samples were
homogenized in protein extracting buffer and protease inhibitor cocktail, then internally
sonicated three times at 70% power for 10 second intervals. Lysate protein concentration was
assessed using a commercially available kit (Pierce BCA protein assay kit; Thermo Fisher,
Waltham MA). Bio-Rad stain-free TGX gels were used for protein separation. The stain was
activated to ensure protein separation and then transferred onto a PVDF membrane. Membranes
were imaged after transfer to verify the total protein transferred, and then membranes were
blocked in with 1.5% milk in TBS-T for 20 minutes, then incubated in primary antibody
overnight in PBS containing 3% BSA. Primary antibodies for the hippocampus can be seen in
table 4.2. Following incubation, membranes were washed and incubated with a species-
appropriate HRP-conjugated secondary antibody (see table S4.3). Following washes, membranes
were incubated in Azure Chemiluminescence (Azure Biosystems, Dublin, CA) and imaged with
a ChemiDoc Imaging system (ChemiDoc, BioRad, Hercules CA). Image J was used to determine
protein band density and relative protein expression was calculated as protein density normalized
to GAPDH density. Values were normalized to the £3 sham group. See table 4.3 for antibody list
and validation.

Passive Stiffness

Passive arterial stiffness was measured ex vivo in the PCA’s by the resting lumen
diameter and medial wall thickness while increasing intraluminal pressure(232). Passive stiffness
was measured following a 60-minute incubation of calcium free solution to eliminate myogenic

tone. Each artery was recorded from 5 to 100 cmH20 (3.7-73.5mmHg) in 5 cmH20 increments.
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From this stress-strain curves, Beta-stiffness, and elastic modulus at low pressure (EMLp) and at
high pressure (EMnp) were calculated as previously described (233).

Aortic Stiffness

Aortic stiffness was measured in vivo by pulse wave velocity (PWV) (230). Mice were
anesthetized using isoflurane (2% isoflurane in 100% oxygen) and placed supine on a
temperature-controlled heating pad (37°C). Electrodes were placed on distal portions of limbs
that record ECG, while two Doppler transducers were positioned on the aortic arch and
abdominal aorta. The distance between the transducers was recorded. Using the Doppler signal
processing workstation program (DSPW; Indus Industries, Webster, TX, USA), the time of a
pulse to travel from the arch to the abdominal aorta was analyzed, and the time was then divided
by the distance between the transducers. Two researchers analyzed the files independently, and
the average was taken. Sham mice’s estrous stage was noted at the time of PWV measure (230).

Oral Glucose Tolerance Test

Mice were fasted for ~4 hours. Blood was obtained from a tail cut and assessed for
baseline glucose levels using iPet pro glucometer (Ultimed incorporated, Excelsior, MN). The
mice then received 2 mg/g of 0.15 mg/uL dextrose solution via intraperitoneal injection. At 15,
30, 45, 60, 90, & 120 minutes post-injection, blood glucose was measured from the already
punctured tail cut. Glucose curves were created, and area under the curve (AUC) was calculated.

Indirect Calorimetry

Prior to ex vivo studies mice were singly housed in an environmental cabinet for 5 days.
Using metabolic cages (Promethion, Sable Systems, Las Vegas NV), we measured food and
water intake, body weight, oxygen consumption (VO2), carbon dioxide production (VCO?2), and

water vapor during the 12:12-h light-dark cycles. Metascreen software (Sable Systems Inc.) was
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used for data collection. Data was then processed with ExpeData and Macro Interpreter (Sable
Systems Inc.), analyzed on an hourly basis. VO2, VCO2 production, and expenditure
(kcals/hour) were normalized to body weight (kg). The first 24 hours were excluded from data
analysis for an acclimatization period.

Cognitive Function

Learning and spatial memory was assessed via Morris Water Maze. Mice underwent a 3-
day training period, where they performed 3 trails every session, with 2 sessions per day. On the
fourth day, a probe trial was performed in the morning, where the mice swam for 60-seconds.
Also, on the fourth day in the afternoon session the beacon trial was performed, where the
platform was marked and the time it took the mouse to get to the platform was acquired. All
sessions were analyzed and recorded on EthoVision XT12 software (Noldus, Wageningen, the
Netherlands)(281).

Anxiety was measured via open field testing. Mice were placed in a 40cm? square arena
with a white matte floor and walls. Mice were in the arena for 10 minutes and their exploration
was recorded using Ethovision XT12 software. The center of the 20x20 cm square was marked
with software, and exploration criteria were defined as the amount of time the center of the
mouse’s body was inside the square area. Mice that spend more time exploring (more time in the
center of the arena) have lower levels of anxiety (281).

Instinctual Behavior

Nest building is a test of instinctual behavior and was performed over a 12-hour period.
Mice were singly housed overnight in a fresh cage containing a condensed cotton nestlet. The
following morning, the researcher scored the nests. The same researcher scored all nests. Nests

were scored on a scale of 0-5 with the following criteria: 0- nestlet is untouched; 1- nestlet has
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been moved but no significant tearing; 2- significant tearing, but no formation of a nest; 3-
significant tearing, indication of nest OR nest is in the corner of the cage; 4- significant tearing,
formation of nest in the corner; 5- significant tearing, formation of nest in corner and the nest
walls are high making a bowl like nest (159).

Motor Coordination

Motor coordination testing was performed using a rotarod (47650 Rota-Rod NG, Ugo
Basile, Gemonio, Italy) over a two-day period. The first day was a training session, and mice
were required to stay on the rod rotating at 4 rpm for 90 seconds. The second day consisted of
three trials, with a 10-minute rest between trials, where the rod accelerated during each trial from
4 to 40 rpm with a cut-off time at 5 minutes. The time was recorded for when the mouse fell
from the rod or rotated around the rod two consecutive times (223).

Statistical Analysis

Statistical analyses were performed with GraphPad Prism 10. A two-way analysis of
variance (ANOVA) was used to determine the interaction effects and independent effects of
genotype and estrogen status. In the case of a significant F-value, post-hoc analyses were
performed using a Tukey correction for preplanned comparisons. A repeated measures ANOVA
was used to determine group differences for dose responses. Significance was set at p<0.05, and
values are represented as mean + SD. Outliers were identified as a z score >2 and were removed

from the data set.

4.3 Results

Animal Characteristics

E4 mice had higher body mass than £3 mice (genotype effect p=0.001; Table 4.1). For

white adipose tissue mass, there were main effects of estrogen and genotype (estrogen effect
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p=0.004, genotype effect p=0.0005), and white adipose tissue mass was highest in the £4 OVX
group (Table 4.1). Confirming successful ovariectomy surgeries, uterus mass and plasma 17f-
estradiol were lower in ovariectomized mice (estrogen effect p=0.002, p=0.02). A main effect of
estrogen was seen for liver weight (estrogen effect p=0.007), spleen (estrogen effect p=0.0002),
and total cholesterol (estrogen effect p=0.04), all increasing in the OV X+estradiol group. Lastly,
plasma progesterone increased in the Sham groups (estrogen effect p=0.04)(Table 4.1).

Cerebral artery endothelial function is impaired by ovariectomy in E3 mice but not E4 mice

PCAs from E3 mice differed from £4 mice in their vasodilatory responses to ACh, and as
demonstrated by an interaction effect of APOE genotype and estrogen status (p=0.05). There was
also a main effect of estrogen status (p=0.01) and a trend for a main effect of genotype (p=0.11)
for the vasodilation in response to ACh (Figure 4.1A & B). Specifically, £3 OVX mice had
about 20% less dilation than the £3 shams (max: 0.02, dose-response: p=0.0002), and about 18%
less dilation than the £3 OVX+estradiol treatment mice (max p=0.02, dose-response: p=0.0002).
Among the £4 mice, PCA dilation to ACh did not differ with OVX or estradiol status (all
p>0.05). When comparing the OV X+estradiol, the £4 OVX+estradiol mice dilated less to ACh
than the £3 OV X+estradiol mice (max: p=0.09, dose-response: p=0.002). For the PCA dilation
in response to insulin, there was a main effect of genotype (p=0.04) and a trend for a main effect
of estrogen status (p=0.08), however no interaction effect was observed (Figure 4.1C &D). The
vasodilation response to ACh and insulin in the presence of LNAME was nearly absent for all
groups and was not different between groups (dose-response and maximal responses, all > 0.05,
Figure 4.1B, D), suggesting that the group differences in vasodilation are due to differences in
NO bioavailability. Endothelium-independent dilation in response to SNP was not different

between groups (dose-response and maximal responses, all p>0.05), indicating that the
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differences in ACh-mediated vasodilation were due to endothelial cell impairment. Sensitivity

(EC50) to vasodilators and the amount of pre-constriction also did not differ between groups (all

p>0.05, supplemental Table S4.1).

a. b.
- E3sham
c ® sham & E3ovx
ko) 1004 3 | ovx 73 80 -+ E3 estradiol
© o 804° 7y z tradiol é -+ E4 sham
= =2 . estradiol "~ 1 | E4 ovx
-'6 E 60+ g E4 estradiol
%0 Slm T 40+
O g 404 5
=< .
< = 20 < 201
J © ;
& 0_ T T & O_ 3 —r -, ¥ £
E3 E4 Pe -9 -8 7 6 5 -4
interaction p=0.05 Acetylcholine [log M]
genotype p=0.11
C. estrogen status p=0.01 d
c -
S .. 5 80
EU = ' u é
© — 60 . c 604
T £ .0
x o 404 ® 40-
T ® r =
2 E m| |a D
< O 204 < 204
ke 5
[l 0- T T o 0- ; * T F
E3 E4 Pre 1 10 100 1000 10000
genotype p=0.04 Insulin [ng/mL]
estrogen status p=0.08
e. g.
150+ ~— 100~
2 X
c o~ 80
S 2 100 5
== = 607
= —
e % 50 e 404
g 6 20
0- o 0- i T T T T T

E3 E4

Pre 10 -9 -8 7 6 -5 -4
Sodium Nitroprusside [log M]

Figure 4.1. Cerebral artery endothelial function is impaired with ovariectomy and rescued
with estradiol treatment in E3 females but not E4 females. Female homozygous £3 and £4 mice
who received a sham, ovariectomy (OVX), or estradiol were studied at 6 mo. In isolated posterior
cerebral arteries (PCA’s), endothelium-dependent dilation was measured to a, b) increasing doses of
acetylcholine (ACh) and c,d) insulin, in the presence and absences of nitric oxide inhibitor,
LNAME. Endothelium-independent dilation in response to increasing doses to SNP. A repeated
measures ANOVA for the dose responses and a two-way ANOVA for the maximal responses was
used to determine independent and interaction effects, and Tukey’s post-hoc analysis was
performed. *p<0.05, **p<0.01, ***p<0.001. n=4-9/group. Data are mean = SD.
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Cerebral artery respiration is altered by estrogen status in E3 but not E4 female mice

For all the
following results, the
dissected arteries contained
primarily SMC’s (acat2)
and EC’s (pecam1), whose
expression was
significantly higher than
expression from the
hippocampus (SMC'’s:
p<0.0001, EC’s:
p<0.0001). Our samples
had traces of astrocytes
(gfap), neurons (Rbfox3),
and microglia (A1f1), but
the expression was
significantly lower than
what was expressed in the
hippocampus (gfap:
p=0.01, rbfox3: p=0.0008,
alfl: p=0.005)
(Supplemental figure

S4.1).
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Figure 4.2. Estrogen status and APOE genotype interact to
influence cerebral artery mitochondrial function. ETS activity for
mitochondrial a) leak, b) CI, ¢) CI+CII and d) uncoupled maximal
respiration. Mitochondrial DNA: nuclear DNA content for e) 16s and
f) ND1. A two-way ANOVA was used to determine independent and
interaction effects, and Tukey’s post-hoc analysis was performed.
*p=0.05, **p=0.01. n=5-7/group. Data are mean + SD.
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Estrogen status and APOE genotype interacted to impact CI coupled respiration
(interaction p=0.03) and CI+CII coupled respiration (p=0.05) in cerebral arteries (Figure 4.2 B,
C). For CI and CI+CII coupled respiration, there was a main effect of estrogen (CI p=0.01,
CI+CII p=0.003) and CI had a main effect of genotype (p=0.02)(Figure 4.2 B & C). E3
OVX+estradiol mice had greater CI and CI+CII respiration than the £3 sham mice (CI p=0.03,
CI+CII p=0.006) and £3 OVX mice (CI p=0.007, CI+CII p=0.009)(Figure 4.2 B & C). There
was also a main effect of estrogen status in uncoupled respiration, where estradiol
supplementation elevated maximal respiration, primarily driven by the £3 OV X+estradiol group
(p=0.01)(Figure 4.2 D). Interestingly, among £4 mice, CI, CI+CII, or uncoupled respiration did
not differ with estrogen status (all p>0.05)(Figure 4.2 A-D). There were no differences in leak
between groups (all > 0.05)(Figure 4.2 A). After respiration experiments, mtDNA was measured
relative to relative nuclear DNA in the arteries, revealing similar trends. There was an interaction
effect of estrogen status and APOE genotype for mtDNA genes 16s and ND1 (p=0.03,
p=0.005)(Figure 4.2 E & F). Mice receiving estrogen had greater 16s and ND1 content compared
to the other groups (main effects: p=0.003, p=0.06). E3 OV X+estradiol mice had more 16s and
NDI1 content than £E3 shams (p=0.004, p=0.03), £3 OVX (p=0.003, p=0.004), and E4
OVX+estradiol mice (p=0.01, p=0.02).

