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ABSTRACT

Vascular cognitive impairment and dementia (VCID) describes a spectrum of
cognitive disorders that have a cerebrovascular origin. VCID can range from mild
cognitive impairment to frank vascular dementia. The mechanisms behind VCID
development are not fully understood and there are no effective treatments available.
VCID arises from functional impairment in the small arteries and arterioles in the brain.
Hypertension, which affects nearly half of all American adults, is the leading modifiable
risk factor for VCID. Hypertension impairs cerebrovascular function that can starve
neurons of necessary nutrients, increasing risk of cognitive impairment. My studies focus
on cerebral parenchymal arterioles (PAs), which direct blood flow from the pial circulation
to the capillaries. Because they lack collateral connections, PAs are considered the weak
link in the cerebral perfusion. The occlusion of a single PA creates a discrete column of
ischemic tissue that can produce cognitive impairment. PAs are dependent on TRPV4
channels for endothelium-dependent dilation, and there is a strong link between TRPV4
and cognitive function. Previous studies in male rodents showed that hypertension
impairs TRPV4-mediated dilation in PAs, and this was associated with memory
impairments. When mineralocorticoid receptor (MR) antagonists are administered
alongside developing hypertension, these impairments are prevented. However, it is thus
far unknown whether MR antagonist treatment can reverse cerebrovascular and cognitive
impairments after they have developed. My first aim tests the hypothesis that rats with
established hypertension will have impaired TRPV4 function in PAs that is associated
with cognitive impairment, and that treatment with the MR antagonist eplerenone can

reverse this damage after its development. My second aim focuses on sex differences in



hypertension, as this is a major gap in the literature. Thus far, all studies linking TRPV4
function to cognition have been conducted in male mice. Given that estrogen is
vasoprotective in other vascular beds, | hypothesize that hypertensive female mice would
be protected against impaired TRPV4 function in PAs, and from the associated cognitive
deficits observed in male mice. Lastly, my third aim addresses the importance of TRPV4
channels specifically in the endothelium. There is a consistent link between TRPV4
impairment and cognitive dysfunction, but due to the channel’s ubiquitous expression, its
role in endothelial cells is unknown. Here, | test the hypothesis that male and female mice
with endothelial TRPV4 channel deletion will have cognitive impairment. My studies show
that MR antagonism reverses cerebrovascular and cognitive damage in hypertension,
and that female sex protects against the development of these impairments. Further, |
show that endothelial TRPV4 channel deletion results in cognitive dysfunction and
increased inflammation in both male and female mice. My studies show for the first time
that young female mice have preserved TRPV4 channel function in PAs that is associated
with preserved cognitive function. Further, my data suggest the MR is a promising
therapeutic target in hypertensive patients because it not only protects against

neurovascular damage but can reverse it after it has developed.
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Chapter 1:

Sex Differences in Hypertension and the Role of Endothelial TRPV4 Channels in

Cerebrovascular and Cognitive Function



1. — Overview

The brain is the most energy-intensive organ in the body, it only accounts for 2%
of body weight, yet it uses up to 50% of the available glucose (98). Because the brain
lacks its own energy stores, it is critical that cerebral blood flow is spatially and temporally
regulated to provide sufficient perfusion to areas with increased neuronal activity.
Inadequate cerebral perfusion results in hypoperfusion that, if persistent, can lead to
neuronal death.

Though cerebral arteries have some structural similarities with peripheral arteries,
including the presence of endothelial and vascular smooth muscle cells (VSMCs), this
vascular bed is anatomically and physiologically unique. It therefore needs to be studied
as a distinct entity (92). The endothelial cells of the cerebral vasculature are not
fenestrated and are instead coupled to one another by tight junctions. This creates a tight
seal to form the blood-brain barrier, which, alongside the high selectivity of molecular
transport, protects the brain parenchyma from circulating factors (152, 299). The cerebral
microvasculature also closely interacts with astrocytes and pericytes in the brain
parenchyma to relay appropriate dilatory and contractile signals to alter blood flow (153).

Both the structure and the function of the cerebral circulation is highly susceptible
to injury from cardiovascular risk factors such as hypertension. Vascular damage from
hypertension increases the risk of vascular dementia (VaD) development. Though
epidemiological evidence suggests a sexual dimorphism in the relationship between
hypertension and VaD development, little is understood about the mechanisms involved.
In this chapter, | will discuss the anatomy and physiology of the cerebral vasculature. |

will describe how hypertension and mineralocorticoid receptor (MR) activation affects



cerebrovascular structure and function. This chapter will focus on the role of transient
receptor potential (TRP) channels in artery and arteriolar function. Additionally, | will pay

special attention to known sex differences throughout each discussed topic.
1.1 — Anatomy of the cerebral circulation

1.1.1 - Extracranial arteries

To perfuse the brain, blood flows through two pairs of large extracranial arteries:
the right and left internal carotid arteries and the right and left vertebral arteries (4). The
internal carotid arteries arise as bifurcations of the common carotid arteries and continue
to branch into the anterior and middle cerebral arteries, supplying 80% of the total cerebral
perfusion (4, 38). The remaining 20% is supplied by the vertebral arteries, which arise
from the subclavian arteries. The vertebral arteries run along the spinal cord and
converge at the brainstem to give rise to the basilar artery; vertebral arteries are therefore
a critical source of brain stem and posterior brain perfusion. At the base of the brain, the
basilar artery fuses with the circle of Willis, which is a complete anastomotic ring
comprised of the anterior communicating artery, anterior cerebral arteries, internal carotid

arteries, posterior communicating arteries, and posterior cerebral arteries (PCAs) (291).

1.1.2 - Circle of Willis and intracranial arteries

The first published description of circle of Willis in 1664 by Sir Thomas Willis
marked the evolution between medieval to modern understanding of brain anatomy (79).
Unique to the cerebral vasculature, this structure is a large anastomotic ring at the base
of the brain that allows blood flow regulation across both hemispheres and the anterior
and posterior regions (174). In the event of an occlusion, the complex connections

throughout the circle of Willis allow for retrograde perfusion to ensure consistent blood



flow. Branching off the circle of Willis are three pairs of large arteries to perfuse each
hemisphere: the anterior cerebral artery, posterior cerebral artery (PCA), and the middle
cerebral artery (MCA). Each of these arteries branches further to form the pial or
leptomeningeal arteries. The pial arteries cover the brain's surface and are rich with
anastomotic connections that protect the brain from ischemia. These anastomoses
provide alternative routes for blood flow in the event of an arterial occlusion, thereby
protecting regional neuronal function (304). The anatomy of the major cerebral arteries is
shown in Figure 1.1. The large pial arteries and arterioles contain several layers of
VSMCs. The VSMCs are separated from endothelial cells by the internal elastic lamina,
an acellular layer consisting primarily of elastin and collagen (171, 306). The internal
elastic lamina has perforations, where myoendothelial projections (MEPs) on endothelial
cells can contact VSMCs (14). MEPs allow for communication between endothelial cells
and VSMCs and exist throughout all segments of the cerebral vasculature (216). MEPs

will be discussed in more detail in section 1.2.2.1.



Figure 1.1: Circle of Willis in the rodent cerebral circulation. 1. Basilar artery; 2.
Posterior cerebral arteries; 3: Posterior communicating arteries; 4: Internal carotid
arteries; 5. Middle cerebral arteries; 6. Anterior cerebral arteries. Figure courtesy of Daniel

Bollman.



1.1.3 - Penetrating and parenchymal arterioles

The penetrating arterioles branch nearly perpendicularly from pial arteries into the
Virchow-Robin space, a perivascular channel filled with cerebrospinal fluid. Penetrating
arterioles give rise to parenchymal arterioles (PAs), which are largely responsible for
perfusing the white matter (253, 264). Unlike pial arteries, PAs have only a single layer of
VSMCs, which are in direct contact with astrocytic endfeet. PAs ultimately give rise to the
capillaries, which are the site of gas and nutrient exchange with neurons. Importantly,
PAs have very few collateral connections and therefore function as a distinct vascular unit
with their associated capillaries (22, 23). This unique anatomical feature makes PAs and
the regions they perfuse particularly vulnerable to ischemia, as there are no routes to
redirect blood flow in the event of a blockage. Additionally, relative to other cerebral
arterioles, PAs generate a large amount of myogenic tone, which is the property of
arteries and arterioles to constrict in response to increases in intralumenal pressure. PAs
contribute 30-40% of the total cerebrovascular resistance (45, 47, 48). Because of these
qualities, the PAs are considered the weak link in cerebral perfusion. This dissertation will
be focused on how hypertension affects the physiology of PAs and aims to identify sex
differences in response to hypertension.
1.1.4 - Capillaries

Capillaries are the most abundant vessel type in the brain and account for more
than 90% of the cerebral vascular volume. In fact, the human brain is estimated to have
400 miles of capillaries (19). Instead of VSMCs, the capillary endothelial cells are
associated with pericytes. Pericytes exist in greater abundance in the brain than in any

other vascular bed, with a 1:1-3:1 ratio of endothelial cells to pericytes (13, 221). The role



of cerebral pericytes is controversial. While some have reported that pericytes have a
contractile phenotype and can regulate capillary blood flow (119, 129), others argue that
these cells lack the smooth muscle actin to do so (142). Capillaries also interact closely
with neurons. It is estimated that there is a one-to-one relationship between capillaries
and neurons (356) and that neurons are rarely more than 15um from a capillary (331).
From the capillaries, blood is returned to the central sinus through parenchymal venules.
1.1.5 —-Veins

After blood flows through the capillaries, it exits the brain through veins and
sinuses. The superficial cortical veins in the pia mater are responsible for draining blood
from the cerebral cortex and subcortical white matter, while the central veins drain blood
from the deep white and gray matter. These veins meet with cortical veins and drain into
the superior sagittal sinus (185, 233). The focus of this dissertation is on cerebral
arterioles; therefore, discussion of veins and venules will be limited.
1.2 — Cerebrovascular physiology

Because of the brain’s high energy demands and lack of energy reserves, it is
exceedingly vulnerable to hypoxic injury. It is, therefore, essential that cerebral blood flow
is tightly regulated throughout continual fluctuations in intralumenal blood pressure.
Maintenance of constant cerebral blood flow is achieved through cerebral autoregulation
and the development of myogenic tone. In this section, | will discuss mechanisms that
drive these processes and mechanisms of the endothelial regulation of tone.
1.1.6 - Cerebral autoregulation and the myogenic response

Cerebral autoregulation describes the ability of cerebral arteries to maintain a

constant blood flow despite continual fluctuations in pressure (48). In healthy adults,



successful autoregulation typically occurs between mean arterial pressures of 60mmHg
and 150mmHg. Artery collapse and subsequent ischemia may occur when intraluminal
pressure falls below this range. Conversely, when intralumenal pressure rises above this
range, force-mediated dilation occurs, and downstream capillaries become vulnerable to
injury. Cerebral autoregulation is achieved through the generation of myogenic tone and
myogenic reactivity. Cerebral VSMCs have the intrinsic ability to generate myogenic tone,
which is a partial constriction that is activated by an increase in intralumenal pressure.
Myogenic reactivity describes the ability of arteries to modify their contractile state to
accommodate intraluminal pressure fluctuations. Adjustments in arteriolar diameter
protect downstream capillaries by preventing intralumenal pressure from getting too high
and serve to drive blood flow in the direction of the capillaries when pressures are low.
The concept of VSMCs adjusting their contractile state according to changes in blood
pressure was first described in 1902 by Bayliss and is, therefore, sometimes referred to
as the “Bayliss effect.” The amount of myogenic tone generated is dependent on the
segment of the cerebrovascular tree. In the peripheral vasculature, it is primarily smaller
arterioles that contribute to vascular resistance. In the brain, however, both large and
small cerebral arteries and arterioles play a role in regulating blood flow. The large
cerebral arteries contribute about 50% of the cerebrovascular resistance, and the PAs
contribute about 40% (45, 91, 141). PAs generate more myogenic tone at lower pressures
than larger cerebral arteries, constricting up to 30-40% at 40mmHg in mice (45, 47, 67).
The increased resistance is partially due to their smaller diameter, as according to the

Hagen-Poiseuille equation, vascular resistance is proportional to the fourth power of the



arterial radius (290). Differences in ion channel expression and activity also likely
contribute to these differences and will be discussed in later sections.