Hippocampal protein expression differs by APOE genotype

Hippocampal expression of NFkB p65 and p50 were elevated in £4 mice compared to E3
mice (genotype effect p65 p=0.009, p50 p=0.10), and trend to interaction was observed in £4
OVX, where p65 was greater (interaction effect p=0.10)(Figure 4.3A &B). LRP1 expression was
higher in £4 mice than E3 mice (genotype effect p=0.005)(Figure 3E). APOE genotype and

estrogen influenced hippocampal protein expression of ApoE (interaction effect p=0.03) and
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trended higher in £4 mice than £3 mice (genotype effect p0.15)(Figure 4.3F). NFkB p105

expression trended to be influenced by estrogen status, where ovariectomized mice had greater

expression (estrogen status effect p=0.06)(Figure 4.3C). Hippocampal expression of NDSFUI,

citrate synthase , Cox1, and Cox2 did not differ between groups (all p>0.05)(Figure 4.31-K).
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Figure 4.3. Hippocampal inflammation and ApoE protein expression are altered by APOE
genotype and estrogen status. Hippocampal protein expression for a) p65, b) NFkB p52, ¢c) NFkB
pl105, e) LRP1, f) Apoe, g) mitochondrial complex-I protein NDSFU1, i) COX1, j) COX2, and k)
citrate synthase. Representative blot images on the right (d & h). A two-way ANOVA was used to
determine independent and interaction effects, and Tukey’s post-hoc analysis was performed.
*p=0.05. n=3-7/group. Data are mean + SD.

92



Aortic Protein expression

Aortic
protein expression
for and
phosphorylated-
eNOS (peNOS) at
serine 1177 (S1177)
trended greater in
E3 mice (genotype
effect
p=0.07)(Figure
4.4A), but did not
differ for total
eNOS or
peNOS:eNOS ratio
(all p>0.05)(Figure
44B & C).
Phosphorylated-Akt
(pAkt) at serine 473
(S473) was greater
in the £4 mice

compared to the E3

a. = b. _ c

< ?,:

M~ ~—20 =4 4

- c c 0 =

~— n

v-2 s 23 - Q353
171 N P

2 s : < 8 oL

> 510 T &2 89°

o X £ g 0= = .
()] () Z ©

— - 05 g 1 S =1

E3 -% o

S g 00 50 0

<3 APOE3  APOE4 S APOE3  APOE4 APOE3  APOE4

genotype p=0.07

Q
»
—

2 2
a5<s < 20 . 5
564 . 5 < 4
—_
2 515 €2
= @3 . < @ < 3
X 0 Ty < =
<8 €38 2 o
Q 2 o x @s 2
@ o << O g5 Tt 0 @
£ pu S = 14/t
S5 5 <
<=0 5 00 o1
S APOE3  APOE4 s APOE3  APOE4

genotype p=0.03
estrogen status p=0.14
E3 E4

g' e Sham Ovx Est Sham Ovx Est
B?tzo . ..n!...wm
5\; eNos—-z.—"'uakDa
=
m% 15 gapdh - ey & s & = 383kDa
< o pERa
% 8., BERe 66 kDa
Cﬁ% :‘ Akt [ - W - & c7KDa
%20.5 H gapdh am @6 @ W @ e 35kDa
s5. L rovs IR o
< g APOE3  APOE4 gapdh @ == a8 W @ 3500

genotype p=0.07

Figure 4.4. Phosphorylated eNOS differs by APOE genotype, and pAKt is
altered independently by APOE genotype and estrogen status. Aorta
protein expression for: a) phosphorylated endothelial nitric oxide synthase
(eNOS) at serine 1177 (pENOS), b) total eNOS, c) peNOS:eNOS ratio, d)
phosphorylated Akt at serine 473 (pAkt), e) Akt, f) pAkt: Akt ratio, and g)
phosphorylated estrogen receptor alpha (Era) at serine 167 (pERa).
Representative blot images are below each graph. A two-way ANOVA was
used to determine independent and interaction effects of APOE genotype and
estrogen status. A Tukey’s post-hoc analysis was performed. n=2-7/group.
Data are mean £ SD.

mice(genotype effect p=0.03; Figure 4D) but were not different for total Akt or pAkt: Akt ratio
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(all p>0.05)(Figure 4.4E & F). Phosphorylated Era trended higher in £3 mice compared to £4

mice (estrogen status effect p=0.07)(Figure 4G).

Cerebral artery stiffness is influenced by APOE genotype and estrogen status

We measured PCA passive stiffness ex vivo, and B-stiffness did not differ between groups
(all p>0.05; Figure 4.5C). PCA EMvrpr and EMup were dependent on estrogen status and APOE
genotype (EMrp interaction effect p=0.001; EMmup interaction effect p=0.005; Figure 4.5 D, E).
PCA EMLr was greater in £4 OVX mice compared to £4 shams (p=0.02) but was not different

from the £4 OVX+estradiol mice (p>0.05). Data were generated from stress-strain curves in

Figure 4.5A & B.
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Figure 4.5. Posterior cerebral artery elastic modulus, a measure of stiffness, is influenced by
APOE genotype and estrogen status. a, b) In PCAs incubated in calcium-free solution, a passive
response to determine the structural components on the artery was performed, generating a stress-
strain curve. From this curve, B -stiffness and elastic modulus were calculated. APOE genotype and
estrogen status had no influence on c) PCA B —stiffness. There was an interaction effect of APOE
genotype and estrogen status on elastic modulus at d) low and e) high pressure. A two-way ANOVA
was used to determine independent and interaction effects of APOE genotype and estrogen status on
PCA stiffness measures. *p<0.05. n=3-9/group. Data are mean + SD.
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Large artery stiffness is influenced by estrogen status
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estrogen status (EMvrp: p=0.01; EMup: p=0.01) (Figure 4.6 E & F). For carotid artery EMvp there
was also an interaction effect of estrogen status and APOE genotype (interaction effect
p=0.05)(Figure 4.6 E). E3 OVX mice had a higher carotid artery EMvrp than the £3 sham
(p=0.007) and E3 OV X+estradiol groups (p=0.03)(Figure 4.6 F). For EMup, £3 OVX mice had
greater stiffness than the £3 OVX+estradiol group (p=0.03) but not the £3 sham group
(p=0.15)(Figure 4.6F). The carotid artery EM measures did not differ between E£4 groups (all
p>0.05). Data were generated from stress-strain curves in Figure 4.6A & B.

In-vivo metabolic measures are not influenced by APOE genotype or estrogen

In-vivo whole-body metabolism was measured in a subset of the mice by indirect
calorimetry. There was a trend for estrogen status on oxygen consumption, with the OVX group
trending to lower oxygen consumption than the sham and estradiol groups (estrogen effect
p=0.09; Figure 4.7A). All other calorimetry parameters (CO2 production, energy expenditure
(EE), and respiratory exchanges ratio (RER)) did not differ between any groups (all
p>0.05)(Figure 4.7B-D). We performed glucose tolerance tests in the mice as well. Resting
glucose, glucose clearance, and glucose area under the curve (AUC) did not differ between any

groups (all p>0.05)(Figure 4.7E-G).
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APOE genotype and estrogen status did not influence cognitive function or motor coordination

We used the Morris water maze test to assess learning and spatial memory (Figure 4.8). In the 60

second probe
trial, £4
estradiol mice
spent
significantly
less time in the
target quadrant
compared to
the other
quadrants
(p=0.01;
Figure 4.8D).
All the other
mice spend
equal time or
more time in
the target
quadrant than
the other
quadrants.
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Figure 4.8. Learning and spatial memory were not greatly influenced by APOE
genotype and estrogen status. a) Morris water maze heat maps traces for each
genotype and estrogen status for their probe trial can be seen. No differences were
seen in the training b) time to platform or ¢) training velocity. Probe trial outcomes
are d) %time spent in each quadrant, e) platform frequency, f) latency to platform, g)
probe distance moved, and h) probe velocity. Beacon trial outcomes are i) latency to
platform, j) velocity, and k) beacon distance moved. A two-way ANOVA was used to
determine independent and interaction effects of estrogen status and genotype on
learning and memory. A one-tailed t-test was used for panel (d) to determine
the time spent in the target vs other quadrant. *p<0.05, **p<0.01. n=4-8/group,
data are mean + SD.
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APOE genotype influenced the latency to platform in the probe trial, where estrogen had more
benefit in £3 mice (interaction effect p=0.03; Figure 4.8F). £4 mice had a greater distance
moved and velocity during the probe trial (genotype effect p=0.02, p=0.01; Figure 4.8 G & H).
There were no differences between groups in the outcomes of the Beacon or training trials (all
p>0.05; Figure 4.8 B,C, I-K).

There were no differences in anxiety behavior, as indicated by the time spent in center of
the open field arena, between groups (all p>0.05; Figure 4.9C-E). Additionally, there were no
differences in object recognition, a measure of hippocampal-dependent memory assessed by

Novel Object Recognition, between groups (all p>0.05; Figure 4.9 F & Q).
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Figure 4.9. Object memory and anxiety were not dependent on APOE genotype or estrogen
status. a) Novel object recognition representative heat maps. NOR b) time spent with familiar (fam)
vs novel objects, followed by c) discrimination index calculation. Open field d) time in center and e)
velocity. A two-way ANOVA was used to determine independent and interaction effects of estrogen
status and genotype on hippocampal memory. *p<0.05, **p<0.01. n=3-8/group, data are mean + SD.
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Instinctual behavior, a measure of cognitive function, measured by nest building, was not
different between any groups (all p>0.05; Figure 4.10A). Motor coordination, measured by

rotarod, was also
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Figure 4.10. Instinctual behavior and motor function are not impacted by
estrogen status or APOE genotype. a) Instinctual behavior, determined by the
score on a nest building task, and b) motor coordination, measured by the time
spent on an accelerating rotarod, was not different between groups. n=5-

12/group. Data are mean + SD.
4.4 Discussion

Contrary to our original hypotheses, this study demonstrates that the cerebral vasculature
in female mice with the £4 genotype shows resistance to the positive effects of 17p-estradiol,
particularly in relation to endothelial and mitochondrial function. Endothelial-dependent dilation
in £3 mice was impaired with ovariectomy and rescued by estradiol supplementation. However,
E4 mice had no detriments or benefits with ovariectomy or estradiol supplementation. CI and
CI+CII mitochondrial respiration was impaired in the £3 OVX group, and greater in the £3
OVX+estradiol group. Again, the E4 mice had no detriments or benefits with ovariectomy or
estradiol supplementation. Mitochondrial DNA to nuclear DNA ratio was greater in £3
OVX+estradiol in part explaining the elevated mitochondrial respiration in this group. £4 mice
also had lower mitochondrial DNA than E3 mice. The genotype differences in mitochondrial and
endothelial function may be driven by inflammatory signaling and differences in receptor
expression. Hippocampal protein expression for NF-kB subunits p65 & p50 were elevated in E4

NF-xB p105 trended toward elevation with ovariectomy . Receptor LRP1 was higher in £4 mice,
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while apoE protein was lower in the £4 mice in the hippocampus. Furthermore, in the aorta, r
peNOS (S1177) trended higher in the £3 mice, while pAkt(S473) was higher in the £4 mice.
Lastly, ovariectomy led to stiffening of the carotid artery in E3 mice, which was rescued by
estradiol treatment; but there were no effects of ovariectomy or estradiol in the E4 mice.
Contrary to our hypotheses, genotype and estrogen status did not impact in vivo metabolism,
cognitive function, or motor function to the extent we hypothesized.

E4’s resistance to estrogen: What do we know?