The generation of myogenic tone is initiated by an increase in intralumenal
pressure, which produces depolarization of VSMCs. VSMC depolarization leads to the
activation of L-type voltage-gated Ca2* channels, particularly Cav1.2. Blockage of these
channels prevents myogenic tone generation, demonstrating that calcium is a
requirement for the process. The influx of Caz- through Cav1.2 channels facilitates myosin
light chain kinase phosphorylation and activation of the actin and myosin machinery,
producing vasoconstriction. While it is accepted that this is the general mechanism by
which myogenic tone generation occurs, the specific ion channels involved in responding
to arterial stretch and propagation of this signal are still being identified. Various members
of the TRP family of ion channels and epithelial sodium channels (ENaC) likely play a
role. A member of the canonical family of TRP channels, TRPCG6, is mechanosensitive
and is likely involved in sensing arterial stretch. The downregulation of TRPCG6 using
antisense oligodeoxynucleotides tempered stretch-induced VSMC depolarization and
significantly reduced the amount of myogenic tone generated in rat cerebral arteries
(338). TRPC6 also contributes to myogenic tone indirectly following GPCR activation,
working in concert with a member of the melastatin TRP family, TRPM4. ENaC are also
mechanosensitive and Drummond et al. found that blockage of these channels with
amiloride prevents myogenic tone generation in rat cerebral arteries (73).

The process of myogenic tone generation is complex and features redundant
mechanisms to ensure its function. Several studies have identified a key role for

phospholipase C (PLC) and diacylglycerol (DAG) in myogenic tone generation (167, 257,



267). A proposed mechanism for stretch-induced depolarization of VSMCs is that the y1
isoform of PLC is activated by type 1 angiotensin Il receptors (AT1R) and Src tyrosine
kinase. AT1R type 1b is the primary intralumenal pressure sensor in cerebral arteries
(270). PLC activation occurs concomitantly with stretch induced TRPCG6 activation, which
promotes Ca?* influx through the channel. TRPC6 channels are also activated by DAG
generated by PLC (144). PLC activation also leads to inositol triphosphate (IP3)
generation; |Ps sensitizes its receptors on the sarcoplasmic reticulum to local increases
in cytosolic Caz+. This sensitization facilitates Caz-induced Ca?* release of intracellular
Caz stores and acts synergistically with increased sensitivity to the Ca?* influx from
TRPCG6 activation, which activates TRPM4. Localized microdomains consisting of these
signaling molecules were identified, though it is possible other ion channels and pathways
are also involved (120). For example, a role for Caz-activated Cl- channels has been
identified (247). Additionally, while tone initiation requires an increase in VSMC Ca?,
myogenic reactivity may also involve increased Ca2* sensitivity (256). The increased Ca2*
sensitivity can partially be attributed to RhoA-Rho kinase pathway activation (305). When
Rho kinase is inhibited with Y-27632 in rabbit basilar arteries, myogenic tone is inhibited
without a change in intracellular Ca2* concentration. Arterial stretch also induces the
translocation of RhoA from the cytosol to the cellular membrane, further supporting that
this pathway is involved in myogenic tone development (350). A proposed mechanism of
myogenic tone development is shown in Figure 1.2.

Negative feedback mechanisms occur alongside myogenic tone to control the
amount of vasoconstriction. Large conductance Ca2*-activated potassium channels (BKc.)

are significant contributors to this negative feedback mechanism. The local Ca2
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transients through ryanodine receptors (RyR), known as Ca?* sparks, activate VSMC BKca
channels. BKc. activation produces a potassium ion efflux that mitigates depolarization in
the cell, thereby promoting vasorelaxation (163). RyR are an essential part of this
process, and blocking these receptors prevents the negative feedback mechanism to a
similar degree as blocking BKca (246). Notably, while VSMCs of PAs express BKca
channels, they are not active under physiological conditions (54, 55). This lack of negative
feedback may contribute to increased myogenic tone in PAs relative to larger cerebral
arteries. In rat MCAs, a negative feedback role has been identified for T-type Caz2*
channels, as the Ca? influx through these Ca2? channels activates RyR (131, 132). It is
unclear whether this mechanism is active in PAs. Several isoforms of voltage-dependent
K+ channels are expressed in cerebral VSMCs, including Kv2.1 (7) and Kv7 channels.

These contribute to negative feedback pathways (355).
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Figure 1.2: Proposed mechanism of myogenic tone development in VSMCs.
Activation of AT1R in VSMCs produces PLCy1 and subsequently IPs. This occurs
concomitantly with stretch induced TRPCG6 activation. Activation of IPsR in the
sarcoplasmic reticulum by IP3 increases intracellular Caz, which acts synergistically with
Caz* influx through TRPC6 channels to activate TRPM4. Cation influx into the cell
depolarizes the plasma membrane and encourages the opening of Cav1.2, leading to
phosphorylation of myosin light chain kinase, and producing vasoconstriction. Figure

adapted from (120). Created with BioRender.com
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1.1.7 - Endothelial cell regulation of myogenic tone

The amount of myogenic tone generated is modulated by the endothelium.
Endothelial cells form the innermost lining of all blood vessels and are oriented in the
direction of blood flow. Endothelial cells are the only cell type common to every segment
of the cerebrovascular bed, but the mechanisms these cells use to regulate vasodilation
differs depending on location (277). A functioning endothelium is necessary for matching
cerebral blood flow to neuronal demand, a process known as neurovascular coupling
(NVC). NVC will be discussed in detail later. The three signaling mechanisms used by
endothelial cells to regulate vasodilation are prostaglandins, nitric oxide (NO), and
endothelium-derived hyperpolarization (EDH). The relative contribution of each of these
pathways differs based on vessel type. Mechanisms of endothelium-dependent dilation

are outlined in Figure 1.3.

13



EDH/EDHF Nitric Oxide Cyclooxygenase
Pathway Pathway Pathway

Endothelial Cells
AA

L-Arginine AA
lcvp450
P CoX
Ca? EEEE NO Synthase l
%0%0 V
TRPV4 N PGl
Hyperpolarization NO
|KCa/SKCa
+ O O
K (] oO v
4 cGMP
4cAMP
Hyperpolarization l

\ Relaxation

Smooth Muscle Cell

Figure 1.3: Mechanisms of endothelium-dependent dilation. The endothelium
contributes to vasodilation through mechanisms involving EDH/EDHF, NO, and COX.

Created with BioRender.com.

1.2.2.1 — Myoendothelial projections

Before further discussing the cerebral vasculature and how VSMCs and the
endothelium work together to regulate blood flow, it is essential to discuss MEPs, which
facilitate communication between these cell types. MEPs provide a means of relaying
electrical and chemical signals between endothelial cells and VSMCs. MEPs extend
through the internal elastic lamina facilitating direct contact between the two cell types

(184). MEPs originate almost exclusively from endothelial cells in mice, but in humans,
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about 40% originate from VSMCs (319); the physiological significance of this difference
is not yet understood. Gap junctions, which allow for the passage of second messenger
molecules between cells, are located in the tip of some MEPs; this subset of MEPs are
referred to as myoendothelial junctions (MEJs) (89). Small arterioles tend to have more
MEJs than larger vessels. This is likely due to the fact that smaller arterioles rely more
heavily on endothelium-derived hyperpolarizing factors (EDHF) for vasodilation (184,
300, 309).

MEJs facilitate the movement of small molecules and charged ions from
endothelial cells to VSMCs. Because of this important role, MEJs are required for
myoendothelial feedback. Microdomains containing ion channels and receptors involved
in EDH-mediated dilation are formed near MEJs. (250). Localization of these key
contributors near MEJs is crucial successful intercellular communication. Cellular
structures, molecules, and ion channels within these microdomains include the
endoplasmic reticulum, caveolae, intermediate conductance Caz2+-activated potassium
channels (IKca), small conductance Caz-activated K+ channels (SKc.), and several
members of the TRP ion channel family (111, 156, 318). The function of these channels

will be discussed in depth in section 1.2.3.

1.2.2.2 — Nitric Oxide

NO, one of the most well-studied vasodilators, was initially referred to as
endothelium-dependent relaxing factor. NO is a small molecule that can diffuse through
the cellular membranes and thus does not need MEJs to pass to VSMCs. Because NO
has a short half-life, it is produced on-demand through three isoforms of nitric oxide

synthase (NOS) (154). Neuronal NOS (nNOS) and endothelial NOS (eNOS) are
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constitutively expressed, while inducible NOS (iNOS) is expressed under pathological
conditions. eNOS is expressed in endothelial cells and is the predominant vascular
isoform. eNOS is also expressed in cardiomyocytes, neurons, and platelets. In endothelial
cells, NOS signaling is initiated by the activation of GiPCRs. One such receptor subtype
is the muscarinic receptor, which is activated by acetylcholine and its analogues. G;PCR
activation prompts PLC to cleave phosphatidylinositol 4,5-triphosphate into IP; and DAG.
The activation of IPs receptors on the smooth endoplasmic reticulum increases
intracellular Ca2* levels, and this activates eNOS (74). Activated NOS catalyzes the
oxidation of L-arginine in the presence of cofactor tetrahydrobiopterin (BH4) to form NO
and L-citrulline. This NO diffuses from endothelial cells to VSMCs where it activates
soluble guanylyl cyclase. This increases intracellular levels of cyclic guanosine
monophosphate (cGMP) that subsequently activates protein kinase G and type 1 cGMP-
dependent protein kinase (287). Type 1 cGMP-dependent protein kinase promotes
phosphorylation of BKc. channels and increases the channel’'s open probability,
encouraging vasodilation (196).

In the peripheral vasculature, NO plays an essential role in blood pressure
regulation. In the brain, NO is a regulator of cerebral blood flow by contributing to
vasodilation and modulating resting tone. It appears that the importance of NO in these
roles decreases with decreasing arteriolar lumen diameter and is, therefore, the most
important in larger cerebral arteries (140). This reflects observations made in our lab
using isolated and pressurized PAs. We showed in PAs that inhibiting cyclooxygenase
(COX) and NOS does not change the amount of myogenic tone generated or

endothelium-dependent dilation after muscarinic receptor activation (67, 222). This
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suggests that EDH is the primary dilatory mechanism in PAs. However, the idea that NO
is not an important modulator of myogenic tone or dilation in PAs is controversial, as

others have found a role for NO in these processes (44, 46, 63).