While we are the first to investigate the interaction effect of estrogen and APOE genotype
on the cerebral vasculature, researchers have previously investigated this interaction in other
tissues and reported E£4’s resistance to estrogen status. A few of these investigations were
conducted in the APOE x SXFAD Alzheimer’s disease mouse model. Specifically, one group
found in their APOE x5XFAD model, that estradiol infusion improved memory and dendritic
spine density in £3/E3 and E3/E4 mice, but not in £4/E4 mice(133). This group furthered their
investigations to look at the influence of ovariectomy on these mice (138). Their results indicated
that £3 OVX mice had less exploratory behavior than £3 shams, but £4 mice were unaffected by
estrogen status (138). A different group of researchers studied how estradiol supplementation
affected AP levels in APOE x5XFAD mice. In £2 and E3 5XFAD mice, estradiol
supplementation decreased the number of AP plaques, whereas in £4 mice, estradiol
supplementation increased the number of AP plaques (141). Recently, Balu and colleagues found
that estrogen supplementation in £4 SXFAD mice did not affect learning, memory, or A3
pathology, but estrogen supplementation improved these outcomes in £3 mice (282).
Additionally, researchers have also studied the £3 and E4 targeted replacement (TR) mice. These

studies reported that ovx led to less CA1 spine density in £3’s, while ovx increased spine density
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in £4 mice (139). These authors proposed that £3s respond to the loss of estrogen and E4s
respond to the loss of progesterone with ovariectomy; however, this hypothesis requires further
investigation. Another research group using the ApoE TR mice investigated the effects of a diet
targeting Erf in female mice. They reported that an Erp-targeted diet led to higher brain-derived
neurotropic factor (BDNF) in £2 and £3 mice but not £4 mice (140). Brown and colleagues
discovered that the interaction between APOE genotype and estradiol influences NO and
cytokine production in activated microglia (142). More specifically, estradiol decreased
inflammation (TNFa and IL-6) in £3 but not £4 mice (142). Additionally, human trials also
suggest that hormone replacement therapy has negative effects on cognition, memory,
cholesterol alterations, and brain volumes in individuals with the £4 genotype (266, 283-285).
Contrary to the previously mentioned studies, some literature supports that HRT is beneficial for
E4 hippocampal volumes, and even decreases AP (137, 266). The majority of these previous
studies support the idea of £4 s resistance to estrogen status, but no one until now has 1)
investigated if this resistance extends into the vasculature and 2) explored the mechanisms as to
why E4 is resistant to the beneficial effects of estrogen.

Endothelial Function

Our lab and others have consistently shown that the removal of ovaries leads to a
subsequent decrease in endothelial function (216, 217, 279). What is less known though is the
influence of estrogen and APOE genotype on endothelial function. Our data suggests lower NO-
mediated dilation in £3 OVX mice, while OVX+estradiol supplementation in £3 females
preserved NO-mediated dilation. Interestingly, unlike the £3 mice, ovariectomy and estradiol
supplementation had no effect on the endothelial function of £4 mice. However, these patterns

for responses were not consistent for other endothelium-dependent vasodilators. NO-mediated
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dilation to insulin had a main effect on genotype, where E4 mice had lower dilation to insulin
than E3 mice. Estradiol did not influence the dilation to insulin for £3 mice, suggesting different
mechanisms for dilation. A previous study from our lab showed that high soy diet preserves
cerebral artery dilation to insulin after ovariectomy (279), highlighting that the high fat diet our
E3 OVX mice were on may play a role in the differing results. Overall, the responses to
endothelial-dependent dilators suggest that cerebral artery endothelial function is not influenced
by estrogen for £4 mice and that £4 mice have endothelial dysfunction when compared with £3
mice.

To better understand the mechanisms underlying the differences in NO-mediated
dilation, protein expression was measured for total eNOS and phosphorylated eNOS at serine
1177 (peNOS S1177) in the aorta . While the aorta differs in composition from the smaller
cerebral arteries, protein expression measurement in the cerebral arteries is not feasible due to
too little protein. We observe a trend in peNOS (S1177) levels in the aortas of these mice, with
E3 mice exhibiting higher peNOS levels compared to £4 mice. However, contrary to previous
literature, we saw no effect of estrogen status on peNOS (279). Aortic eNOS and peNOS/eNOS
ratio had no statistical differences between groups. These observations don’t support our findings
for the NO component of cerebrovascular EDD, and this can be potentially explained by our
inability to measure eNOS in the cerebral vasculature directly.

Protein kinase B (Akt) and the mitochondria have a multifaceted relationship that is
critical for function across cell types. Through a vascular lens, Akt plays a major role in
activating eNOS and NO production. Phosphorylated-Akt was higher in the aortas from £4 mice
compared to E3 mice. However, the E4 females did not have elevated aortic peNOS, perhaps

because the p-Akt/Akt ratio was not different between groups, suggesting no difference in Akt
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activation despite higher levels of p-Akt. P-Akt is also a major player in signaling for vascular
smooth muscle cell proliferation (286), which in excess can be negative in terms of vascular
function, warranting further investigation to determine the downstream consequences of elevated
pAKkt.

The impact of cerebral vascular mitochondrial function on cerebral vessel dynamics

Mitochondrial dysfunction is a primary culprit of oxidative stress, which significantly
influences cerebral vascular function (278), making the proper functioning of the mitochondria
critically important. Endothelial cells rely on mitochondrial ATP to maintain vascular tone and
function (287, 288). The mitochondria, primarily CI and CIII, are the primary sites of ROS
production. Even though estradiol supplementation increases CI respiration in £3 mice, this does
not necessarily result in greater oxidative stress as estrogen also prepares the cells by increasing
antioxidant enzyme expression (271).

Cerebrovascular mitochondrial respiration and whole-body metabolism

Mitochondria content varies across vascular beds, and brain endothelial cells contain
more mitochondria than other vascular beds (289). Isolation of cerebral arteries and respirometry
by oroboros has only been performed once previously, to our knowledge (278), highlighting the
novelty of this technique. Cerebral vascular mitochondrial respiration can provide information
about the health and function of the mitochondrial complexes. Our findings suggest that estrogen
supplementation in £3 mice increases CI and CI+CII respiration, but estrogen supplementation
does not impact CI or CI+CII respiration in £4 mice. Changes observed in CI+CII were driven
by the initial increase in CI respiration. We also find that estradiol supplementation in £3 mice
resulted in higher mitochondrial DNA content, relative to nuclear DNA, a finding also not seen

in £4 mice. The major findings regarding our respirometry data are twofold: 1) Estradiol
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enhances CI respiration in £3 mice but not £4 mice, and 2) Estradiol increases mitochondrial
DNA in E3 mice, suggesting that estradiol results in either more or larger mitochondria, but
estradiol did not have this effect in £4 mice. Mitochondrial fission and fusion dynamics are
potential mediators of these findings, but future investigations are needed to determine these
dynamics in the cerebrovasculature of APOE and estradiol-supplemented mice.

Since most of the mitochondrial differences were related to CI, we measured CI protein
NDSUFT in the hippocampus. We saw no differences in NDSFU1 expression between groups,
potentially because this protein is transcribed from nuclear DNA, not mitochondrial DNA. A
previous study found that mtDNA-encoded CI in cerebral blood vessels was elevated by
estradiol treatment in rats (65). Another study found that nDNA-encoded CI protein NDUFBS§
was more highly expressed in £4 compared to £3 brain endothelial cells (100). Future research
should consider testing multiple Cl-related proteins to aid in a more complete understanding of
how estrogen and APOE influence this complex. We also measured citrate synthase expression
in the hippocampus, the rate-limiting enzyme of the citric acid cycle, and found it was not
modulated by estrogen or APOE genotype. Potentially explaining the lack of significance from
this finding is that we did not have enough tissue to measure citrate synthase activity rather than
abundance. Also, all the above measures were performed in the hippocampus, but our respiration
studies were conducted on cerebral arteries, and thus, it could be that APOE genotype and
estrogen have a specific impact on the vasculature.

APOE’s effects on mitochondrial function have the potential to impact whole-body
metabolism. A 2021 study measured in-vivo whole-body metabolism in £3 and £4 female mice
on a normal chow or a high carbohydrate diet. The study found that £4 mice have lower energy

expenditure and failed to increase oxygen consumption following a high carbohydrate diet (290).
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In contrast, we found no differences in in-vivo whole-body metabolism for average, light, or dark
cycles between E3 and £4 mice on a high fat diet. We also found no differences in glucose
tolerance tests between £E3 and E4 mice. In addition to our small group numbers, another
limitation is that we did not measure the activity of the mice, which can greatly alter oxygen
consumption and CO2 production. Overall, in vivo metabolic outcomes were not altered to the
extent of which we hypothesized.

Other mechanisms that contribute to vascular function

Key mechanistic proteins altered by the £4 genotype at the level of the blood-brain
barrier include apoE and LRP1 (125, 126). Our findings indicated that apoE expression in the
hippocampus is influenced by an interaction between genotype and estrogen status. £4 mice
trended to have lower apoE expression, matching other literature in the field (100, 291), but we
did not find an effect of estradiol on hippocampal apoE expression. In 1997, Srivastava and
colleagues reported that apoE gene expression is upregulated by estrogen (292). This pioneering
study in the field differs from our results, but it is important to note that their measurements were
in liver slices and plasma, where we measured protein expression in the hippocampus (292).
ApoE’s primary receptor in the brain is LRP1. We found that LRP1 is elevated in the £4 females
and not influenced by estrogen status. The £4 variant of apoE binds less efficiently to LRP1 than
the other variant, and perhaps this lower binding triggered the increase in expression of LRP1 we
see in E4. The insufficient binding of £4 on LRP1 is proposed to activate cyclophilin-A-NF-kB-
MMP9 pathways, promoting BBB breakdown (125). It was previously shown that £4 mice have
five- to six-fold higher CypA levels in cerebral microvessels (125). Thus, sufficient binding of
ApoE/LRP1 in E3’s can lead to NF-«xB inhibition. Thus, the reduced efficiency of £4 ApoE

binding to LRP1 potentially explains the elevations in NF-kB in £4 mice in our study.
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Estrogen receptors can also inhibit NF-xB signaling in the vasculature (293, 294). For
aortic protein expression of phosphorylated Era (S167), we see a trend of genotype, where Era
phosphorylation is greater in £3 mice than £4 mice. The trend of this lower Era activation in £4
mice could explain the elevations in NF-kB; although, NF-kB and Era should be measured in
both the aorta and hippocampus to confirm this hypothesis.

Endothelial cells are also primed to use ROS as signaling molecules, influencing the
expression of COX proteins. COX1 and COX2 are integral to the production of prostaglandins
and can modulate inflammation and, thus, vascular tone. COX1 is often more involved in normal
cellular functions, whereas COX2 is inducible via inflammation. While we did not see
significant differences in protein expression of COX1 or 2 in the hippocampus, that does not
mean their expression isn’t altered in the cerebral vasculature. ApoE can upregulate COX2 in
smooth muscle cells (295). In £4 mice, COX2 can be upregulated, and COX2 inhibition has been
explored as a treatment for AD (296), but the results of treatment were inconclusive. Estrogen
can also influence COX activity. In endothelial cells, estrogen upregulates COX-1 (297) and
decreases COX2 (47). The regulation of COX expression by APOE and estrogen are opposing,
where estrogen favors COX1 expression and £4 favors increases in COX2 expression, thus
additional research is required to further understand these findings.

Stiffness

The age-related increase in large artery stiffness is a predictor of cognitive decline (298,
299). Despite previous literature suggesting increases in PWV with ovariectomy (41) and
elevated pulse pressure with the £4 genotype (300), our data did not support this. Although we
did not find differences in PWV, we did observe a higher carotid passive stiffness with

ovariectomy that was rescued by estradiol treatment, primarily driven by the £E3 groups. This
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aligns with a recent study where ovariectomy increased carotid passive incremental modulus in
OVX mice (41). In the cerebral arteries, we found an interaction effect of genotype and estrogen
status on passive stiffness. This suggests again that estrogen status and APOE genotype influence
vascular stiffness, although the exact mechanisms explaining this remain unknown.

Cognitive and motor function

E4 is associated with lower cognition. £4 knock-in mice show cognitive deficits in
multiple behavioral and learning tasks (301). One study used female £4 FAD mice on a HFD
and treated with estradiol and tested novel object placement (NOP) and novel object recognition
(NOR)(302). These authors demonstrated that with NOP there were significant main effects of
APOE genotype and hormone treatment. Interestingly, cognitive function in £3 animals was not
improved by estrogen, and cognitive function improved in £4 mice with estrogen treatment, but
not when the mice were fed a high-fat diet (302). We measured learning and spatial memory via
Morris water maze. Our probe trial revealed the £4 estradiol group spent more time in the other
quadrants than the target quadrant during the probe trial, indicating poor learning and memory
behavior. We also see that the latency to the platform during the probe trial has an interaction
effect, where £3 OV X+estradiol mice found the platform quickest, suggesting improvements in
memory and learning. Swimming distance and velocity were higher in £4 mice compared to £3
mice. One previous study in 16-mo old mice reported that £4 females perform worse on the
Morris water maze probe trial than £3 females. This previous study, however, did not account
for sex hormone status, and contrary to our findings, reported no differences between groups for
swimming speed (303). Overall, other variables like age or additional genotype stressors in
tandem with £4 may be necessary to observe declines in memory and learning.

Limitations
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Although this study was rigorously designed, there are some limitations that should be
noted. The first major limitation is the absence of a vehicle control group. The vehicle control
would ensure that any changes we saw were due to estradiol and not a result of the implantation
surgery. However, the implantation surgeries were approximately 5-10 minutes, and mice with
implants showed no additional signs of stress or behavior deficits. The second limitation of our
study is regarding the normalization of the Oroboros outcomes by tissue mass. The mass of the
cerebral vessels was measured as accurately as possible, but given the small size, there is likely
some error. As such, we also computed the Oroboros outcomes normalized to nDNA and leak
and saw similar patterns of group differences regardless of the normalization protocol (data not
shown). Third, we did not measure testosterone or aromatase; thus, we do not know the impact
of these on our outcomes. Fourth, we did not measure superoxide or antioxidants directly, which
are likely important mechanisms for the group differences we see. Fifth, the APOE mice are on a
C57BL/6 background strain, and recent studies indicate that other strains, particularly ones that
are more genetically diverse, are better for studies of Alzheimer’s disease-related outcomes.
Lastly, mice lack the cholesterol ester transfer protein (CETP) gene. CETP exchanges cholesterol
and triglycerides between lipoproteins, and the absence of this gene in mice results in them
carrying the majority of their lipid cargo in HDL rather than atherogenic LDL particles. Thus,
future studies investigating ApoE or lipids in mice should be done in the presence of CETP in

efforts to increase the translation to humans.

4.5 Conclusion

Overall, our results indicate that APOE genotype modulates the impact of estrogen on the
cerebrovasculature. We found that 17B-estradiol enhances cerebrovascular function and

mitochondrial function in £3 mice but not £4 mice. The results suggest that estradiol
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supplementation may have a more therapeutic benefit for £4 non-carriers. Further research
should delve into the mechanisms by which £4 is resistant to estradiol supplementation to help

improve our understanding of disease progression and help generate better therapeutic targets.
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Table 4.1. Animal Characteristics

E3 Sham E3 OVX E3estradiol E4 Sham E4 OVX E4 estradiol
n 16 16 18 12 16 12
Age (months) 6.7+0.5 6.7£04 6.6+0.5 6.6+0.7 6.8+0.7 67+0.7
Body mass (g)° 23.6+£32 26.0+45 243+£20 27.0+£49 29+52%; 27.8+56
Heart mass (mg) 0.11+0.01 0.12+0.01 0.12+0.02 0.13+£0.02 0.12+0.02 0.12 +0.01
Percent heart: 0.5+0.07 05+0.1 0.5+0.1 0.49+0.08 0.42+0.02 0.45=+0.09

body mass
Liver mass (g)* 21+03 22+04 24+04 21+04 2304 25+04
Percent liver: 9.0+1.6 86+20 10.1+£1.8 7.7+1.1% 81+15f 92+2.1

body mass **

Spleen mass (g)* 0.13+£0.02 0.14+0.03 0.17+0.1 0.11+0.01% 0.14+0.04 0.16 £ 0.04#
Percent spleen:  0.46+03 0.6+£02 056+02 042+0.07 05+£02 0.61+£0.3
body mass

WAT mass (g)*® 045+03 086+0.5 037+02 085+0.7 1.4=0.8*f 09+0.7
Percent WAT: 1.8+£1.1 31+14 1.5+0.7 30+£1.8 44+£22*% 2.8+1.09%
body mass®®

Gastroc mass (g)° 0.15+£0.03 0.14+0.04 0.13+£0.04 0.16+0.03 0.16+0.04 0.16+0.04
Percent gastroc: 0.64+0.07 0.56+0.1 0.55+0.1 0.8+£0.6 056+0.1 0.58+0.1
body mass

Soleus mass (g) 0.01 +£0.002 0.01 +0.0020.008 + 0.002 0.02 +£0.02 0.02 +0.03 0.01 £ 0.004
Percent soleus:  0.04 £ 0.007 0.04 = 0.007 0.03 +£0.008 0.07 +0.07 0.05+0.07 0.03 £0.01
body mass

Uterus mass (g) * 0.10+0.04 0.03+0.04 0.09+0.08 0.08+0.04 0.03+0.020.16+0.27$
Percent uterus 040+0.1 0.13£02 0.37+0.3 0.3+0.1 0.11+£0.09 0.5+0.6

mass: body

weight ?

17B-estradiol 0.0040 +  0.0009 + 0.0007 + 0.0015+  0.0006+ 0.0025 +

(ng/mL)*¢ 0.0020 0.0003* 0.0007* 0.0020 0.0003* 0.0020

Esterone (ng/mL) 0.0010+  0.0009 £ 0.0008 + 0.0007+  0.0010+  0.0020 +
0.0003 0.0003 0.0002 0.0002 0.0020 0.0010

E2/E1 ratio 36+1.5 1.4+0.6 1.6+0.8 33+£0.7 1.1+£0.05 44+33

Progesterone 20+1.9 1.6£0.8 1.2+£0.5 29+£13 1.2+05 13+0.8

(ng/mL)?

Total cholesterol 3897 + 814 4063 + 615 5233 +£1103 4442+ 1152 5027+ 5685+ 1317

(uM)? 1524

Data are mean + SD. WAT, white adipose tissue.  p<0.05 main effect of estrogen, ® p<0.05 main effect of
genotype, ¢ p<0.05 interaction effect, * p<0.05 vs E3 sham, T p<0.05 vs. E3 ovx, { p<0.05 vs. E3
estradiol, # p<0.05 vs E4 sham, § p<0.05 vs E4 ovx
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V. THE EFFECT OF AGE AND APOE GENOTYPE ON COGNITION, VASCULAR
FUNCTION, AND CEREBRAL BLOOD FLOW

5.1 Introduction

Age remains the greatest risk factor for developing Alzheimer’s disease (AD). Between
2015 and 2030, the number of people in the world over 60 years of age is projected to grow by
56% and by 2050 the global aged population is projected to more than double (304). During
aging, cellular dysfunction leads to metabolic dysregulation, cholesterol dyshomeostasis,
vascular stiffness, depression, memory and cognition complaints, all linked to neurodegenerative
diseases later in life (265, 305-309). While aging and neurodegenerative disease are
multidimensional, a focus on genetic predispositions related to AD has emerged as a main target
to understand AD pathology and discover potential therapeutics.

The APOE gene is a longevity gene, and its £4 variant raises risk for the development of
AD compared to the most prevalent variant £3 (113). Although AD is typically characterized by
the presence of amyloid beta (Ap) and hyperphosphorylated tau, it is now clear that vascular and
metabolic impairments contribute to the disease (3). The E4 variant accelerates AP and tau tangle
deposition (310, 311). It also accelerates blood brain barrier (BBB) break down (126) by
degenerating brain capillary pericytes (312), and reduces cerebral blood flow (CBF) (313, 314).
The BBB interfaces cerebral vascular health and brain function. The interface is composed
largely of endothelial cells, microglia, and astrocytes. In the presence of pathology, an oxidative
and inflammatory environment exists, and augments endothelial cell dysfunction, BBB
disruption. While small vessel disease and cognitive function have been investigated (315, 316),
the upstream resistance arteries, like the posterior cerebral artery (PCA), remain largely

uninvestigated.
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Current literature on £4 is missing a big piece of the puzzle by only including young
mice in their investigations, leaving it a mystery to the physiology that occurs in these mice with
age. Previously our lab revealed that 24-month-old BI-C57 mice have greater cerebral
endothelial dysfunction and vascular stiffness compared to young mice (233). Additionally, these
mice also displayed greater cognitive deficits (233). These studies in 24-month-old mice are
necessary for determining how natural aging contributes to vascular dysfunction and cognitive
decline. We know that E4 plays prominent roles in promoting oxidative stress and inflammation
(110, 317), however, could £4 be exacerbating the effect of aging, contributing to further
vascular dysfunction and great cognitive decline?

Thus, the purpose of this study was to investigate the interaction of aging and APOE
genotype on cerebral vascular function and cognition. We hypothesized that old mice would
have greater cognitive deficits, worse motor function and instinctual behavior than their young
counterparts, and that old £4 mice would display greater cognitive dysfunction than the old £3
group. Additionally, we hypothesized that old mice would have poorer endothelial function and
greater vascular stiffness than their young counterparts, again being exacerbated in the old £4
animals. We hypothesized that old £4 mice would also have lower CBF measured by MRI
compared with old £3 mice. Lastly, due to altered metabolism with age, we hypothesized that the
old APOE mice would have a lower RER than the young mice, and £4 mice would have a higher

RER than the old £3’s due to insufficient fat utilization.

5.2 Methods

Animals
We purchased E3 (JAX#029018) and E4 (JAX#027894) mice from The Jackson

Laboratories to establish a breeding colony. We studied male and female homozygous E3 and E4
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mice. Young mice were studied at ~6 to 7 mo of age, and old mice were studied ~24 mo. Please
see table 1 for animal characteristics. Mice were fed a standard chow diet (Lab Diet, PicoLab
Rodent Diet 20, 5053). Food and water were provided ad libitum, and mice were housed on a
12/12-hour light-dark cycle at 24°C. Mice were euthanized by exsanguination under isoflurane
immediately prior to vascular studies. All animal procedures conform with the Guide for the Car
and Use of Laboratory Animals (8™ edition revised 2011) and were approved by the Institutional
Animal Care and Use Committee at the University of Oregon.

Vascular Reactivity

Endothelium-dependent vasodilation was assessed in ex vivo isolated pressurized PCAs,
as described in detail previously (231, 279). Arteries were excised and cannulated onto glass
micropipettes in a myograph chamber (Danish MyoTechnology Inc.) filled with a physiological
salt solution. All the arteries were pre-constricted with phenylephrine (1-6 uM) to obtain 20-40%
pre-constriction of starting luminal diameter. Increases in luminal diameter in response to
increasing concentrations of endothelium-dependent dilators acetylcholine (ACh: 1x10-9 to
1x10-4 M) and insulin (1 to 10000 ng/mL) were determined. After ACh and insulin responses,
arteries were incubated for 30 minutes with 0.1 mM of N omega-Nitro-L-arginine methyl ester
hydrochloride (L-NAME). ACh and insulin responses were repeated in the presence of LNAME
to determine the contribution of NOS to endothelium-dependent dilation. Endothelial
constriction responses were performed in response to potassium chloride (KCl: 10-80M) and
endothelin-1 (ET1: 1x10-11 to 1x10-7), where decreases in luminal diameter were measured.
Endothelium-independent dilation was measured by the increases in luminal diameter to sodium
nitroprusside (SNP) (1x10-10 to 1x10-4 M).

MRI
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Cerebral perfusion was collected in anesthetized (10mg/mL Ketamine Img/mL xylazine)
mice by arterial spin-labeled MRI under basal (100% O2) and hypercapnic (95%/5% 02/CO2)
conditions in an 11.75T BrukerBiospin Animal MRI system. Perfusion data was analyzed using
Paravision 6 (Bruker) and Jim 9 MRI analysis software (Xinapse Systems). Cerebrovascular
reactivity (CVR) was calculated as the percent increase in perfusion with hypercapnia.

Passive Stiffness

Passive arterial stiffness was measured ex vivo in the PCA’s and carotid arteries by the
changes to lumen diameter and medial wall thickness in response to increasing intraluminal
pressure (232). Passive stiffness was measured following a 60-minute incubation of calcium free
solution to eliminate myogenic tone. Measurements were recorded in 5 cmH2O increments from
5to 100 cmH20 (3.7-73.5mmHg). From these data, stress-strain curves, Beta-stiffness, and
elastic modulus were calculated as previously described (233).

Aortic Stiffness

Aortic stiffness was measured in vivo by pulse wave velocity (PWV) (279). Mice were
anesthetized using isoflurane (2% isoflurane in 100% oxygen) and placed supine on a
temperature-controlled heating pad (37°C). Electrodes were placed on distal portions of limbs
that record ECG, while two Doppler transducers were positioned on the aortic arch and
abdominal aorta. The distance between the transducers was recorded. Using the Doppler signal
processing workstation program (DSPW; Indus Industries, Webster, TX, USA), the time of a
pulse to travel from the arch to the abdominal aorta was analyzed, and the time was then divided
by the distance between the transducers. Two researchers analyzed the files independently, and
the average was taken. Young female mice’s estrous stage was noted at the time of PWV

measure (230).
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Instinctual behavior

Nest building is a test of instinctual behavior and was performed over a 12-hour period.
Mice were singly housed overnight in a fresh cage containing a condensed cotton nestlet. The
following morning, the researcher scored the nests. The same researcher scored all nests. The
intrapersonal coefficient of variation in our laboratory is 0% for this test. Nests were scored on a
scale of 0-5 with the following criteria: 0- nestlet is untouched; 1- nestlet has been moved but no
significant tearing; 2- significant tearing, but no formation of a nest; 3- significant tearing,
indication of nest OR nest is in the corner of the cage; 4- significant tearing, formation of nest in
the corner; 5- significant tearing, formation of nest in corner and the nest walls are high making a
bowl like nest (159).