1.2.2.3 — Prostaglandins

Prostaglandins are arachidonic acid (AA) metabolites produced by COX. In the
cerebral vasculature, all three COX enzymes are expressed, COX-1, COX-2, and COX-
3. COX-1 and COX-2 are more well-known and are expressed predominantly in
endothelial cells, and to a lesser extent in VSMCs. Each COX enzyme produces
prostaglandin H. from AA. This product can further be metabolized to prostacyclin (PGlz),
prostaglandin (PGE-:), and thromboxane (TXA:) (155). While TXA: is a vasoconstrictor,
both PGl. and PGE: act as vasodilators. Prostaglandins produce vasodilation by
increasing production of cyclic adenosine monophosphate (cAMP), which activates
protein kinase A (PKA) in VSMCs (69, 266). PKA production leads to VSMC
hyperpolarization in two ways. Firstly, it reduces intracellular Ca2* levels by activating
Caz-ATPase in the endoplasmic reticulum, leading to the closure of voltage-gated Caz2*
channels. Secondly, it opens potassium channels to directly hyperpolarize the cell,
resulting in vasodilation. Prostaglandins contribute to the regulation of basal cerebral
blood flow in the large pial arteries (183), but appear to have little to no role in
endothelium-dependent dilation in PAs (67,223). Notably, the contribution of
prostaglandins, particularly PGl., to cerebral blood flow regulation appears to change with
age. A study determining differences in vasoreactivity between infants and adults found
that infants have greater PGI: activity in their vertebral arteries than adults. Conversely,

vertebral arteries in adults had greater NO activity than infants (39).
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1.2.2.4 — Endothelium-derived hyperpolarization / endothelium-derived hyperpolarization

factors

The importance of specific dilatory mechanisms differs throughout the
cerebrovascular network, including in the transition between PAs and capillaries (160,
161, 326). To fit within the focus of this dissertation, discussion will be limited to
mechanisms important in PAs. EDH-mediated dilation is the dilation that remains after
NO and prostaglandin production are blocked and is mediated by endothelial cell
hyperpolarization. This dilation mechanism is primarily driven by endothelial Ca2+-
activated K+ channels, which respond to local intracellular increases in Ca2* to produce a
K+ efflux out of the endothelial cell. This loss of positive charge hyperpolarizes the cell.
This hyperpolarization is transmitted to VSMCs through MEJs, resulting in VSMC
hyperpolarization and subsequent deactivation of voltage-gated Caz* channels (161). The
hyperpolarization initiated by IKc./SKca channels activates inwardly rectifying K+ channels
(Kir) in both endothelial and VSMCs, which serves to amplify the signal (159, 317). The
importance of EDH in arteriolar dilation appears to vary between vascular segments,
increasing in significance with decreasing lumen diameter (111, 309). As mentioned
previously, BKca channels promote vasorelaxation in the larger pial arteries. However, in
PAs, EDH mediated dilation requires IKca and SKca channel activation instead. These
channels can be activated through various processes, including IPs signaling and TRP
channel activation. Because these channels depend on signals instigated by other
proteins in the cell, their localization close to other ion channels and MEJs is central to
their function. Their proximity to TRP channels is critical, as these Caz-permeable

channels are crucial players in endothelium-dependent dilation in small cerebral

18



arterioles. Because of the importance of TRP channels in cerebral vascular dilation, they
will be discussed in depth in section 1.2.3.

Though K* is regarded as an EDHF, many other molecules act as EDHFs or
stimulate EDH-mediated dilation (29). Other EDHFs in the cerebral circulation include
hydrogen peroxide (H20:) and epoxyeicosatrienoic acids (EETs). H.O: is a product of
oxidative stress and produces robust dilation in cerebral arteries; however, the
mechanisms involved in this dilation are species dependent. For example, in piglet pial
arterioles, H20: initially produces constriction which is then followed by dilation (203). In
feline cerebral arteries, H.0O: produces dilation that is dependent on hydroxyl radicals, a
product of H.O. metabolism. However, at higher concentrations, this dilation becomes
hydroxyl radical independent (337). In rat cerebral arteries, H.O. can induce bradykinin-
mediated dilation (312), though, notably, other groups have identified a role for NO in this
dilation instead of H.02(124).

EETs are formed through the AA metabolism by cytochrome P450 enzymes (25,
354). In cerebral endothelial cells, this process is primarily facilitated by CYP2J2, and
partially by CYP2C8 (100, 240). Several EETs isoforms are vasoactive, but 11,12-EET
and 14,15-EET are the most important in the cerebral vasculature (351, 352). The
formation of these EETs is stimulated by acetylcholine, bradykinin, vascular stretch and
shear stress (29, 30). EETs are endogenous agonists of TRPV4 channels (86). EETs are
deactivated by soluble epoxide hydrolase (sEH) to form dihydroxyeicosatrienoic acids.
Thus, sEH inhibitors are a potential therapeutic strategy in conditions marked by
endothelial dysfunction. While this section describes a few known EDHFs, it is important

to note that there may be other EDHFs that have yet to be identified.
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1.2.2.5 — Sex differences in cerebral blood flow and its regulation

Across species, females reliably have greater resting cerebral blood flow
compared to males (1, 6, 127, 211, 288). This trend begins in children, with girls between
four and eight years of age having 9-15% higher cerebral blood flow than boys, depending
on which artery is measured (329). Both sexes experience a reduction in cerebral blood
flow as they enter puberty, but girls have an increase in mid-adolescence (303). Greater
cerebral blood flow in females continues through adulthood, averaging an 11% elevation
compared to males from 18-72 years of age (288). The brains of females also receive a
higher percentage of cardiac output across ages compared to males, though this declines
with increasing age in both sexes (339). The impact of the female sex on cerebral blood
flow is controlled by female sex hormones; post-menopausal women undergoing
hormone replacement therapy experience a global increase in cerebral blood flow (180).
This increase in cerebral blood flow is not a function of artery remodeling as the pial
arteries of female humans and rodents have smaller diameters than males (206, 308,
335). Myogenic tone development has an inverse relationship with arterial size, with
smaller arterioles developing greater myogenic tone, suggesting that arteries from
females may develop more myogenic tone than those from males. However, evidence in
the literature of this sex difference is mixed. Some studies have measured greater tone
development in MCAs of young female compared to male rats (280). However, several
studies, including data from our lab, observe no difference in myogenic tone between the
sexes at baseline (311), while others observe reduced tone development in females

(113). Thus, the elevated cerebral blood flow in females may be explained by greater
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flow-mediated dilation in arteries from females (145, 295), which is mediated through NO
activity (328).

The effect of estrogen (E2) on NO synthesis is a major driver of observed sex
differences in vascular function. E2 upregulates eNOS expression (138, 218, 231), which
has implications in flow-mediated dilation and endothelial regulation of tone. Human
endothelial cells from females have more eNOS expression and activity than cells from
males (35). This effect is mimicked by in vivo studies in humans and rodents that show
females produce more NO than males (102, 113). This elevated NO production in females
is E2 dependent; E2 supplementation in both males and ovariectomized females results
in greater NO production, less myogenic tone, and more vasodilation (104, 113, 231, 232,
313). Further demonstrating the importance of E2 in NO production, aromatase inhibition,
thereby blocking the conversion of testosterone to E2, decreases endothelium-dependent
dilation in cerebral arteries in female, but not male mice (357).

In addition to modulating NO synthesis, E2 also increases the synthesis of
prostacyclin in arteries throughout various organ types (166, 173, 244). In ovariectomized
female rats, chronic E2 treatment increased prostacyclin production in cerebral blood
vessels (258). Studies using ovine uterine artery endothelial cells revealed that E2 affects
prostacyclin production by activating estrogen receptor (ER)-a (170). The importance of
this E2-mediated effect on brain function is unclear.

Because of the importance of EDH in cerebral PAs, the effect of sex on EDH is of
particular interest. Two important studies from Liu et al. revealed that mesenteric arteries
from ovariectomized female rats have impaired EDH-mediated dilation, which is reversed

after E2 treatment (209, 210). Inhibiting gap junctions with 18a-glycyrrhetinic acid
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produced a similar reduction in EDH-mediated dilation in ovary-intact female rats. This
study presented the possibility that the gap junctions required for EDH-mediated are
regulated by E2. Indeed, immunohistochemical analysis revealed that the expression of
connexin-43, a critical component of myoendothelial gap junctions, was reduced in
ovariectomized rats and this deficit was corrected by E2 treatment (209). These studies
suggest E2 regulates the expression of connexins, which influences EDH activity in the

vasculature.

1.2.3 — TRP channels in the vasculature

TRP channels are a superfamily of ion channels that are widely expressed
throughout various cell types in multicellular organisms. TRP channels are involved in a
wide range of processes, including taste, pain, vision, thermosensation, neuronal
signaling, and more. There are eight subfamilies of TRP channels and 28 distinct
channels. The subfamilies include ankyrin (TRPA), canonical (TRPC), polycystin (TRPP),
melastatin (TRPM), vanilloid (TRPV), mucolipin (TRPML), no mechanoreceptor potential
(TRPN), and yeast (TRPY); the final two subtypes are not expressed in rodents or
humans. | will only discuss TRP channels that are important for cerebrovascular function:

TRPA, TRPC, TRPM, and TRPV, paying particular attention to TRPV4 channels.

1.2.3.1 = Vascular TRPA1 channels

TRPA1 is the only member of the TRPA family. This channel subtype has 18 C-
terminal ankyrin repeats in its unique structure that provides its namesake. TRPA1 is
Caz*-permeable, non-selective, and comprises four identical subunits (87). Though not
expressed in peripheral endothelial cells, TRPA1 is expressed in the cerebral

endothelium of both rodents and humans (24, 322). There is a wide range of compounds
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that can activate TRPA1, ranging from mustard oil (allyl isothiocyanate; AITC), garlic oll
(allicin), and tear gas (acrolein; (86, 177)). Importantly, TRPA1 is also activated by
oxidative stress products, including 4-hydroxynonenal (4-HNE). This is reflected by the
colocalization of these channels with nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase 2 (NOX2), putting them near the source of reactive oxygen species
(ROS). Pressure myography was used in the initial studies to determine the role of TRPA1
channels in cerebral arteries. TRPA1 activation was found to produce endothelium-
dependent dilation through activation of IKcs, and these channels colocalized with one
another near MEJs (81). Therefore, TRPA1 channels likely contribute to EDH in cerebral

arterioles, though their basal function is poorly understood.