Motor Coordination

Motor coordination testing was performed using a rotarod (47650 Rota-Rod NG, Ugo
Basile, Gemonio, Italy) over a two-day period. The first day was a training session, mice were
required to stay on the rod rotating at 4 rpm for 90 seconds. The second day consisted of three
trials, with a 10-minute rest between trials, where the rod accelerated during each trial from 4 to
40 rpm with a cut-off time at 5 minutes. The time was recorded for when the mouse fell from the
rod or rotated around the rod two consecutive times (318).
Frailty

Mouse frailty was assessed using a previously studied 31-item FI based on established
clinical signs of deterioration in C57BL/6J mice (319). FI assessments included evaluation of the
integumentary, musculoskeletal, vestibulocochlear/auditory, ocular, nasal, digestive, urogenital,
and respiratory systems as well as signs of discomfort, body weight, and body surface

temperature. The severity of each deficit was assessed and assigned either a 0, 0.5, or 1, with the
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higher score indicating more severe frailty. Each mouse was examined at approximately the
same time in the day, following the same order of assessments. To calculate FRIGHT age and
AFRALID score, we organized our data into the format of the Example Frailty Data.csv from the

website: http://frailtyclocks.sinclairlab.org/ (320). For each mouse, we added age in days

(age days), body mass in grams (bw), the standard deviation of the body mass (bwSD), and
scores for each deficit (between 0 and 1). As we did not measure the body mass at 21 months, we
entered 0 for %twc and %rwc. We also did not collect vision loss data, and thus this score was
entered as a 0 for all mice. We then uploaded the .csv file onto the above website and the outputs
(Analyzed Data) are presented in this manuscript.

Cognitive function testing

Learning and spatial memory was assessed via Morris Water Maze. Mice underwent a 3-
day training period, where they performed 3 trails every session, with 2 sessions per day. On the
fourth day, a probe trial was performed in the morning, where the mice swam for 60-seconds.
Also, on the fourth day in the afternoon session the beacon trial was preformed, where the
platform was marked and the time it took the mouse to get to the platform was acquired. All
sessions were analyzed and recorded on EthoVision XT12 software (Noldus, Wageningen, the
Netherlands) (281).

Anxiety was measured via open field testing. Mice were placed in a 40cm? square arena
with a white matte floor and walls. Mice were in the arena for 10 minutes and their exploration
was recorded using Ethovision XT12 software. The center of the 20x20 cm square was marked
with software, and exploration criteria were defined as the amount of time the center of the
mouse’s body was inside the square area. Mice that spent more time exploring have lower levels

of anxiety (281).
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Indirect Calorimetry

Prior to ex-vivo studies mice were singly housed in an environmental cabinet for 5 days.
Using metabolic cages (Promethion, Sable Systems, Las Vegas NV), we measured food and
water intake, body weight, oxygen consumption (VO?2), carbon dioxide production (VCO?2), and
water vapor during the 12:12-h light-dark cycles. Metascreen software (Sable Systems Inc.) was
used for data collection. Data was then processed with ExpeData and Macro Interpreter (Sable
Systems Inc.), analyzed on an hourly basis. VO2, VCO2 production, and expenditure
(kcals/hour) were normalized to body weight (kg). The first 24 hours were excluded from data
analysis for an acclimatization period.

Statistical analysis

Statistical analyses were performed with IBM SPSS (Version 26, Armonk, NY) and
GraphPad Prism 10. A two-way analysis of variance (ANOVA) was used to determine the
interaction effects and independent effects of age and genotype. In the case of a significant F-
value, post-hoc analyses were performed using a Tukey correction for preplanned comparisons.
An additional sub-analysis was performed separately for young mice and old mice by two-way
ANOVA for the interaction of genotype and sex. A repeated measures ANOVA was used to
determine group differences for dose responses. Significance was set at p<0.05, and values are
represented as mean = SD. Outliers were identified as a z score >2 and were removed from the

data set.

5.3 Results

Animal Characteristics:

Old mice had significantly greater body mass, heart mass, spleen mass, and white adipose

tissue (WAT) mass compared with the young groups, independent of APOE genotype (p<0.05;

118



table 5.1). Liver, gastrocnemius, and soleus weights did not differ among groups. None of the
animal characteristics revealed an effect of APOE genotype, suggesting aging effects on animal
characteristics are independent of APOE genotype.

Cerebral artery endothelial dilation is dependent on age but not APOE genotype

The PCAs from old mice had impaired endothelium-dependent dilation to ACh (main
effect of age, p<0.0001, Figure 5.1A and B) and insulin (main effect of insulin, p<0.001, Figure
5.1E and F) compared to the young groups, but there was no main effect of APOE genotype
(p>0.05). Specifically, old £3 had ~7% less dilation to ACh (max: p=0.2, dose-response:
p<0.0001)(Figure 5.1A and B), and ~13% less dilation to insulin (max: p=0.005, dose-response:
p<0.0001)(Figure 5.1F and E) compared with young £3 mice. Old £4 mice had ~16% less
dilation to ACh (max: p=0.0004, dose-response: p<0.0001)(Figure 5.1A and B) and ~12% lower
dilation to insulin (max: p=0.01, dose-response: p<0.0001)(Figure 5.1E and F) compared with
young E4 mice. Interestingly, a sub-analysis for sex revealed that young female mice have better
EDD to ACh (max: p=0.0007) (Figure 5.1C) and a trend to better insulin response (max
p=0.07)(Figure 5.1G) compared to their young male counterparts, but there was no main effect
of APOE genotype (p>0.05). Interestingly though, despite the sex difference observed in the
young mice, no sex differences were observed in the old mice to ACh or insulin (maximal and
dose-responses all p>0.05)(Figures 5.1D and H). All dilation seen in response to increasing
doses of ACh and insulin, was mediated by nitric oxide, as indicated by the little to no dilation in
the presence of NO inhibitor, LNAME. Specifically, with LNAME present, there were no
differences between groups for ACh- or insulin-mediated dilation (dose-response and maximal
responses, all p>0.05)(Figures 5.1A and E). Endothelium-independent dilation was not different

between groups (dose-response and maximal responses, all p>0.05)(Figures 5.1 I), indicating
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that the differences in vasodilation were due to endothelial cell impairment in old animals,

regardless of their genotype. Sensitivity (EC50) to vasodilators did not differ per group (all

p>0.05, Table 5.2). Lastly, the amount of preconstriction did not differ per group (all p>0.05,

Table 5.2).

(¢

PCA Vasodilation *

PCA Vasodilation

tc ACh (%)
PCA maximal

PCA Vasodilation

Pe 9 8 7 6 5 4
Acetylcholine [log M

=—h

e f=2]
=) =1

to Insulin (%)
8

PCA Maximal

(=]

1b 160 1Ub0 10500
Insulin [ng/mL]

to SNP (%)

[N
=]

o

Pre -10 -9 -8 -7 6 -5 -4
SNP [log M]

2 80 _x
— g =
=
s 60! L0
Z s <
o0 =8
=
_5 20 5 L2
5 0o
5o B
APOE3 APQE4
age: p<0.0001
- g.
Fw )
£ ® C
S &0 E E
= 3 <
o 40 i*g
< 20 5
g g2
T, )
[} APOE3  APOE4 a]
age: p<0.0001
4 YE3 A YE3LNAME
Y E4 Y E4 LNAME
4 OE3 < OE3LNAME
i OE4 = OE4LNAME

@
k=3

N
o

[>]
=1

60

40

20

Young APOES Young APOE4

sex: p=0.0007

Young APOE3 Young APOE4

sex: p=0.07

PCA Maximal

%PCA Maximal

4 Male

;\;‘ a0 ? Female
S 6o
<
Q40
=
g 20
5
O o

Old APOE3 Old APOE4
£ 80
F:
= 60
210
c
£ 20
&
[m}

Figure 5.1. Cerebral artery endothelial function is impaired with old age, and greater in young
females compared to young males, both not affected by APOE genotype. Young and Old
homozygous £3and £4 mice were studied at 6 mo and 24 mo. In isolated posterior cerebral arteries
(PCAs), endothelium-dependent dilation was measured to a) increasing doses of acetylcholine
(ACh) in the presence and absence of nitric oxide inhibitor, LNAME b) age x APOE genotype, ¢) in
young mice, sex X APOE genotype and d) in old mice, sex x APOE genotype. E) Endothelium-
dependent dilation to increasing doses of insulin, in the presence and absence of LNAME. Max
dilations f) age x APOE genotype, g) in young mice, sex X APOE genotype and, h) in old mice, sex
x APOE. 1) Endothelium-independent dilation in response to increasing doses to SNP. A repeated
measures ANOVA for the dose responses and a two-way ANOVA for the maximal responses was
used to determine independent and interaction effects, and a Tukey’s post-hoc analysis was
performed.*p<0.05, **p<0.01, ***p<0.001. n=12-22/group, data are mean + SEM.
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Cerebral artery constriction is dependent on age and APOE genotype

PCA’s from old mice had less constriction to KCI, however this was dependent on APOE
genotype (interaction effect: p=0.001, age effect: p<0.0001)(Figure 5.2A and B). Old E£3 mice
constricted 33% less to KCI when compared to the £3 young cohort (max: p<0.0001, dose-
response: p=0.0002)(Figure 5.2A and B). Old £4 mice to their young £4 counterparts had no
differences (max: p=0.8, dose-response: p=0.02)(Figure 5.2A and B). Young £4 mice constricted
about 18% less to KCl than their young £3 counterparts (max: p=0.009, dose-response:
p=0.02)(Figure V.2A and B). Old £3 mice trended toward less constriction than the old £4 mice
(max constriction, p=0.08) (Figure 5.2D). In a sub-analysis for sex there was a main effect of
genotype in the young mice (p=0.004), in the young mice, KCl constriction was lower in the £4
male mice compared to young £3 males (max p=0.01)(Figure 5.2C).

Regarding constriction to ET1 in PCA’s, there was an interaction effect between APOE
genotype and age, and a main effect of age (interaction: p=0.02, age: p=0,03)(Figure 5.2F). ET1
constriction was 18% less in old £3 mice compared to young £3 mice (max: p=0.009, dose-
response: p=0.001)(Figure 5.2G and F). Old £4 mice did not differ in constriction when
compared to young E£4 mice (maximal and dose response all p>0.05)(Figure 5.2E and F). In the
sub-analysis for sex differences, there was a main effect of sex in the young cohort, where young
females had greater ET1 constriction compared to young males (p=0.003)(Figure 5.2G).
Specifically, young female £4 mice had 25% greater constriction than young £4 males
(p=0.02)(Figure 5.2G). However, in the old mice, no sex differences were seen, but there was a
trend for a genotype effect where maximal ET1 constriction in the old £E4’s was greater than that
of the old E3’s (p=0.08)(Figure 5.2H). These constriction results suggest that £4 mice maintain

responsiveness to vasoconstrictors in old age.
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Figure 5.2. Posterior cerebral artery (PCA) responsiveness to constrictors is maintained with
age in APOE E4 mice but diminishes with age in APOE E3 mice. In isolated posterior cerebral
arteries (PCAs), the constriction response to a) potassium chloride (KCI) was measured. b) Maximal
constriction to KCl for age x APOE genotype, ¢) in young mice, sex x APOE genotype and, d) in old
mice sex x APOE genotype. E) PCA vasoconstriction to endothelin-1 (ET1) was also measured.
Maximal constriction to ET-1 for f) age x APOE genotype, g) young mice for sex x APOE genotype,
and h) old mice for sex x APOE genotype. APOE genotype and age interact to maintain constriction
in old £4 animals in response to KCI and ET1. A repeated measures ANOVA of dose responses and
a two-way ANOVA with Tukey’s multiple comparisons was used to determine independent and
interaction effects of age and genotype. A sub-analysis using a two-way ANOVA to determine the
effect of sex differences and APOFE genotype on constriction responses.*p<0.05, **p<0.01,
**x%p<0.0001. n= 14-20/group, data are mean + SEM

Cerebral vascular reactivity is better in old female mice

Cerebral perfusion was measured via arterial spin labeling MRI in a subset of old mice.

There was a non-significant trend in the interaction effect of £4 genotype and female sex in

lowering resting cerebral perfusion in the whole brain, hippocampus, cortex and thalamus (all

p>0.05)(Figure 5.3C, F, I, & L). Cerebral perfusion was measured during hypercapnia, which

revealed similar trends as the resting state (p>0.05, Figure 5.3 D, G, J, & M). The percent change

was calculated from resting to hypercapnic, a measure of cerebrovascular reactivity. Females had

greater reactivity in the whole brain (p=0.02), hippocampus (p=0.05), and cortex (p=0.04)(Figure
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5.3 E, H, K, & N), but there was no effect of APOE genotype (p>0.05). Thus, despite the old £4

females trending to lower resting cerebral perfusion, they maintained CVR.
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Cerebral artery stiffness and large artery stiffness are influenced by age
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Figure 5.4. Posterior cerebral artery stiffness is elevated with age but is not
(p<0.0001). affected by APOE genotype. In posterior cerebral arteries incubated in a calcium-
free solution, a passive response to determine the structural components on the artery
Old E3 mice was performed, generating a f) stress strain curve. From this curve, B -stiffness and

elastic modulus were calculated. a) PCA B-stiffness was elevated in old mice, but no
genotype effect was seen. b) PCA B-stiffness did not differ by sex in young mice, but
¢) in old mice there was an interaction effect of age and sex. Elastic modulus d) at
low pressure was higher in old mice, however no differences at e) high pressure were
seen. A two-way ANOVA was used to determine main and interaction effects of age
and genotype on PCA B-stiffness. A sub-analysis using a two-way ANOVA was used

have greater
PCA B
stiffness than
their young counterparts (p=0.05), and old £4 mice have greater PCA B stiffness than the £4
young (p<0.0001)(Figure 5.4A). There were no sex differences among young mice (all B

stiffness p>0.05), however old mice had an interaction of APOE genotype and sex on PCA
stiffness (p=0.04)(Figure 5.4C). Lastly, PCA elastic modulus at low pressure had a main effect of
age (p=0.01)(Figure 5.4D). No differences were seen in carotid artery B stiffness or in elastic

modulus at low or high pressure (all p>0.05)(Figure 5.5A-F). Large artery stiffness, measured by
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aortic pulse wave velocity, was elevated with age (p=0.001)(Figure 5.6A), but there was no main

effect of genotype.
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Figure 5.5. Carotid artery stiffness is not affected by age or APOE genotype. Carotid arteries were
incubated in a calcium free solution, and a passive response was performed. A f) stress strain curve was
generated in which to calculate B-stiffness and elastic modulus. a) Carotid p-stiffness was not different
between groups. b) Carotid B-stiffness did not differ by sex in young mice, but c) old mice had a
interaction effect of age and sex. Elastic modulus d) at low pressure and e) high pressure were not
different between groups. A two-way ANOVA was used to determine independent and interaction
effects of age and genotype on Carotid B-stiffness. A sub-analysis using a two-way ANOVA was used
to determine the effect of sex and APOE genotype on carotid stiffness measures.*p<0.05. n=10-
18/group, data are mean = SEM.

Instinctual behavior, and motor coordination are impacted by age but not APOE genotype

Instinctual behavior, a measure of cognitive function, measured by nest building, was
lower with age (p<0.0001), but again there was no main effect of APOE genotype (Figure 5.6B).

Lastly, motor coordination, measured by rotarod, was lower with age (p=0.0002) (Figure 5.6C).
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Figure 5.6. In vivo stiffness, instinctual behavior, and motor coordination worsen with age, but
are not affected by APOE genotype. a) Aortic stiffness, measured by pulse wave velocity (PWV), is
elevated with age. b) Instinctual behavior, determined by the score on a nest building task, and ¢) motor
coordination, measured as the time spent on an accelerating rotarod, was worse in the old mice. Two-
way ANOVA with Tukey’s multiple comparison analysis. *p<0.05, **p<0.01. n=21-27/ group. Data
are mean + SEM.

Cognitive function is impaired with age

Morris water maze was used to assess learning and spatial memory. In training trials 5
(E3 p=0.002, E4 p=0.09)& 6 (E3 p=0.004, E4 p=0.2), the old mice took longer to locate the
platform compared to their young cohorts (Figure 5.7C), but there was no main effect of APOE
genotype (p>0.05). In the 60 second probe trial, analyzed for seconds 10 — 50, the young mice
spent more time in the target quadrant than the other quadrants, where the old mice did not spend
more time in the target quadrant (Figure 5.7E), indicating impaired memory in the old mice. For
the beacon trial, there was an effect of age on the total distance moved, where old mice took
longer to reach the platform than their young cohorts (p=0.03)(Figure 5.7K), with no main effect
of APOE genotype (p>0.05). Latency to platform for the beacon trial was slowest in the old £3
mice (p<0.0001). Lastly, in the training trials, probe trial, and beacon trial, old mice had a slower
swimming velocity than their young counter parts (all p<0.05)(Figure 5.7D, H, J), indicating

potential impairments in motor function with age, again with no main effect of APOE genotype.
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Figure 5.7. Learning and spatial memory is impaired with age but not APOE genotype. a)
Schematic of morris water maze. b) Heat maps of morris water maze probe trials. c) Training trials were
not different between any of the groups. d) Training velocity was lower in with age. ¢) The young
cohorts spent more time in the target quadrant than the old group during the probe trial. f) Latency to
platform and g) platform frequency was not different between groups. h) Probe velocity and i) probe
distance moved was lower with age. j) Beacon velocity, k) distance moved, and 1) latency to platform
were all lower with age. Two way ANOVA was with Tukey’s multiple comparison analysis was used
to determine the effect of age and genotype. A repeated-measures ANOVA was used to determine the
difference between training trials. A one tailed t-test was used to determine differences between target
and other quadrants. .*p<0.05, **p<0.01, ****p<0.0001. n=16-22/group. Data are mean £ SEM.
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Differences in swimming velocity
and beacon performance are
potential cofounders for the
interpretation of the probe trial
results.

With age increased anxiety
is associated with cognitive decline
in mice (321). Anxiety was
measured by the open field test,
where mice that spent more time
exploring are assumed to have less
anxiety. There was a main effect of
age on time spent in the center of
the quadrant, were time spent in the
center was lower in the old mice,
and there was no main effect of
genotype (p=0.02)(Figure 5.8D). A
sub-analysis of sex uncovered an
interaction effect (p=0.01) in the
old mice, where old £4 male mice
spent less time in the center
compared to the £4 females

(p=0.01)(Figure 5.8F), however
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Figure 5.8. Anxiety was higher with age. a) A schematic of
the open field test. Representative heat maps for b) young and
¢) old mice. d) Time spent in the center of the arena was lower
with age. e) Young mice by sex on time spent in the center. f)
Old mice by sex on time spent in the center of the arena. g)
Open field distance moved and h) open field velocity. A two-
way ANOVA was used to determine main and interaction
effects of age and genotype on anxiety. A sub-analysis using a
two-way ANOVA was used to determine the effect of sex and
APOE genotype on anxiety.*p<0.05, **p<0.01, ****p<0.0001.
n=16-22/group, data are mean = SEM.
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this was not seen in the £3 mice. Lastly, the total distance moved was less in old mice
(p=0.04)(Figure 5.8G), while there were no differences in velocity, indicating that old mice did
not explore as much due to elevated levels of anxiety(Figure 5.8).

Indirect Calorimetry is altered by age

In vivo whole-body metabolism was measured in a subset of mice, via metabolic cages.
Age influenced dark cycle VO2 uptake (p=0.02; Figure 5.9C), and total and dark cycle VCO2

production (p=0.0005, p=0.004; Figure 5.9D, F) in young mice, and there was no main effect of
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Figure 5.9. Age impacts oxygen consumption, and carbon dioxide production, while
respiratory exchange ratio is influenced by age and APOE genotype. a-c) VO2 and d-f)
VCO2 normalized to body weight in ml/hr/kg for young and aged £3 and & spanning a,d) total,
b,e) light cycle, and c,f) dark cycles. g-i) Respiratory exchange ratio (RER) in young and aged
&3 and &4 mice spanning g) total, f) light cycle, and i) dark cycle values. *p<0.05, **p<0.01,
*#%p<0.001. n=6-12/ group. Data are mean + SEM.
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genotype. Total RER, light cycle RER, and dark cycle RER were lower in old mice (p<0.0001,
p=0.01, p<0.0001). Interestingly, the lowest RER was observed in the old £3 mice compared to
old £4 mice for average, light, and dark cycle RER (p=0.003, 0.02, p=0.01; Figure 5.9G-H).
Overall, our data suggests that £4 mice had a higher RER than old £3 mice. Thus, age and

APOE genotype are important factors to consider in metabolic outcomes, especially in old mice.

5.4 Discussion

The major findings of this study are that age greatly influenced cerebrovascular function,
arterial stiffness, cognition, and motor function. APOE genotype did not affect most outcomes in
this study, apart from the cerebral artery vasoconstrictor responsiveness and cerebrovascular
reactivity. PCA’s from old mice constricted less to KCl and ET1, however this lower constriction
was seen in the old £3 mice, whereas old £4 mice maintained their ability to constrict to these
stimuli. Further, female £4 mice trended towards lower cerebral perfusion compared with female
E3 mice, but old female £4 mice preserved the capacity to respond to hypercapnia. These data
also show that old female mice had greater cerebrovascular reactivity than their male
counterparts. Lastly, RER was lower in old mice than young, and old £4 mice had a higher RER
than old £3 mice, suggesting potential alterations in carbohydrate metabolism. The lack of an
effect of APOE genotype on endothelial function, arterial stiffness, and cognitive function
indicates that additional stressors may be necessary to elicit the previously seen negative effects
of E4 genotype with age (313).

Cerebrovascular dilation and constriction: The delicate dance of vascular homeostasis

In this study, age strikes again as a predominant disrupter of healthy vascular function.
Previous studies have demonstrated oxidative stress and inflammation are the primary culprits in

aging that disrupt vascular function. As this study and others have shown vasodilation knowingly
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decreases with age, due to lower NO bioavailability. This is a consequence of elevated reactive
oxygen species production (ROS), however we did not measure this in this study (322). The
production of super oxide radicals can enhance eNOS uncoupling, and can also react with NO
generating perioxynitrate, forming a reactive nitrogen species, reaping havoc on the vascular
system (30). The elevation of ROS feeds into further ROS production and promotes
inflammation, ultimately leading to endothelial cellular senescence (323). These are potential
mechanisms for the lower EDD in the present study but need verified with further analysis. Age
also influenced the stiffness of our PCA’s, but no changes were observed in smooth muscle
function, as indicated by our SNP results. Additional investigation into changes in the ECM
could explain the changes in stiffness.

As we age, we have a reduced ability to vasoconstrict blood vessels effectively. In 24-
month-old rats, coronary resistance arterioles to ET1 and KCl reactivity decreased compared to
young rats (324). These are similar to our findings where there was a main effect of age for the
response to ET1 and KCl in cerebral arteries. Previous literature also suggests that age reduces
the expression of voltage Ca++-activated K+ channels in coronary arteries (324, 325), potentially
explaining the decreased responsiveness seen in old mice. The lower ET1 constriction with as is
potentially explained by receptor changes in ETA and ETB expression on VSMCs (326),
however further testing on our samples would be needed to verify this. All the previously
discussed changes occur with age but little to no investigation has been done on vasoconstriction
and vasodilation responses with regards to APOE genotype, adding novelty to our study.

E4 genotype has previously demonstrated to elevate levels of inflammation and oxidative
stress in cerebral vascular endothelial cells (100). Thus, we hypothesized the £4 genotype would

be associated with impaired endothelial function, but contrary to our hypothesis, we found no
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effect of APOE genotype. However, our results indicated that old £4 mice maintained
constriction responsiveness with age, while the old £3 mice did not. A potential explanation for
our results is £4 mediated alterations in lipid homeostasis. £4 has prominent effects on lipid
metabolism, often resulting in excess lipid accumulation, a result of poor lipid exportation(106).
In VSMC’s, this accumulation of lipids can lead to a phenotypic change, impacting contractile
properties as seen in our results (327, 328). Another alternative is that lipid metabolism can
increase oxidative stress and decrease NO, furthering ROS production, enhancing contractility
(329). However, we saw no differences in NO mediated dilation between genotypes, and no
dilation in the presence of NO inhibitor LNAME, suggesting that it is unlikely that £4 is
impacting oxidative stress and NO. Future testing for inflammatory markers is warranted, and
further experiments should measure the expression of ETA vs ETB, and levels of ET1.

CBF and CVR: A story of age and sex

Human literature indicates that old £4 females have lower CBF than old £3 females (330,
331). Our data trends to lower resting CBF in old £4 females compared to £3 females. Despite
having lower resting CBF though, the £4 females, have better CVR than their old male
counterparts. £3 females also have better CVR than their old male group, suggesting old females
independent of APOE genotype have better CVR with age. Potential explanations for females
having preserved CVR could be related to more effective cerebral autoregulation (332).
Additionally, a role for androgens in cerebrovascular function has been proposed, suggesting that
androgens may be negating proper CVR. A study in male rats showed that castration increases
vasodilation in middle cerebral arteries (333). Thus, additional investigations are needed to tease
apart the mechanisms for the lower basal perfusion with £4 and greater CVR in females.

Cognitive Function
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Contrary to our hypothesis and previous literature (301), the £4 genotype did not worsen
cognitive function. A meta-analysis of cognitively healthy older adults indicates that £4 carriers
have worse cognitive performance than non-carriers, with larger differences emerging in old age
(301, 334). A more recent meta-analysis shares that £4-knock-in mice, in an otherwise healthy
brain condition, are endowed with some cognitive deficits irrespective of sex or age, dependent
on experimental test condition (301). Conflicting our findings, one study in £4 mice treated with
an RXR agonist (which is responsible for expression of ABCA1 and apoE), had improved
memory compared to £4 mice not treated with the agonist. Also, control £4 animals had a
greater impairment in cognition measured by water maze and novel object when compared to £4
animals treated with an RXR agonist (335). One future avenue to investigate the swim pattern of
all the mice, which may indicate more floating or more slowing down to orient themselves to
compensate for a reduction in spatial mapping in the hippocampus (301). Regardless of the
absence of APOE effect seen in our results, we do see a prominent age effect in morris water
maze (MWM) results, and nest building, a measure for cognitive function and executive function
(159). In a previous study in our lab, old mice had lower nesting scores than the young controls
(233). Additional stressors may be required to impact cognitive function in old £4 mice. Aging is
a major driver of cognitive impairment, and £4 in the absence of AP or other hallmarks of AD is
not enough to further the impairment that is already seen with old age.