1.2.3.2 — Vascular TRPV3 channels

Though most well-known for their role in pain, itch, and wound healing in the skin,
TRPV3 channels are also expressed in cerebral VSMCs and endothelial cells. This
channel is activated by various dietary compounds, including carvacrol (oregano),
eugenol (clove), vanillin (vanilla), and thymol (thyme) (82, 271, 344). Using pressurized
PAs and increasing concentrations of carvacrol, a role for TRPV3 channels was identified
in EDH-mediated dilation (271). However, to date, no endogenous agonists have been
identified, and it is unlikely that dietary TRPV3 activators reach concentrations in the
cerebral circulation sufficient to activate the channel.
1.2.3.3 — Vascular TRPC channels

TRPC channels play a key role in store operated Ca?* entry and vasoconstriction.
Store operated Ca?* entry is triggered by the emptying of intracellular Caz2* stores in the

sarco/endoplasmic reticulum, thereby promoting the replenishment of these stores.
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TRPC1, TRPC4, and TRPCS5 have each been implicated in this role in VSMCs of cerebral
arteries and arterioles of rats and rabbits (126, 207, 345). In vascular endothelial cells,
TRPC1 channels form heteromeric channels with TRPV1 to bring Ca2* into the cell (217).
TRPC3 and TRPC6 channels have been implicated in vasoconstriction and TRPCG6 is
important in myogenic tone generation. In both mesenteric and cerebral arteries,
membrane-bound TRPC3 channels form a complex with IP3Rs to increase intracellular
Caz* and vasoconstriction (2, 3, 340). VSMC TRPC3 channels are activated by
endothelin-1 and Angll, both agonists of GPCRs (208, 296). As mentioned earlier, TRPC6
channels contribute to myogenic tone generation in cerebral arteries. Cerebral arteries
from rats with low TRPCG6 expression exhibited less pressure-induced depolarization and
generated less myogenic tone than control arteries (338). Similar results were observed
using isolated MCA segments from TRPC6* mice. In this study, TRPC6 knockout
completely abolished pressure-induced constriction, demonstrating the importance of
these channels in myogenic tone (248). Yet, it is unclear if TRPC6 acts as a
mechanosensor, or if it is responding as part of a signaling cascade.
1.2.3.4 — Vascular TRPM channels

TRPM4 channels are not Ca?-permeable but conduct the flow of monovalent ions,
mainly Na*, into the cell. In rat cerebral arteries, TRPM4 channels regulate VSMC
pressure- and stretch-induced depolarization and vasoconstriction (85). TRPM4 channels
are activated by Ca? released by the sarcoplasmic reticulum via IPsRs, which occurs after
mechanical activation of other channels, or direct activation of G,PCRs, including AT1Rs

(118). Depolarization resulting from TRPM4 activation triggers the opening of voltage-
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gated Ca? channels. In PAs, TRPM4 channels are coupled to mechanosensitive
purinergic receptors to contribute to development of myogenic tone (212).
1.2.3.5 — Vascular TRPV4 channels

TRPV4 channels are vital for proper cerebrovascular function. While other TRP
channels have been implicated in cerebral vascular physiology, TRPV4 channels are the
most well-studied and are undoubtedly essential to vascular function. These channels
respond to a wide range of stimuli, including temperature, pH, and mechanical stimuli.
They can be directly activated by their endogenous agonist, EETs (49, 57, 327), as well
as indirectly through activation of G,PCRs (40). Chemical activators of TRPV4 channels
include GSK1016790A and 4-a-phorbol 12,13- didecanoate (4o- PDD) (16, 263, 336).

TRPV4 channels are essential regulators of both PA dilation and cognition. Our lab
has demonstrated that in the presence of L-N¢-nitro arginine methyl ester (L-NAME) and
indomethacin (to inhibit NO and prostacyclin-mediated dilation, respectively), PA dilation
in response to G,PCR activation with carbachol is unchanged. When PAs are incubated
with TRPV4 antagonist GSK2193874, dilation is blocked entirely (67). Further, rats with
a global TRPV4 knockout have abolished endothelium-dependent dilation in PAs (66).
Importantly, our group has consistently found across models that impaired TRPV4
function in PAs is linked to cognitive impairment (37, 66, 67, 224).

TRPV4 activation produces dilation through a Ca?* influx that activates nearby
IKca/SKea channels, producing EDH. As mentioned previously, Kr channels activate in
response to this hyperpolarization to amplify the signal. TRPV4 and Kr channels have an
important reciprocal relationship with one another that depends on PIP: to determine

which channel is active. When PIP: levels are elevated, TRPV4 channel activity is
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reduced, while Kir channel activity is high. Conversely, Kr channels have low activity
when PIP: levels are low, and TRPV4 channel activity increases. This allows G,PCRs,
which break down PIP2, to act as a functional toggle between the two channels (134).
When TRPV4 channels are active, the localization of TRPV4 channels and interaction
with other proteins in the cell is paramount to fulfill their functional role. TRPV4 channels
that contribute to endothelium-dependent dilation are localized to MEJs in a four-channel
structure (315). PKA and PKC are both enhancers of TRPV4 activation. These proteins
are anchored by a third protein called A-kinase anchoring protein-150 (AKAP150).
Therefore, TRPV4 channels must be near AKAP150 to be able to propagate the signal
appropriately. Endothelium-dependent dilation is impaired when communication between
TRPV4 and AKAP150 is disrupted. The Ca? influx through TRPV4 is so robust that a
maximal dilatory effect is achieved by activating only three channels (315). Figure 1.4
features key components at MEPs involved in TRPV4-mediated dilation. This is
discussed further in section 1.3.3.

It is generally accepted that TRPV4 channels respond either directly or indirectly
to mechanical stimuli to produce dilation. However, the exact mechanisms involved are a
topic of debate. Though a recent study reported that TRPV4 channels are not sensitive
to mechanical stretch (251), other studies disagree. For example, rat carotid arteries do
not undergo shear stress-induced vasodilation in the presence of ruthenium red, a TRPV4
inhibitor (189). Additionally, carotid arteries from TRPV4 knockout mice have significantly
blunted flow-mediated dilation (136). In mouse mesenteric arteries, TRPV4 activation
produced dilation through a mechanism involving both eNOS and EDH, and this was

linked to shear stress (236). It is well-supported in the literature that TRPV4 channels are
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at least indirectly activated by arterial stretch. However, most of these studies were
conducted using peripheral arteries, and these mechanisms might not extrapolate to the
cerebral vasculature.

In VSMCs, TRPV4 channel activation has been linked to myogenic tone
modulation. Similar to endothelial TRPV4 channels, those expressed in arterial myocytes
must be near A-kinase anchoring protein 150 (AKAP150) to be effective. In VSMCs, Ca2
sparklets through TRPV4 channels activate RyRs on the sarcoplasmic reticulum,
producing a Ca2* spark. These sparks activate BKc. channels to hyperpolarize the cell,
resulting in vasorelaxation (83, 84). In cerebral arteries, this has been linked to Angll
signaling; Angll activates G,PCRs that produce PKC, which increases TRPV4
phosphorylation (237). As mentioned previously, though PAs express BKc. channels, they
are not active under physiological conditions (54). Therefore, the specific mechanism by
which TRPV4 channels contribute to tone modulation in PA VSMCs is not well
understood. Studies from our lab suggest these channels may not have much of a role in
tone regulation under baseline conditions but may increase tone in pathological states
like hypertension. This was shown in PAs of Angll-hypertensive mice, where TRPV4

inhibition reduced tone by ~20% (67).
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Figure 1.4: TRPV4-mediated dilation at MEPs. At MEPs, diffusible factors can pass
from endothelial cells to VSMCs to contribute to the endothelial regulation of myogenic
tone. G,PCR activation via agonists such as carbachol (CCh) cause the breakdown of
PIP. to DAG and IPs. DAG goes on to activate PKC, which is anchored to MEPs by
AKAP150. TRPV4 activity is enhanced by PKC; when TRPV4 and AKAP150 are close
enough to one another, Ca?* sparklets through TRPV4 channels activate nearby IKc./SKca
channels, hyperpolarizing the cell. This hyperpolarization crosses through MEPs to
VSMCs to produce vasodilation. Vascular pathologies, such as hypertension, facilitate
the uncoupling of TRPV4 from AKAP150, leading to a failure to propagate Ca?* signaling

and, therefore, endothelial dysfunction. Reproduced with permission from (15).
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1.2.3.6 — Sex differences in TRP channels

While studies investigating sex differences in TRP channel expression and
function are limited, there is evidence that sex hormones play a role in regulating these
ion channels in some contexts. E2 may regulate the function of members of the TRPV
family. For example, TRPV1 appears unimportant for basal uterine mechanosensation,
but plays a role in uterine pain sensation in the presence of E2 (349). In the brain, TRPV
channel expression varies with fluctuating E2 levels in the estrus cycle of female mice
(194). Of particular interest, TRPV4 channels have elevated expression in several brain
regions, including the hippocampus, during the proestrus cycle where E2 levels are
highest. It is unclear what effect this has on cerebral blood flow regulation, if any.
1.2.4 — The neurovascular unit and neurovascular coupling

Because the brain does not have its own energy stores, cerebral blood flow must
be tightly regulated to provide swift increases in flow to areas with high neuronal activity.
The increase in blood flow provides the neurons with oxygen and glucose required to
function and serves to remove waste products. This crucial process is termed functional
hyperemia and is achieved through NVC. NVC relies on seamless communication among
VSMCs, endothelial cells, pericytes, astrocytes, and neurons. Together, these cells
comprise the neurovascular unit (NVU) (48, 153). The cells in the NVU relay signals to
one another to prompt a spatially and temporally appropriate increase in blood flow to
meet neuronal demands (176, 243). Disruptions in NVC result in cerebral injury that can
range from a mild impact to, in extreme cases, local tissue death. The many processes

involved in NVC share similarities, complement, and overlap with one another, acting as
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fail-safes to protect against dysfunction. This redundancy reflects the importance of NVC
in appropriate brain function and health.

Classically, NVC has been viewed as having neuron-to-vessel directionality, with
neuronal activity driving the direction of blood flow. However, recent studies suggest this
communication is bidirectional. Vasculo-neuronal coupling was first reported by Kim et al.
where they demonstrated that PA constriction was associated with reduced neuronal
activity. Conversely, PA dilation was related to elevated neuronal activity (186, 187).
While the mechanisms involved are not fully known, astrocytic Ca2* transients through
TRPV4 channels appear to be involved (274). These novel studies utilized a valuable
methodology, taking advantage of whole brain slices that left the NVU intact. This allowed
for a unique analysis of intercellular communication during NVC.

Endothelium-dependent dilation mechanisms described in previous sections are
important for NVC; to prevent redundancy, this section will focus on mechanisms unique
to NVC. Direct interactions of neurotransmitters with the cerebral vasculature likely
contribute to NVC. Glutamate, an excitatory neurotransmitter, activates astrocytic G+
metabotropic glutamate receptors, producing a Ca2* wave. Through this increase in
intracellular Ca?+, pathways are stimulated to produce and release EETs, NO, and
prostaglandins, which produce vasodilation by interacting with VSMCs in neighboring PAs
(99, 150).

There has recently been an increased focus on NVC mechanisms involving
capillaries, which do not have VSMCs. For blood flow to be increased in capillaries, there
must also be dilation in upstream arteries and arterioles. To this end, there must be a

retrograde signal that starts in capillaries and moves upward to PAs to trigger dilation.
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Studies to elucidate these mechanisms have pinpointed K as a likely component of the
retrograde signal. Kr channels are activated by extracellular K+and produce a robust and
rapid efflux of K*to hyperpolarize the cell (216, 298). Mechanisms involving these
channels were explored using elegant ex vivo preparations of cannulated and pressurized
PAs with attached capillaries. Applying a localized pico-spritz of K*to the capillaries
produced PA dilation. When the microvessel preparations were pretreated with BaCl: to
block the pore of Kir channels, PAs did not dilate after capillary K+ exposure, confirming
the role of Kk in this process. The significance of Kr2.1 channels in NVC was further
explored using Kr2.1"- mice and cranial window preparations to better view the
microvasculature during laser Doppler flowmetry. Mice lacking these channels had
reduced cerebral blood flow response to whisker stimulation compared to control,
confirming the proposed mechanism involving Kir2.1 channels functions in vivo (215).
Notably, these channels require the presence of phosphatidylinositol 4,5-bisphosphate
(PIP2) to function. As previously mentioned, Kr2.1 and TRPV4 channels act in opposition
to one another in endothelial cells, and the presence of PIP:acts as a molecular switch
to toggle between the two channels’ functions (133, 134). These studies suggest that
capillary Krchannels are activated either in direct response to extracellular K+ produced
by neurons after firing or indirectly as a result of astrocytic BKc. activation, which occurs
in response to increases in astrocytic intracellular Caz+.

Arole for TRPA1 channels has been identified in the retrograde dilatory signal from
capillaries to PAs. Using microvessel preparations like those described earlier, capillary
TRPA1 activation stimulated pannexin-1 channel activation in endothelial cells. This

caused an efflux of ATP that is proposed to activate P2X receptors on neighboring
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endothelial cells. This signal is propagated upward until the junction of the capillary and
PA, where the resulting Ca? increase activates IKc/SKc. to cause PA dilation. This
proposed pathway is dependent on Kir and IKc./SKc.; the use of antagonists against these
channels reduces capillary TRPA1-induced PA dilation. The use of endothelial TRPA1-
mice supported the existence of this hypothesized pathway, as these mice exhibited
impaired NVC in response to whisker stimulation compared to TRPA1-intact mice (326).
Because TRPA1 channels are activated by lipid peroxidation products formed in times of
elevated oxidative stress (87, 322), it is thus far unclear how the role of TRPA1 channels
in NVC would be impacted during pathological states.

The elucidation of mechanisms involved in NVC is an ongoing effort, and several
proposed mechanisms have not been discussed in depth here because the evidence to
support them is limited. Of note, there may be a role for astrocytic PGE:z in NVC (122) and
a potential requirement for endothelial caveolae (42). The field is working to discover
mechanisms involved in NVC and to determine how the already identified pathways work

in concert with one another. A representation of the NVU is shown in Figure 1.5.
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Figure 1.5: The neurovascular unit. At the level of the PA (left), the NVU contains

endothelial cells, VSMCs, astrocytes, and neurons. Important dilatory mechanisms to PAs

include NO, TRPV4, PGE2, NMDAR, TRPA1, and TRPV3. At the capillary level (right),

VSMCs are replaced with pericytes. Important dilatory mechanisms in capillaries include

Kir2.1, TRPV4, and TRPA1. Created with BioRender.com.

1.3 — The effect of hypertension on the cerebral vasculature

Nearly half of the United States population has hypertension; of these, only a

quarter have their blood pressure under control (286). Prolonged blood pressure

elevations damage the structure and function of cerebral arteries and arterioles,

increasing the risk for various conditions, including VaD. This section will discuss

hypertension-induced alterations to the vasculature. While cerebral arteries will be the
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focus, significant information obtained from other vascular beds will also be included
where appropriate.
1.3.1 — Experimental models of hypertension

Because much of what we know about the impact of hypertension on cerebrovascular
health is from rodent models of hypertension, it is important to discuss these models. This
section will briefly review a few of the most used models of hypertension, paying particular
attention to models relevant to the work in this dissertation. For brevity and relevance,

sex differences will only be discussed in Angll-hypertension.

1.3.1.1 — Genetic models of hypertension

Some of the most common methods of studying hypertension involve genetic
rodent models that exhibit increased sympathetic nervous system activity observed in
hypertensive patients (90). Spontaneously hypertensive rats (SHR) develop hypertension
that coincides with an increase in sympathetic activity when compared to normotensive
Wistar-Kyoto (WKY) control rats (172). Over the first eight weeks of life, hypertension can
be prevented by sympathectomy alongside treatment with the a-adrenoceptor antagonist
prazosin, demonstrating the dependence of the rats’ hypertension development on
sympathetic nervous system activation (191). SHR, and their more stroke-prone cousin,
the spontaneously hypertensive stroke-prone rat (SHRSP), are often used because of the
multifactorial nature of their hypertension that mimics the human condition. Around the
time the SHR was being developed, Lewis Dahl developed the Dahl salt-sensitive rat
strain, which becomes hypertensive when given a normal salt diet (56). In mice, a
genetically hypertensive strain was developed alongside related controls, termed the

blood pressure high (BPH), blood pressure low (BPL), and blood pressure normal (BPN)
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strains (158). These mice, similar to the SHR, have multifactorial hypertension, and the
mechanisms behind its development have not been fully elucidated. While these models
of hypertension are useful in their own right, a major drawback lies in the early age at
which hypertension develops, often in the first several weeks of life. This complicates
comparisons to humans, and these models are not ideal for studying diseases of the
elderly.
1.3.1.2 — Inducible models of hypertension

Several popular models use pharmacological and dietary agents to induce
hypertension. In Spague Dawley (SD) and Wistar rats and C57BL/6J mice, hypertension
can be induced using implantation of deoxycorticosterone (DOCA)- salt pellets alongside
administration of 0.9-1.7% NaCl in drinking water and uninephrectomy. Control rodents
are given a placebo pellet instead of DOCA, with other treatments remaining the same.
These are low-renin models of hypertension, so the animals require concomitant
treatment with a low dose of K* to prevent hypokalemia. Hypertension can also be induced
by preventing NO production with L-NAME or L-Né¢-nitro-L-arginine (L-NNA)
administration, often in the drinking water (165). Because this is not a particularly

physiologically relevant model of hypertension, it is of limited utility.

1.3.1.3 — Angiotensin ll-hypertension

One of the most common experimental models of hypertension is Angll-dependent
hypertension. Angll-hypertension classifies as an inducible model of hypertension, but
due to its relevance in this dissertation it will be discussed in detail. Angll exerts
detrimental effects on the vasculature primarily through activation of AT1R. Two of the

most common and most effective antihypertensive treatments are ACE inhibitors and
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angiotensin receptor blockers, which directly act to prevent Angll synthesis and prevent
receptor activation, respectively. Because of this, Angll-hypertension models are clinically
relevant. A particular strength of the Angll-hypertension model is the ability to induce
hypertension at any age, thereby having more control over the study design. Further,
combining this model with knockout mice is useful in elucidating effects of single genes
on blood pressure development. Angll is often infused via osmotic minipumps, which
requires a minor surgery and has a healing time of just a few days. The experimenter can
choose the dose of Angll infused, which often ranges from 50ng/kg/min to 1000 ng/kg/min
and beyond. Lower doses are referred to as slow-pressor doses, speaking to the slow
development of hypertension. Higher doses are considered pressor doses. Because of
price considerations in the dosage, this model is most often used in mice and is used
infrequently in rats. Angll infusion can be used alongside increased sodium intake,
exacerbating effects (165, 205).

Angll-hypertension induces alterations in vascular structure, endothelial
dysfunction, and impairments in NVC (65, 67, 182). The mechanisms involved in these
processes are discussed in appropriate sections throughout this chapter. An emphasis
should be placed on the concept that the negative consequences of Angll signaling
extend beyond vasoconstriction. Specifically, Angll increases NADPH oxidase activity in
vascular cells, contributing to increased oxidative stress. Further, Angll increases
aldosterone production, which also contributes to NOX production (239, 293). Elevations
in NOX-derived superoxide production and associated endothelial dysfunction can be
prevented in Angll-hypertensive rats treated with the AT1R antagonist losartan (265,

278). Endogenous NOX-derived ROS are involved in a positive-feedback cycle that
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increases AT1R expression, continually adding to the amount of ROS in the system and
contributing to increased blood pressure (252).

Studies from our lab have shown that Angll-hypertension causes inward
hypotrophic remodeling of PAs and endothelial dysfunction characterized by impaired
TRPV4 function. These observations are associated with reductions in cerebral blood
flow and cognitive impairment. Additionally, due to its role in the renin-angiotensin-
aldosterone system (RAAS), Angll-hypertension leads to elevated aldosterone
production and, subsequently, more MR activation. When Angll-hypertensive mice are
treated with an MR antagonist, the vascular and cognitive consequences of Angll infusion
are prevented. This presents the possibility that many vascular effects previously
attributed to Angll may actually be mediated by MR activation. The consequences of

increased MR activation are described in section 1.4.

1.3.1.4 — Sex differences in angiotensin Il-hypertension

Studies have reliably found that young female mice are largely protected from the
detrimental impacts of Angll-hypertension. Male mice infused with 800ng/kg/min Angll
become hypertensive, while female mice do not (341, 342). To test the role of sex
hormones, a separate study used castrated male and ovariectomized female mice and
compared them to their intact counterparts. Castrated male mice had lower mean arterial
pressure after Angll infusion than control, while ovariectomized female mice became
hypertensive. The resistance of female mice to Angll-hypertension was mediated by ER-
a (343). In male mice, Angll-hypertension is associated with increased ROS production;
this is not the case in female mice (220). The superoxide dismutase mimetic tempol

dampens the Angll-hypertensive response in male but not female mice (341),
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demonstrating the detrimental impact of ROS on Angll-hypertension and its sex
dependence. A common flaw of studies examining sex differences is that they rarely
assess the sexes side-by-side and instead rely upon comparisons from previous studies.
This complicates findings as the mice are no longer experimented upon under the exact
same conditions, and the studies are often conducted by different experimenters. Studies
within this dissertation will examine the sexes side-by-side to limit interexperimental
variability.
1.3.2 — The renin-angiotensin-aldosterone system

Before discussing how hypertension impacts the cerebrovascular system, it is
important to describe the RAAS. The RAAS is an essential regulator of blood pressure.
Renin is secreted from renal juxtaglomerular cells in response to decreases in blood
pressure or Na* load. Renin cleaves angiotensinogen, which circulates in the plasma after
being released from the liver. This forms angiotensin I, a physiologically inactive
molecule. Angiotensin | is converted to Angll in endothelial cells by angiotensin-
converting enzyme (ACE). Angll activates AT1R and type 2 Angll receptors (AT2R),
which are GPCRs with opposing vascular effects. In the plasma, Angll is further degraded
to angiotensin Ill, which has similar vascular effects as Angll through activation of both
AT1R and AT2R (255). Angiotensin |ll can also be converted to angiotensin IV, which
positively affects vascular function and cognition after activating the angiotensin IV
receptor, though the mechanisms behind this are unclear (292). In addition to being a
precursor to Angll, angiotensin | can be converted into angiotensin-(1-7) that activates

Mas receptors (MasR) (103). Importantly, Angll plays an essential role in stimulating
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aldosterone synthesis in the zona glomerulosa of the adrenal cortex (254). Aldosterone
acts as an agonist on the MR, which will be discussed in detail in section 1.4.

AT1R activation is responsible for the majority of Angll's effects, including
vasoconstriction and increased Na* retention, through its ability to simulate aldosterone
production. Beyond its effects on blood pressure, AT1R activation increases ROS
generation, oxidative stress, fibrosis, and cellular proliferation and migration (62, 179). In
VSMCs, AT1R-induced cellular proliferation contributes to vascular remodeling. Blockade
of AT1R reverses the inward remodeling of cerebral arteries in SHR, demonstrating the
importance of this pathway in remodeling associated with hypertension (80). The
increased oxidative stress that occurs after AT1R activation is associated with reduced
eNOS expression and phosphorylation and uncoupling of the enzyme (36, 68). AT1R
blockade in SHR restores eNOS expression and improves NO bioavailability (347).
Importantly, while humans only express one version of AT1R, rodents express two similar
subtypes: AT1R. and AT1Rs. In VSMCs of cerebral pial arteries, AT1R:, is much more
highly expressed than AT1R.. In VSMCs of PAs, these receptor subtypes are expressed
in relatively equal amounts, though there is a lower overall expression of both isoforms in
PAs (348). In both pial arteries and PAs, AT1R, are important for the initiation of myogenic
tone, but not for its maintenance. AT 1R. is important for myogenic tone generation in PAs
but not pial arteries, highlighting differentiation of receptor expression and function
throughout the vascular network (270, 348). Because AT 1R antagonists like losartan bind
similarly to both receptor subtypes, studies investigating their differential roles typically
combine AT 1R antagonist treatment with a genetic knockout of one of the subtypes (348).