Open field was used as a measurement of anxiety, which occurs in 50-75% of AD
patients(336-338). We observed that with age there are greater measures of anxiety, which is
consistent with previous literature in mice (339). A study performed in GFAP-E4 transgenic
mice demonstrated anxiety like behaviors compared to their GFAP-E3 controls, measured by

open field (340). These APOE-GFAP mice were only 3-months of age and male, while our
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young mice were 6-months old and both male and females. Also, contrary to this study, our £4
males did not have increased anxiety like the E4-GFAP mice, suggesting again that additional
stressors may be necessary to exacerbate the effect of the £4 genotype. We find that old £4
female mice had less anxiety behaviors than the old £4 males, this finding was not seen in the £3
mice though. This could be due to the lack of literature in old £4 mice, and thus mechanisms
need elucidation. In our study, we also found that measures of motor function were significantly
impaired with old age as measured by rotor rod and swimming velocity. A study in 2021
similarly saw a decline rotor rod gait velocity and swimming speed from 6 months to 22 months
in male B6-C57 mice (341). Overall, our findings suggest that age more strongly alters anxiety
and motor function than APOE genotype.

Indirect Calorimetry: RER varies by APOE genotype

The main finding from our indirect calorimetry experiments is that £4 mice exhibited a
higher RER than £3 mice for both age groups, suggesting an impaired ability to utilize lipids.
The differences seen in RER are due to a slight increase in VCO2 and slight decreases in VO2,
resulting in larger differences in RER. In a recent study from 2024, 18-month-old male mice had
no differences in RER in £3 compared to £4 mice on a normal diet (342). This study differs
from ours by 1) they only used male mice that were 18 months-old; 2) RER was only measured
for a 24-hour period, analyzed every 20 minutes. In contrast, our study observed RER over a 4-
day period. A major limitation to our metabolic findings is that we did not measure activity.
Thus, the differences in RER could be a result of old £4 being more active than the old £3 mice,
thus further investigations are warranted.

Limitations
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One major limitation in our study is the diet contained soybean meal. Our previous study
and other literature has suggested the soybean meal, particularly genistein (a phytoestrogen) can
improve vascular function and cognitive function. Thus, future studies should be conscious of
their diet and avoid diets high in soy to avoid potential cofounding effects. The phytoestrogens in
soy could improve vascular and cognitive function in £4 mice, this negating genotype
differences. Another limitation is the APOE mice are on a C57BL/6 background strain as other
studies have shown that background strain interacts with AD gene variants to impact outcomes
(343). It is also of importance to note that mice have different lipid trafficking than humans.
Mice lack the cholesterol ester transfer protein (CETP) gene. This gene transports cholesterol
and triglycerides between lipoproteins, and the absence of this gene in mice results in them
carrying majority of their lipid cargo in HDL, rather than the more atherogenic LDL particles.
Also, a mouses normal chow contains low fat and cholesterol, unlike a traditional human diet.
Thus, future studies investigating apoE (a primary lipid trafficking protein) should be
investigated in the presence of CETP in efforts to increase translation to human physiology and

pathology.

5.5 Conclusion

The results of these studies demonstrate that age has a greater influence on cerebral
vascular, vascular structure, and cognitive function than the £4 genotype. For the first time, we
demonstrated that old £4 animals maintain their ability to vasoconstrict with age compared to old
E3 mice. This could impact the ability to regulate blood flow, but this was not indicated by our
cerebral perfusion measures and could have impacted outcomes not measured. These results
demonstrated that old female mice maintain a better cerebral vascular reactivity than the males.

Altogether, these results imply that age continues as the greatest disruptor of vascular and
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cognitive function, and that other stressors in tandem with the £4 genotype are necessary to

induce genotypic changes that are seen in the human data.
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Table 5.1. Animal Characteristics

Young E3 Young E4 Old E3 Old E4
n 20 24 26 22
Age (months) 6.7+£0.2 6.5+0.2 24+0.4 23+0.9
Sex (%F) 20 (45%) 24 (46%) 26 (50%) 22 (50%)
Body mass (g)? 28.1+5.6 283 +4.7 34.0 £ 4.4%% 35.8 £9.3*%%
Heart mass (mg)? 0.15+0.03 0.15+0.02 0.18 £ 0.03*¢ 0.19 £ 0.03*y
Percent heart: 0.56 £ 0.1 0.52+£0.01 0.52+0.1 0.55+0.1
body mass
Liver mass (mg)* 1.53+0.4 1.53+0.4 1.82+0.4 1.68+0.7
Percent liver: 539+0.6 537+0.7 539+12 4.67+1.4
body mass
Spleen mass (mg)?* 0.1 £0.01 0.09 +0.01 0.16 £0.17 0.16 £ 0.1*%
Percent spleen: 0.38+£0.08 0.33+0.07 0.48+0.4 0.47+0.3
body mass
WAT mass (mg)* 0.65+0.4 0.85+0.4 1.43 £0.7* 1.66 £ 1.6%
Percent WAT: 2.17+£1.0 295+£1.0 4.07+1.6 418 £3.1
body mass
Gastroc mass (mg) 0.16 £0.03 0.17+0.03 0.15+0.02 0.15+0.03
Percent gastroc: 0.56 £0.08 0.60 + 0.08 0.40+0.16 0.44 £0.08
body mass?®
Soleus mass (mg) 0.01£0.0 0.01 +£0.0 0.06+0.2 0.01 £0.0
Percent soleus: 0.04+0.0 0.04+0.0 0.14+0.6 0.03+0.0
body mass
Uterus mass (mg) 0.12+ 0.0 0.10+ 0.0 0.12 £0.05 0.12+£0.05
Percent uterus 0.5+0.1 0.37+0.1 0.38+0.1 04+0.2
mass: body weight
Frailty Index 0.23 +£0.07 0.22 +0.08
FRIGHT age 788 + 40 785 + 49
(days)
AFRAID score 187 +£22 188+ 17
(days)

Data are mean = SD. WAT, white adipose tissue. * p<0.05 main effect of age, ® p<0.05 main effect of genotype, ¢

p<0.05 interaction effect, * P <0.05 vs. young E3, 1 P<0.05 vs. young E4

137



Table 5.2. Artery Characteristics

Variable Y E3 Y E4 OE3 O E4
Posterior Cerebral
Artery
Maximal Diameter (um) 141 +£ 14 145+ 11 132 +£22 147 +£ 18
EC50, log M
ACh -7.0+£04 -7.1+£04 -6.9+04 -7.1+0.3
Insulin 1.6+0.5 1.4+0.4 1.6 £0.5 1.6+£0.5
ET1 -7.2+0.8 -7.2+0.7 -7.5+0.5 -7.3+0.7
KClI -7.6+£1.6 -8.1+£0.5 -83+0.3 -95+0.3
SNP -7.1+0.6 -7.0+0.5 -7.5+0.5 -7.1+0.6
Preconstriction (%)
ACh 37+9 38+ 13 35+8 40+ 10
Insulin 41+ 10 38+ 14 3611 40+ 9
SNP 45+ 14 50+ 12 46 + 14 49+ 12

Data are mean + SD. ACh, acetylcholine; ET1, endothelin-1; KCl, potassium chloride; SNP, sodium nitroprusside. No significant effects for 2x2

ANOVA analysis
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VI. DISCUSSION

Chapters 2 & 3 provided insight into Chapters 4 & 5. The first two chapters allowed me to
confirm 1) ovariectomy decreases cerebrovascular function and 2) understand how the estrous
cycle influences vascular function. The results of these first two studies were pivotal for properly

designing the studies performed in Chapters 4 & 5.

6.1 Summary and conclusions of chapter 2 & 3

6.1.1 Impact of estrous cycle on vascular function

I found that the estrous cycle should be accounted for when measuring in vivo large
artery stiffness in young female mice. It is important to consider sex as a biological variable and
account for hormonal fluctuation during in vivo measurements of vascular function to improve
the overall quality of the study. These findings could also explain the current variability found

within the literature.

6.1.2 Impact of dietary soy on vascular function

I found that dietary soy can influence vascular function, insulin signaling, and cognitive
function. I confirmed previous findings that ovariectomy impairs cerebral artery endothelial
function. For the first time, I demonstrated that a diet containing soy prevents the adverse effects
of ovariectomy on insulin-mediated vasodilation. My results also provide insights into the
potential mechanisms for these vascular effects, such as increased insulin receptor expression
with soy diet and decreased estrogen receptor and antioxidant expression after ovariectomy. |
also found that dietary soy improves instinctual behavior, suggesting potential benefits to
cognitive function. The results of these studies highlight the need to consider soy content in the

diet when studying cerebrovascular function in rodents. Together, these results imply that the
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effects of diet on vascular function may explain potential inconsistencies found between studies,

particularly in female rodents.

6.2 Conclusions of Chapters 4 & 5

6.2.1 The E4 genotype resists estrogen status

The results from Chapter 4 are some of the most intriguing of this dissertation. My results
indicated that APOE genotype modulated the response to estrogen on cerebral vascular and
mitochondrial function. In £3 OVX mice, 17B-estradiol supplementation prevented ovariectomy-
induced declines in cerebral vascular function and led to greater mitochondrial respiration. Mice
with the £4 genotype, however, saw no benefit or detriment due to estrogen status on cerebral
vascular function. Ultimately, these results suggest that estradiol supplementation may have a
more therapeutic benefit for £4 non-carriers. Further research should delve into the mechanisms
by which E4 is resistant to change in estradiol to help improve our understanding of disease

progression and generate better therapeutic targets.

6.2.2 Age disrupts cerebral vascular function greater than APOE genotype

The results of these studies demonstrate that age has a greater influence on cerebral
vascular function, vascular structure, and cognitive function than the £4 genotype. I
demonstrated that the old £4 animals maintain their ability to vasoconstrict with age compared to
E3 mice. Thus, their ability to regulate CBF could be altered, but this was not supported by
cerebral perfusion measures. Altogether, these results imply that age continues as the greatest
disruptor of vascular and cognitive function, and that other stressors in tandem with the £4
genotype are necessary to induce the physiologic differences that are seen in the human data.
Future directions for this study should investigate the mechanisms by which constriction is being

altered in old E£4 mice.
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6.3 Future Directions

While each study brought new insights to the literature, the most intriguing discovery
worth further exploration is how the E4 allele confers resistance to estrogen status. Again, other
literature supports this idea of £4 resistance to hormone therapy, but the mechanisms as to why
remain unknown. While the £4/E4 genotype showed resistance to estrogen supplementation,
future studies should consider how the £3/E4 genotype would influence these outcomes.
Additionally, studies like this should be performed in male mice to further investigate the
complex interaction of sex steroid hormones and APOE genotype. Considering existing literature
may help unlock the answer to why E4 genotype confers resistance to estrogen.

One key to the lock could be changes in plasma membrane cholesterol. ApoE is a major
cholesterol and lipid transporter, determining to an extent the amount of cholesterol in the
plasma membrane of cells, and recent literature suggests excessive cholesterol in the plasma
membrane can influence vasodilatory signaling (344). Concurrent with this theory, I know that
sex steroid hormones, like estrogen, are derived from cholesterol. Postmenopausal women
experience an increase in cholesterol levels, and this cholesterol excess, particularly in £4
women, may contribute to the observed dysfunctions. Thus, E4-bearing postmenopausal females
could be pocketing excess cholesterol in cell membranes, altering physiological functions and
leading to not only altered cerebrovascular function but a myriad of other diseases.

Key number two is that future research should verify these studies in a different mouse
model of menopause, like the ovarian failure (VCD) model and in older mice. Our question —
how the interaction of estrogen and APOE influences cerebrovascular and mitochondrial
outcomes — drove our model of ovariectomy. However, physiological aging and asynchrony of

perimenopause causes extensive changes throughout the body. Studies done at different ages and
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with different menopausal models would allow us to tease apart the influence of age, the

menopause transition, and other sex steroid hormones on vascular and mitochondrial function.