While these studies shed light on the differing roles of AT1R subtypes in rodents, the
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physiological relevance of the receptor subtype expression in rodents versus humans is
not yet clear.

To balance the vasoconstrictor and inflammatory effects of Angll, AT2R acts in
opposition to AT1R to promote vasodilation, antiproliferation, and anti-inflammatory
responses (157, 204). Because of these functions, AT2R are considered the protective
arm of the RAAS. The vasodilatory effect of AT2R was first demonstrated in a study that
selectively overexpressed AT2R in aortic VSMCs of transgenic mice. When infused with
Angll, these mice did not develop hypertension (332). The dilatory effects of AT2R
activation have been attributed to increased baroreflex sensitivity, bradykinin-mediated
NO production, and Na* excretion, though the specific mechanisms are still incompletely
understood (130, 235).

In addition to AT2R, activation of MasR by angiotensin-(1-7) is also associated
with vasoprotection. Angiotensin-(1-7) is produced by elevated angiotensin-converting
enzyme 2 (ACEZ2) activity. Increased MasR activation improves baroreflex sensitivity and
increases NO release, which contributes to vasodilation. This receptor also has
antifibrotic, antihypertrophic, and antithrombotic properties that counteract AT1R
signaling (234, 301). In summary, the Angll-ACE-AT1R axis is associated with increased
blood pressure, cellular proliferation and migration, oxidative stress, and increased
inflammation, while the angiotensin-(1-7)-ACE2-MasR/AT2R axis acts in opposition to
those effects.
1.3.2.1 — Sex differences in RAAS

There are sex differences in RAAS that are important to discuss when considering

sex dependent responses to hypertension. Premenopausal women are less likely to
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develop hypertension than men of the same age, but this protection disappears after
menopause (50). Cardiovascular protection in women is partially because of sex
hormones' impact on RAAS activation. Female rodents express a higher ratio of AT2R to
AT1R compared to males as well as greater ACE2 expression, leading to more
angiotensin-(1-7)/MasR activity (297, 310). This shifts the balance of RAAS to favor
cardiovascular protection. These effects are estrogen dependent and reflect observations
in humans (321). For example, in heart tissue samples from elderly men, treatment with
E2 upregulated ACE2, AT2R, and MasR expression and these changes were associated
with reduced inflammation and oxidative stress (26). Conversely, testosterone increased
ACE activity and AT1R expression, favoring the vasoconstrictive and inflammatory arm
of RAAS (41, 105). Further demonstrating the sex dependence of RAAS receptor
expression, castrated male rats had a reduced AT1R to AT2R ratio in the vasculature,
which was reversible by testosterone replenishment (238). A summary of sex differences
in RAAS balance are featured in Figure 1.6. The sex differences in hypertension that are
discussed in the following sections may at least in part be attributed to the differing

emphases in RAAS pathways.
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Sex Differences in RAAS
Balance

Angll - ACE - AT1R Ang(1 -7) -ACE2 -
axis MasR - AT2R axis
Vasoconstriction Vasoconstriction
Inflammation Inflammation
Oxidative Stress Oxidative Stress
Cell Proliferation / Cell Proliferation /
Vascular Remodeling Vascular Remodeling

Figure 1.6. Sex differences in RAAS balance. Both males and females experience the
consequences of the activation of both arms of the RAAS. However, male sex contributes to a
greater weight placed on the Angll-ACE-AT1R axis of RAAS, leading to more vasoconstriction,
inflammation, oxidative stress, and vascular remodeling. Female sex contributes to a favoring of
the angiotensin (1-7)-ACE2-MasR-AT2R axis of RAAS, which protects against the effects of the

opposing axis and exerts cardioprotective effects. Created with BioRender.com.

1.3.3 — Hypertension and cerebrovascular structure and rarefaction
Hypertension is associated with artery remodeling in both the peripheral and the
cerebral vasculature. Artery remodeling describes changes in arterial structure regarding

the lumen diameter and wall thickness. These changes are most accurately assessed in
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fully dilated or blood vessels in Ca2*-free buffer. Inward and outward remodeling describe
reductions and increases in lumen diameter, while hypotrophic and hypertrophic describe
reductions and increases in wall thickness, respectively. Eutrophic remodeling indicates
changes in lumen diameter and/or wall thickness without a change in the overall wall
cross-sectional area (242). Artery remodeling is initiated as a protective measure to
normalize the increase in wall stress resulting from elevated blood pressure. In fact, if
cerebral arteries fail to remodel during hypertension, the risk increases for blood-brain
barrier breakdown and vasogenic edema (148). However, if hypertension is sustained,
the changes in vascular structure can impede appropriate blood flow regulation and
become pathogenic. In large cerebral arteries, hypertension leads to inward hypertrophic
remodeling (71, 268, 284). In PAs, however, hypertension induces inward hypertrophic
remodeling in SHRSP (269), but inward hypotrophic remodeling in Angll-hypertensive
mice (65). The cause for a reduction in PA wall thickness after Angll infusion is unclear.
PAs have only a single layer of VSMCs, indicating this must result from a change in the
structure of single VSMCs. Though hypertension-induced arterial remodeling has been
characterized in the cerebral arteries and arterioles of rodents, data from cerebral arteries
of humans is lacking. A recently published study using post-mortem tissue identified no
statistically significant differences in wall thickness or wall area of major cerebral arteries
between hypertensive and normotensive patients. Analyzing tissue from males and
females separately did not change the outcome, though the study may have been
underpowered when further separated into these groups. A significant limitation of this
study is that results were not stratified based on the severity of hypertension, and normal

anatomical variation may have complicated comparisons (334). Moreover, the treatment
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status of these patients was unknown, which likely adds variability and complicates data
interpretation. Nonetheless, these data emphasize the need for studies using human
tissue and urge caution in the extrapolation of rodent data to humans.

Beyond alterations in arterial structure, hypertension can also contribute to
vascular rarefaction, which is a reduction in the number of perfused arterioles and
capillaries. Rarefaction of cerebral arterioles has been observed across various models
of hypertension (262, 314). A reduction in perfused arterioles and capillaries reduces the
amount of blood capable of reaching neurons, which increases cognitive decline risk (53).
In our lab, Angll-hypertensive mice did not exhibit rarefaction, despite having cerebral
hypoperfusion (65).
1.3.3.1 — Sex differences in hypertension-associated vascular remodeling

There is minimal data on sex differences in cerebrovascular remodeling in
hypertension. Our lab has reported that both male and female SHRSP undergo inward
eutrophic remodeling of MCAs (282, 285). In heart tissue, however, female rats
underwent less hypertrophic remodeling than males after volume overload and
myocardial infarction, reflecting human observations (61, 78). Female SHR exhibited
delayed myocardial remodeling with age compared to their male counterparts, which was
associated with increased AT2R and MasR expression in females (5). A major strength
of this study is the parallel analysis of the sexes across a range of ages. Studying both
males and females alongside one another in the same set of experiments limits variability
that can occur when groups are studied in separate sets of experiments. However, heart
tissue and vascular tissue experience very different physical forces in vivo, so it is unclear

how well these data can be extrapolated to the vasculature.
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1.3.4 — Hypertension and endothelial dysfunction

Hypertension leads to endothelial dysfunction, characterized by the endothelium's
failure to send vasodilatory signals to the VSMCs (128). In hypertension, eNOS can
uncouple from its cofactor BH4, causing the preferential production of superoxide over
NO. Additionally, superoxide interacts with NO to form peroxynitrite, limiting the amount
of available NO (101, 178). Early studies using intravital microscopy in pial arteries
compared SHRSP and WKY rats. These studies showed that SHRSP have intact
endothelium-independent vasodilatory function, but endothelium-dependent dilation
induced by acetylcholine is severely blunted (225). A significant component of this
endothelial impairment results from dysfunctional NO signaling; this finding is consistent
throughout hypertensive models and vessel types. In both SHR and SHRSP, eNOS
MRNA expression was reduced in the cerebral frontal cortex compared to WKY. This was
accompanied by reduced eNOS protein expression and phosphorylation, suggesting that
the effects of reduced eNOS expression are compounded by reduced activation (169). In
Dahl salt-sensitive hypertensive rats, mesenteric arteries exhibit endothelial dysfunction
(325) that was associated with reduced eNOS mRNA expression (109), and NO-mediated
dilation was also impaired in cerebral arterioles of Angll-hypertensive rats (114).
Importantly, AT1R antagonism in SHR normalized eNOS mRNA and protein expression,
suggesting the impaired NO signaling occurs at least partially as a result of AT1R
activation (9, 347).

Hypertension also impairs EDH-mediated dilation in peripheral and cerebral
arteries. For example, in SHR, EDH-mediated dilation in mesenteric arteries was impaired

relative to WKY rats (107). Other studies measuring EDH-mediated dilation in very young
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SHR that had not yet developed hypertension did not observe impairment, suggesting the
dysfunction occurs secondary to hypertension (106). It is important to note, however, that
in genetic models of hypertension, blood pressure elevates with age, which complicates
the conclusion that impaired endothelial function is a result of hypertension versus a result
of aging in these models. Further, in these models it is difficult to tease out the order of
events; it is possible that hypertension develops as a result of endothelial dysfunction,
rather than hypertension leading to endothelial dysfunction.

Studies from our lab and others have pinpointed disrupted signaling though TRPV4
channels and reduced TRPV4 mRNA expression as key components of the impaired
EDH-mediated dilation. Mesenteric arteries from SHRSP exhibit impaired TRPV4-
mediated dilation that is associated with reduced TRPV4 and SKc. mMRNA expression
(307). Our lab showed that in Angll-hypertensive male mice, TRPV4-mediated dilation in
PAs is impaired and TRPV4 and IKca mRNA expression is reduced in cerebral arteries.
These findings were associated with cognitive dysfunction, suggesting TRPV4 is a
potential mechanistic link between hypertension and VaD (67). A critical study by
Sonkusare et al. proposed a mechanism beyond reduced ion channel expression. In this
study, impaired TRPV4-mediated dilation in mesenteric arteries of Angll-hypertensive
mice was associated with reduced localization of AKAP150 to MEPs (316), further
highlighting the importance of TRPV4 and AKAP150 interaction. Disrupted localization of
these proteins is also associated with obesity-induced hypertension and worsened by

peroxynitrite (260), suggesting oxidative stress is a driver of TRPV4-AKAP150 disruption.
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1.3.4.1 — Sex differences in hypertension-associated endothelial dysfunction

The maijority of studies assessing the impact of biological sex on hypertension-
induced endothelial dysfunction have focused on NO. In Angll-hypertensive mice,
acetylcholine-induced dilation in cerebral arteries was impaired in males but not females.
This endothelial dysfunction was associated with oxidative stress in male mice and was
reversible after treatment with superoxide dismutase (43). Similar results were observed
when comparing male and female WKY and SHRSP. In both strains, aortas from female
rats had greater NO bioavailability than males (230). The ability of E2 to attenuate
oxidative stress likely contributes to the resistance of females to NO dysfunction in
hypertension (10). It is unclear if sex differences in EDH-mediated dilation occur during
hypertension, and this is a major focus of this dissertation.

1.3.5 — Hypertension and impairments in NVC

It has been well-established that hypertension disrupts NVC (149, 168). Because
the cerebral endothelium is an essential component of the NVU, hypertension-induced
impairments in dilatory pathways mentioned previously also lead to impairments in NVC;
to avoid redundancy, they will not be repeated here.

Experimentally, NVC is assessed by measuring cerebral blood flow before and
during a physical stimulus, such as whisker or paw stimulation. In rodent studies, Angll
has been identified as a disruptor of NVC. However, it is still unclear how much of this
impairment can be attributed to blood pressure elevation versus the direct effects of Angl|
on vasoconstriction. In studies using a slow-pressor dose of Angll (600ng/kg/min),
impairments in NVC occurred before the onset of hypertension (32), suggesting direct

Angll effects are to blame. This concept was shown in a separate study that used topical
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administration of Angll to show the cerebrovascular effects are similar to those after
systemic Angll infusion (117). Further, another study compared NVC in Angll-treated
mice with mice given phenylephrine to increase blood pressure to the same magnitude.
Angll-treated mice had impaired NVC, while phenylephrine-treated mice did not (182). A
separate study used a topical application of superoxide dismutase on the brains of Angll-
infused mice during whisker stimulation. Mice with superoxide dismutase treatment do
not have impaired NVC relative to controls. Further, mice with reduced NADPH oxidase
activity through gp91 deletion are also protected from impaired NVC after Angll infusion.
These studies demonstrate that Angll impairs functional hyperemia via increased NADPH
oxidase activity and subsequent NVU disruption, not through its effect on blood pressure
(181). These studies were vital in showing that Angll has direct detrimental effects on the
vasculature that impairs NVC.

The effect of hypertension on NVC has also been observed in genetic rat models
of hypertension. In 20- and 40-week-old SHR, the blood flow response to whisker
stimulation was attenuated as blood pressure increased. When these rats were treated
with verapamil or losartan for two weeks to reduce blood pressure, NVC remained
impaired, providing more evidence that hypertension-induced impairments in NVC extend
beyond blood pressure elevation (27). It is possible in this model that neurons and
arterioles had been damaged enough at that point that signals for increased blood flow
could not be sent or received successfully.

As previously mentioned, increased oxidative stress has been implicated in
hypertension-associated cerebrovascular dysfunction. The role of oxidative stress in NVC

impairment was measured in 24-month-old mice. These mice did not have increased
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blood pressure relative to young controls but had impaired NVC that was reversed after
treatment with resveratrol, a polyphenolic compound that reduces ROS (330). This
suggests increases in oxidative stress observed in hypertension are an essential mediator
of impairments in functional hyperemia.
1.3.5.1 — Impact of sex on NVC in hypertension

Randomly cycling Angll-infused female mice are protected against the impaired
NVC observed in Angll-infused male mice (116). However, the impact of Angll infusion
on cerebrovascular function in female mice differs across the estrus cycle. Cerebral blood
flow response in female mice following whisker stimulation is impaired to a similar degree
as male mice during the diestrus phase of the cycle where E2 is low. Similarly, ROS
production was elevated during diestrus, corresponding with impaired NVC. Conversely,
NVC remains intact during the proestrus and estrus phases of the cycle, which are
characterized by elevated E2 levels. The protective effect of high E2 in the proestrus
phase was negated by topical treatment of the ER inhibitor IC1182,780 (31). The concept
that E2 is essential for appropriate neurovascular function was recently addressed in a
study that used 4-vinylcyclohexene diepoxide (VCD) to induce menopause in young
female mice. This model uses a series of injections to cause gradual ovarian failure that
mimics menopause. This study revealed that menopausal mice have impaired NVC
compared to ovary-intact controls (21). Together, these data raise the possibility that in
humans, the female brain is more susceptible to damage in phases of the menstrual cycle
where E2 is low. This coincides with data demonstrating that myocardial ischemia is more
likely to occur in women during low E2 times in the menstrual cycle (213). Cerebral

autoregulation, however, appears to be unaffected by phases of the menstrual cycle,
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suggesting the impact of E2 on vascular function may be species and context-dependent
(97). It is important to note that both human studies had very low sample sizes (n=9 and

n=13 women, respectively), so further study is necessary to draw confident conclusions.

1.4 — Mineralocorticoid receptors

The mineralocorticoid receptor (MR) is classically described as a regulator of fluid
homeostasis in the kidneys, subsequently regulating blood pressure through Na* and K+
transport. However, the MR is also expressed in cardiomyocytes, macrophages, VSMCs,
and endothelial cells, as well as some brain regions including the hippocampus, and its
activation has direct cardiovascular effects (58, 125, 227, 323). The MR is a nuclear
receptor that functions as a transcription factor to regulate gene expression. The MR is
the primary target of aldosterone but can also be activated by other endogenous ligands,
including cortisol (humans), corticosterone (rodents), and progesterone. Cortisol
functions as an MR antagonist until tissue injury or increases in oxidative stress occur, at
which point it will function as an agonist. Cortisol is present in the plasma at much greater
concentrations than aldosterone, giving this hormone more potential to activate the MR
than aldosterone (190). The amount of cortisol-mediated MR activation depends on the
local expression of the 11B3-hydroxysteroid dehydrogenase-type 2 (113HSD2), which
converts cortisol to its inactive metabolite cortisone. It is because of this enzyme that
aldosterone activates the MR more frequently than cortisol or corticosterone (17). MR
activation plays an important role in signaling cascades outside of blood pressure
regulation, and excess activation is associated with adverse cardiac events, inflammation,
endothelial dysfunction, and stroke (76, 95). This section will focus on the function of MR

signaling in the vasculature.
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1.4.1 — Vascular mineralocorticoid receptors

Because 11BHSD2 is highly expressed in VSMCs and endothelial cells, the
primary MR agonist in the vasculature is aldosterone. Beyond aldosterone, MR in VSMCs
can be activated after AT1R stimulation by Angll, amplifying the impacts of excess RAAS
activation on the vasculature (162). MR expression increases with age in both rat aortic
smooth muscle cells (SMCs) (193) and in resistance arteries (77), and its expression in
SMCs is associated with vascular remodeling and fibrosis (110). Using SMC-MR
knockout mice, a role for this receptor was identified in age-associated processes,
including the development of hypertension, increases in oxidative stress, and increases
in cardiac and vascular stiffness and fibrosis (188, 228). Resistance arteries from young
mice with SMC-MR knockout generate less myogenic tone and have reduced L-type Ca2
channel expression and activity. These arteries also exhibit less vasoconstriction in
response to phenylephrine administration or Angll infusion (228). That SMC-MR knockout
prevents vasoconstriction after phenylephrine administration shows that this receptor
influences contractile state even in the absence of excess MR activation. Together, these
data demonstrate the importance of SMC-MR in contractile capabilities of the vasculature.
It is important to note that most MR studies were conducted in the peripheral vasculature,
and it is not clear if the results directly translate to the cerebral vasculature.

Unlike the SMC-MR, the MR expressed in endothelial cells at physiological levels
(EC-MR) does not appear to play an important role in determining basal blood pressure
(281). The endothelial MR also does not impact the hypertensive response to Angll
infusion, Angll with L-NAME, or high salt intake (65, 241). However, over-expression of

the EC-MR leads to significant detrimental effects. Mice overexpressing the EC-MR, have
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elevated blood pressure compared to control and vasoconstriction in mesenteric arteries
exposed to phenylephrine, the thromboxane A:analog U46619, Angll, and endothelin-1
is enhanced. This increased vasoconstriction was not associated with endothelial
dysfunction or elevated aldosterone or corticosterone levels, so the amount of excess
EC-MR activation was likely subtle (249). These results are at odds with those
demonstrating that excess EC-MR activation leads to endothelial dysfunction, suggesting
the possibility that increased vasoconstriction occurs before the onset of endothelial
dysfunction. Additionally, SHR have increased EC-MR expression in the mesenteric
microcirculation, this might contributes to their hypertensive phenotype and impaired
vascular reactivity (64). Though EC-MR activation is not associated with adverse
physiological consequences at baseline, in situations of cardiovascular stress such as
hypertension, EC-MR activation is related to endothelial dysfunction. In Angll-
hypertensive mice, EC-MR knockout prevented endothelial dysfunction in mesenteric
arteries. Endothelial function in coronary arteries was not improved, suggesting the role
of EC-MR during hypertension is dependent on the vascular bed (241). Our lab
demonstrated that in cerebral PAs, Angll-hypertension induces inward hypotrophic
remodeling and endothelial dysfunction that is prevented by EC-MR deletion, suggesting
an essential role of EC-MR activation in hypertension-associated cerebrovascular
damage (65, 67). The impact of EC-MR activity on vascular remodeling and endothelial
dysfunction may be partly mediated by ENaC. EC-MR activation increases endothelial
ENaC expression, and its activation is associated with reduced NO production and
increased vascular stiffness. These effects can be mitigated by spironolactone, indicating

the resulting vascular damage from ENaC signaling is linked to MR (195).
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Beyond its impact on vascular function, the EC-MR has been implicated in
inflammation and thrombosis (164). Stimulation of EC-MR by aldosterone in human
coronary arteries induces the transcription of intercellular adhesion molecule 1 (ICAM1),
a molecule that promotes the adhesion and migration of leukocytes, thereby increasing
inflammation (33). In control mice, EC-MR activation by aldosterone promotes
thrombosis, but this process is impaired in EC-MR overexpressing mice, suggesting the
role of EC-MR can change in pathological conditions (198).

1.4.2 — Mineralocorticoid receptor antagonists

Given that around 10% of hypertensive patients have hyperaldosteronism, using
MR antagonists to treat hypertension is a promising therapeutic strategy (28). The use of
MR antagonists has been proven useful regardless of the agonist activating the receptor
(273). Spironolactone and eplerenone (EPL) are two of the three FDA-approved MR
antagonists available. A third FDA-approved MR antagonist, finerenone, is approved only
in the context of chronic kidney disease, and unlike the other MR antagonists, finerenone
is non-steroidal (279). Spironolactone, a K*-sparing diuretic, was first generated as an
antihypertensive drug. Spironolactone is a potent competitive MR antagonist, but
because it is not specific, it has undesirable off-target effects. This drug also activates
progesterone receptors and blocks androgen receptors, which affects menstrual
regularity in women and can cause sexual dysfunction in men, respectively. Because of
these effects, EPL was generated as a more selective MR antagonist, though it is not as
potent (199). These two drugs also differ in how they are metabolized. Spironolactone is
a pharmacologically active prodrug; while the parent compound has biological effects, the

primary action comes from its metabolites. The most notable metabolite is canrenone,
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which is often used in laboratory animal studies because it has fewer off-target effects
than spironolactone and can easily be administered in drinking water (11, 12). EPL has
no pharmacologically active metabolites (51).