6.4 This dissertation in a paragraph

All in all, this work highlights three things: 1) Researchers need to always consider how
sex steroid hormones and diet can influence their results, chiefly for vascular research. 2) APOE
genotype interacts with estrogen status to influence cerebral vascular and mitochondrial function,
where E4 is resistant to the beneficial effects of estradiol. 3) Age continues to be the greatest
disrupter of vascular and cognitive function. The importance of these studies is that they
contribute new knowledge to the bigger picture of health and equity for females in aging

diseases.
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VII. APPENDIX A: SUPPLEMENTAL MATERIAL

a. Proestrus b. Estrus C. Diestrus
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Supplemental Figure S2.1. Vaginal smears from C57BL/6J mice for each stage of the mouse
estrous cycle. Three cells are identified: leukocytes, cornified epithelial cells, and nucleated
epithelial cells. Proestrus is represented in (a) 10x and (d) 20x with nucleated epithelial
cells. Estrus is shown in (b) 10x and (e) 20x magnification predominantly showing cornified
epithelial cells. Diestrus is shown in (¢) 10x and (f) 20x magnification, predominantly

showing leukocytes.
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Supplemental Table S2.1

Primer Sequences

18S Primer F:
TAGAGGGACAAGTGGCGTTCPrimer
R: CGCTGAGCCAGTCAGTGT

Primer F: CCTCCCGCCTTCTACAGGT

Ers] Primer R: CACACGGCACAGTAGCGAG

Ers2 Primer F:
CTGTGATGAACTACAGTGTTCCC
Primer R: CACATTTGGGCTTGCAGTCTG
Primer F: ATGGATGCGACTACTCCAGC
Primer R:
AAGAGGGCAATCACGTACTGC

Gperl
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Supplemental Table S2.2

Target Vendor or Product # Working Antibody
antigen Source concentration Validation
Gapdh Rabbit  Cell 2118S 1:2000 Cell Signaling
mADb Signaling Technology Cat#
2118,
RRID:AB 561053
Rabbit Abcam ab215717 1:1000 Abcam Cat#
monoclonal ab215717,
eNOS RRID:AB_2893314
(phosopho
S1177)
eNOS (D9A5L) Cell 32027S 1:1000 Cell Signaling
Rabbit mAb Signaling Technology Cat#
32027,
RRID:AB 2728756
Phospho-Akt Cell 9271S 1:1000 Cell Signaling
(Ser 473) Signaling Technology Cat#
Antibody 9271,
Rabbit RRID:AB_32982
Akt antibody Cell 9272S 1:1000 Cell Signaling
Rabbit Signaling Technology Cat#
9272,
RRID:AB 329827
Phospho- Cell 2511 1:1000 Cell Signaling
Estrogen Signaling Technology Cat#
Receptor a 2511,
(Ser118) RRID:AB_331289
Mouse mAb
Recombinant ~ Abcam ab32063 1:500 Abcam Cat#
Anti-Estrogen ab32063,
Receptor a RRID:AB_732249
antibody (ChIP
Grade)
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Supplemental Table S2.3

Artery Characteristics

Proestrus Estrus Diestrus
Variable
Posterior Cerebral Artery
Maximal Diameter (um) 140 £+ 21 156 + 10 140 + 16
ECso, logM
ACh -7.6+0.5 -6.9+0.6 -7.5+0.7
Insulin -7.6+0.6 -8.0+£0.6 -7.8+0.6
SNP -7.2+05 -7.2+0.2 -75+09
Preconstriction (%)
ACh 32115 25+10 22+5
Insulin 37+18 28+19 23+3
SNP 35+13 40+ 16 40 £ 17
Mesenteric Artery
Maximal Diameter (um) 182 + 25 157 £ 13 155 + 26
ECso, log M
ACh -6.3+04 -6.8+0.4 -6.3+0.4
Insulin -8.0+0.9 -8.0+£10 -7.7+0.7
SNP -7.7+0.6 -76+0.6 -7.7+038
Preconstriction (%)
ACh 43 +12 38+9 34+9
Insulin 38 + 11 38+7 35+ 14
SNP 37+ 11 54 +21 62 + 6*

Data are mean + SD. ACh, acetylcholine; SNP, sodium nitroprusside. No significant effects for 2x2 ANOVA analysis
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Supplemental Table S3.1

Diet Comparisons

Diet Soy Diet (5053) Soy Free Diet (2020x)
Calories from Protein 24.495 24
(%)
Calories from Fat (%) 13.122 16
Calories from 62.382 60

Carbohydrate (%)

Ingredients for Soy Diet (5053): Ground Corn, Dehulled Soybean Meal, Wheat Middlings,
Ground Wheat, Fish Meal, Wheat Germ, Dried Plain Beet Pulp, Cane Molasses, Brewers Dried
Yeast, Ground Oats, Dehydrated Alfalfa Meal, Soybean Oil, Dried Whey, Calcium Carbonate,
Salt, DL-Methionine, Menadione Dimethylpyrimidinol Bisulfite (Vitamin K), Choline Chloride,
Pyridoxine Hydrochloride, Cholecalciferol (Vitamin D3), Vitamin A Acetate, DL-Alpha
Tocopherol Acetate (Vitamin E), Biotin, Folic Acid, Thiamine Mononitrate, Manganous Oxide,
Vitamin B12 Supplement, Zinc Oxide, Ferrous Carbonate, Nicotinic Acid, Riboflavin
Supplement, Calcium Pantothenate, Copper Sulfate, Zinc Sulfate, Calcium lodate, Cobalt
Carbonate, Sodium Selenite.

Ingredients for Soy Free Diet (2020x): (in descending order of inclusion) Ground wheat,
ground corn, corn gluten meal, wheat middlings, soybean oil, calcium carbonate, dicalcium
phosphate, brewers dried yeast, L-lysine, iodized salt, magnesium oxide, choline chloride, DL-
methionine, calcium propionate, L-tryptophan, vitamin E, acetate, menadione sodium bisulfite
complex (source of vitamin K activity), manganous oxide, ferrous sulfate, zinc oxide, niacin,
calcium pantothenate, copper sulfate, pyridoxine hydrochloride, riboflavin, thiamin mononitrate,
vitamin A acetate, calcium iodate, vitamin B12 supplement, folic acid, biotin, vitamin D3
supplement, cobalt carbonate
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Supplemental Table S3.2

Gene expression primer sequences

Gene Primer Sequences

18S Primer F: TAGAGGGACAAGTGGCGTTC
Primer R: CGCTGAGCCAGTCAGTGT

Ersi Primer F: CCTCCCGCCTTCTACAGGT
Primer R: CACACGGCACAGTAGCGAG

Sod1 Primer F: AACCAGTTGTGTTGTCAGGAC
Primer R: CCACCATGTTTCTTAGAGTGAGG

Sod?2 Primer F: CAGACCTGCCTTACGACTATGG
Primer R: CTCGGTGGCGTTGAGATTGTT

Sod 3 Primer F: CCTTCTTGTTCTACGGCTTGC
Primer R: TCGCCTATCTTCTCAACCAGG

Sica? Primer F: CAGTTCGGCTATAACACTGGTG

Insr

Primer R: GCCCCCGACAGAGAAGATG

Primer F: ATGGGCTTCGGGAGAGGAT
Primer R: GGATGTCCATACCAGGGCAC
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Supplemental Table S3.3

Western Blot Antibodies

Target Vendor or Product # Working Antibody
antigen Source concentration  Validation
Gapdh Rabbit  Cell Signaling 2118S 1:2000 Cell Signaling
mAb Technology Cat#
2118,
RRID:AB 561053
IRS1 Cell Signaling 3407T 1:1000 Cell Signaling
Technology Cat#
3407T
RRID:
AB 2127860
Phospho-Akt Cell Signaling 9271S 1:1000 Cell Signaling
(Ser 473) Technology Cat#
Antibody 9271,
Rabbit RRID:AB_32982
Akt antibody Cell Signaling 9272S 1:1000 Cell Signaling
Rabbit Technology Cat#
9272,
RRID:AB 329827
Phospho- Cell Signaling 2511 1:1000 Cell Signaling
Estrogen Technology Cat#
Receptor a 2511,
(Ser118) RRID:AB_331289
Mouse mAb
Recombinant Abcam ab32063 1:500 Abcam Cat#
Anti-Estrogen ab32063,
Receptor a RRID:AB_732249
antibody (ChIP
Grade)
P85 (PI3k) Cell Signaling 4292S 1:1000 Cell Signaling
Technology Cat#
4292
RRID:
AB_ 329869
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Supplemental Table S3.4

Artery Characteristics
Sham ovX OVX+Soy
Variable
Posterior Cerebral Artery
Maximal Diameter (um) 138 £ 21 140 £ 15 147 £ 13
ECso, log M
ACh -6.8+0.5 -6.6+0.5 -7.0+04
Insulin -7.7+06 -7.3+05 -7.8+05
SNP -74+04 -6.8+04 -6.9+04
Preconstriction (%)
ACh 256 4.7 23.7+55 26.04+7.0
Insulin 28.9+10.3 27.9+137 28.7+11.9
SNP 32.7+135 37.3+134 25.0+6.1

Data are mean + SD. ACh, acetylcholine; SNP, sodium nitroprusside. No significant effects for 2x2 ANOVA analysis
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Supplemental Figure S4.1
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Supplemental Figure S4.1. Respiration samples contained primarily smooth muscle cells
and endothelial cells. Cerebral arteries (CAs) dissected as for the Oroboros were measured
for gene expression of acat2 (smooth muscle cells), pecam (endothelial cells), gfap
(astrocytes), rbfox3 (neurons), and alfI (microglia) and compared to expression in the
hippocampus (hippo) to ensure respiration samples were enriched for the cerebral vasculature.
Samples were normalized to hippocampal measures. A one-tailed t-test was used to determine
significance between CA and hippocampal samples. *p<0.05, **p<0.01, ***p<0.001,
*#%p<0.0001. N=4-8/group. Data are mean + SD.
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Supplemental Table S4.1

Artery Characteristics

Variable E3 sham E3 ovx  E3estradiol E4sham  E4 ovx E4.
estradiol
Posterior Cerebral
Artery
Maximal Diameter (um) 154 +8.0 140+20.0 161 +21.7 138+16.1 144+10.1169 +16.8
EC50, log M
ACh -72+05 -72+04 -75+£05 -69+04 -7.0+0.5 -7.3+£0.5
Insulin 0.75+0.5 0.75+0.6 13+05 1.1+05 1.1+£05 1.1+0.6
SNP -74+06 -7.1+£0.6 -65+0.6 -7.7+0.7 -7.6+0.7 -7.6+0.5
Preconstriction (%)
ACh 27.8+6.5 34.0+£72 299+7.7 313+£59 304+5243.4+46
Insulin 289472 30.1%138 327499 283+102302468 oo
SNP 36.5+10.0 30351 349+84 3924151 “hlF SHOF
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Supplemental Table S4.2

Gene primer sequences

Gene Primer Sequences
18S Primer F: TAGAGGGACAAGTGGCGTTC
Primer R: CGCTGAGCCAGTCAGTGT
Pecaml Primer F: ACGCTGGTGCTCTATGCAAG
Primer R: TCAGTTGCTGCCCATTCATCA
Acat? Primer F: GGCACCACTGAACCCTAAGG
Primer R: ACAATACCAGTTGTACGTCCAGA
Gfap Primer F: CCCTGGCTCGTGTGGATTT
Primer R: GACCGATACCACTCCTCTGTC
A1F1 Primer F: AGCTGCCCGAAGTCAAGAAG
Primer R: CATAGGGGTCAGCAGTACAGG
Rbfox3 Primer F: ATCGTAGAGGGACGGAAAATTGA
Primer R: GTTCCCAGGCTTCTTATTGGTC
165 Primer F: CCGCAAGGGAAAGATGAAAGAC
Primer R: TCGTTTGGTTTCGGGGTTTC
NDI1 Primer F: CTAGCAGAAACAAACCGGGC
Primer R: CCGGCTGCGTATTCTACGTT
HK? Primer F: GCCAGCCTCTCCTGATTTTAGTGT

Primer R:
GGGAACACAAAAGACCTCTTCTGG
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Supplemental Table S4.3
Waestern Blot Antibodies

Target antigen Vendor or Product # Working Antibody Validation
Source concentration
Anti-rabbit 1I9G Cell signaling 7074 1:10000 Cell Signaling
Technology Cat 7074,
RRID: AB_2099233
Gapdh Rabbit Cell Signaling 21188 1:2000 Cell Signaling
mAb Technology Cat#
2118,
RRID:AB_561053
LRP1 Cell Signaling 64099S 1:1000 Cell Signaling
Technology Cat#
64099
RRID: AB_2799654
Phospho-Akt (Ser  Cell Signaling 92718 1:1000 Cell Signaling
473) Antibody Technology Cat#
Rabbit 9271,
RRID:AB_32982
Akt antibody Cell Signaling 9272S 1:1000 Cell Signaling
Rabbit Technology Cat#
9272,
RRID:AB_329827
Phospho-Estrogen  Cell Signaling 2511 1:1000 Cell Signaling
Receptor a Technology Cat#
(Ser118) Mouse 2511,
mAb RRID:AB_331289
COX1 Cell Signaling 4847S 1:1000 Cell Signaling Cat#
4841
RRID:AB_2084807
COX2 Cell Signaling 12282T 1:1000 Cell Signaling
Technology Cat#
12282
RRID: AB_2571729
Rabbit monoclonal Abcam ab215717 1:1000 Abcam Cat#
eNOS (phosopho ab215717,
S1177) RRID:AB_2893314
eNOS (D9A5L) Cell Signaling 32027S 1:1000 Cell Signaling
Rabbit mAb Technology Cat#
32027,
RRID:AB_2728756
Citrate Synthase Cell Signaling 14039T 1:1000 Cell Signaling
Technology Cat#
14309
RRID:AB_2665545
NDSFU1 (E4K3E) Cell Signaling 70246T 1:1000 Cell Signaling
Rabbit mAb Technology Cat#
70264
RRID:AB_3086727
NFkB1, p105,p50  Proteintech 1422-1-AP 1:1000 Proteintech Cat #
Polyclonal 14220-1-AP
antibody RRID:AB_2153393
NF-kB p65 Proteintech 10745-1-AP 1:1000 Proteintech Cat#
Polyclonal 10745-1-AP
antibody RRID:AB_2920357
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