Several studies have noted the beneficial effects of MR antagonism on the cerebral
circulation during hypertension. After the development of hypertension, MR antagonism
reverses the remodeling of the MCA (284, 285) and PAs in SHRSP (269). In PAs and
PCAs of Angll-hypertensive mice, MR antagonism prevents remodeling from occurring
(65). MR antagonism also improves pial artery and PA endothelial function during
hypertension (67, 226). Importantly, these effects are blood pressure independent, as
these effects occurred in the absence of blood pressure alterations.

MR antagonism also has a beneficial impact on the vasculature in the context of
stroke. MR activation in SHRSP exacerbates cerebrovascular damage after stroke (72),
and treatment with spironolactone reduces cerebral infarct size, which was linked to
improvements in artery structure (70). One of the mechanisms involved in MR-associated
cerebrovascular damage is the receptor’s effect on inflammation and ROS generation.
NOX1 expression is elevated in SHRSP compared to WKY rats, and this is prevented
with treatment with the active metabolite of spironolactone, canrenoic acid. Reductions in
NOX1 expression are associated with improved endothelial function in mesenteric
arteries. This is associated with reduced collagen | mMRNA expression and reduced
expression of profibrotic signaling molecules p66Shc and p38MAPK. Additionally, NOX1
knockout mice infused with aldosterone did not exhibit increases in markers of vascular

fibrosis observed in control mice (137).
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Notably, MR-associated endothelial dysfunction is associated with cognitive
decline (67). The relationship between MR antagonism and cognitive function in human
studies is complicated and appears context and age dependent. In healthy young men,
spironolactone treatment worsens cognitive performance (259), while MR stimulation
improves cognition in both young and elderly healthy patients (143). In contexts where
the MR is already overstimulated, however, MR antagonism is beneficial. Recent studies
in human patients with essential hypertension have revealed that plasma aldosterone
levels are negatively correlated with cognitive performance, and early intervention with
EPL treatment improves cognition (346). Because the MR is also expressed in neurons,
it is difficult to determine how much of these effects are attributable to MR antagonism in
the vasculature versus in the neurons themselves (283). Further, it is unclear whether
cognitive dysfunction can be reversed with MR antagonism or merely prevented. In my
dissertation, | aim to determine whether an improvement in cognition is possible with MR
blockade alongside a reversal of endothelial dysfunction after their development in
hypertension.

1.4.3 — Sex differences and the mineralocorticoid receptor

It is becoming clear that female sex hormones play a role in MR signaling, which
likely influences sex differences observed in cardiovascular disease. Recent reports have
suggested that in both humans and mice, females express more EC-MR than males at
baseline (96). Further, sex hormone ablation in female mice followed by progesterone
supplementation and estrus cycle monitoring, revealed that the elevated EC-MR
expression is progesterone dependent, and expression levels change throughout the

estrus cycle in response to progesterone concentration (96). Increased MR expression
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may be a compensatory mechanism, as progesterone is an MR antagonist. In human
adrenocortical tissue, E2 was found to regulate aldosterone production. E2 activation of
the ER-B inhibits aldosterone synthesis, when this receptor is blocked, aldosterone
synthase expression and aldosterone production increase. Conversely, activation of the
non-genomic ER, G protein-coupled estrogen receptor 1 (GPER1), increased
aldosterone production, suggesting E2 regulates aldosterone production through a
balance of ER activation (34). It is important to note that these studies were conducted in
tissues from patients with aldosterone-producing adenoma. Therefore, whether the same
findings would hold true under healthy conditions is unclear. In human embryonic kidney-
293 cells, E2-activated ER-a appears to form a complex with the MR in the nucleus,
preventing the MR from acting as a transcription factor. This suggests E2 signaling
potentially acts as a protective mechanism against excess MR activation (18). It is evident
that female sex hormones interact with the MR and its activators to influence cell
signaling, but how these processes work in concert with one another is not yet fully clear.

The data concerning sex differences in MR antagonism are complicated. For
example, in a model of myocardial infarction, cardiac remodeling is more attenuated in
the hearts of female rats than male rats after EPL treatment (175), suggesting that the
MR is an important therapeutic target for women with myocardial infarction. In a stroke
study, however, spironolactone treatment did not improve infarct size in female SHRSP
after stroke, despite having beneficial effects in male SHRSP (282). The most consistent
data concerning sex and treatment with MR antagonists are in the context of obesity. Both
clinical and experimental reports suggest females are more prone to obesity-induced

endothelial dysfunction than males (146, 320), and plasma aldosterone levels are
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increased to a greater degree in obese women (121). In mice, obesity induces endothelial
dysfunction of mesenteric resistance arteries in female, but not male mice (59, 146), a
finding that may result from a sexually dimorphic response to increased leptin production
(94). Obesity-induced endothelial dysfunction in female mice is prevented by MR
antagonism or EC-MR deletion by increasing NO bioavailability. A recent study by Biwer
et al studied the potential interaction between the MR and ER-a in endothelial cells,
revealing that EC-MR deletion improved endothelial function by increasing NO-mediated
dilation, which is prevented by simultaneous deletion of ER-a. The proposed mechanism
is that EC-MR and ER-a compete for a binding site on striatin to exert their effects on the
vasculature (20). Understanding how E2 and the MR interact is critical to identify

populations that would benefit from MR inhibition.

1.5 — Vascular contributions to cognitive impairment and dementia

Vascular contributions to cognitive impairment and dementia (VCID) describe a
group of disorders characterized by cognitive dysfunction that arises from a
cerebrovascular origin. VCID can range from mild cognitive impairment to full-blown VaD.
VaD is the second most common subtype of dementia following Alzheimer’s disease, in
its pure form, it is responsible for 20-30% of all dementia cases, and its prevalence
doubles every 5.3 years (123). Notably, at autopsy, nearly half of Alzheimer’s patients are
found to have a cerebrovascular component to their disease, thereby exacerbating
disease progression. Symptoms of VCID vary but can include mental fogginess,
personality changes, memory impairments, and executive dysfunction that impacts daily
living. Though cognitive testing can help physicians identify VCID, official diagnoses often

must be accompanied by neuroimaging. Magnetic resonance imaging (MRI) is useful in
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identifying cerebrovascular abnormalities characteristic of VCID, including infarcts and
microinfarcts, cerebral microbleeds, white matter lesions, and arteriosclerosis or amyloid
angiopathy. These are typical manifestations of cerebral small vessel disease
(CSVD(123)). White matter lesions are a particularly common correlate of cognitive
impairment. They can occur in conditions such as hypertension or genetic disorders like
Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL) (219, 276). In the absence of obvious clinical issues
such as a stroke, brain imaging scans are not routinely performed. VCID is difficult to
diagnose in the living and, unfortunately, has no effective therapies. Existing treatments
cannot specifically target VCID pathology and instead focus on treating risk factors. The
leading risk factor for VCID is aging, but modifiable risk factors include obesity, sedentary
lifestyle, preeclampsia, diabetes, heart disease, stroke, and, importantly for this
dissertation, hypertension.
1.5.1 — Hypertension as a risk factor for VCID

Maijor risk factors for VCID include conditions that disrupt NVC or otherwise
interrupt cerebral perfusion. As mentioned previously, cerebral hypoperfusion results in
inadequate delivery of oxygen and glucose to neurons, thereby contributing to neuronal
dysfunction observed in cognitive decline. Because of its detrimental effect on the
vasculature, hypertension is the leading modifiable risk factor for VCID (151). Untreated
hypertensive patients exhibit a blunted cerebral blood flow response during memory tasks
compared to normotensive control patients (168). Medicated hypertensive patients that
have their blood pressure controlled, however, do not exhibit impairments in NVC

compared to normotensive controls (202). In epidemiological studies, a link between
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uncontrolled hypertension and cognitive decline has been consistently reported (88, 112,
201). The increased VCID risk in hypertensive patients is particularly strong in those that
have hypertension at midlife. A recent systematic review and meta-analysis reviewing
209 prospective studies found that having a systolic blood pressure of 140mmHg or
greater in midlife increased one’s risk of late-life dementia development by 37-52%. Even
a systolic blood pressure of 130mmHg corresponded to an excess dementia risk of more
than 34% (261). This study is one of the most comprehensive meta-analyses available
and provides valuable insight regarding VCID risk. A separate longitudinal study that
followed a group of 2,268 men over 40 years showed similar results, with a consistent
link between elevated systolic blood pressure and future VaD development (289).
Importantly, the relationship between hypertension and dementia risk does not appear to
exist in those that become hypertensive later in life, unless mild cognitive impairment
already exists (261). These studies highlight the importance of controlling blood pressure
in midlife, and some have found that mid-life antihypertensive treatment reduces the risk
of cognitive decline (147). However, steep reductions in blood pressure in
prehypertensive older adults have also been linked to dementia, suggesting age should
be considered when prescribing antihypertensive therapy (229).
1.5.2 — Sex differences in VCID risk

Data concerning sex differences in dementia development are inconsistent. When
investigating overall dementia prevalence, more women are diagnosed than men, though
this is likely due to Alzheimer’s risk being greater in women (8). When investigating VaD
prevalence specifically, several studies have identified an insignificant trend toward

greater risk in men (52, 108), or have not identified a sex difference at all (8). Studies that
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controlled for age have identified a greater VaD risk in men until age 85-90, at which point
risk is more significant in women (214, 294). These results may be influenced by the
survival bias of women, so care should be taken in their interpretation.

Inconsistencies reported in the influence of sex on VaD development can largely
be attributed to a failure of these studies to appropriately assess sex differences within
the study design. Studies that included women and assessed their risk separately from
the men in the study found that hypertension increases VabD risk in women only (115,
139). Further, hypertension, specifically during midlife, is associated with a 65%
increased VaD risk in women but not men (115). Whether the efficacy of antihypertensive

therapy affects the sexes differently is yet to be established.

1.5.3 — Experimental models of VCID

A major hurdle in identifying therapeutic targets for VCID has been the lack of
appropriate animal models. The most widely accepted models induce chronic cerebral
hypoperfusion by reducing blood flow through the common carotid arteries. There are
several different ways this can be achieved. Bilateral common carotid artery stenosis
(BCAS) uses micro coils or sutures around the artery to reduce blood flow to the brain.
Instead of stenosing the arteries, unilateral common carotid artery occlusion (UCAO) and
bilateral common carotid artery occlusion (BCAO) completely tie off one or both arteries
to reduce cerebral blood flow. Complete occlusion of the arteries is associated with high
mortality rates. To circumvent this, some studies only occlude for a designated period of
time, often less than 20 minutes (353). The benefit of these models is the ability to study
reduced cerebral perfusion without interference from other VCID risk factors. A major

limitation is that the reduced cerebral perfusion in these models is quite sudden. In
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recognition of this limitation, a separate model was developed that utilizes ameroid
constrictors placed around the carotid arteries that absorbs extracellular matrix fluid over
time. This produces a gradual reduction of arterial diameter, producing a reduction in
cerebral blood flow that worsens over time (75). Aside from models that focus on reduced
cerebral blood flow, hypertensive models are also widely used to assess cognitive decline
in rodents. BPH mice have cognitive impairment that is associated with reduced cerebral
blood flow (93, 135). We have reported similar findings in Angll-hypertensive mice (65,
67). In rats, the SHRSP exhibits characteristics of CSVD and cognitive decline. The white
matter damage observed in SHRSP during MRI is similar to that observed in human
patients with VCID (333). There is also a mouse model termed the CADASIL mouse,
which features a Notch3 mutation observed in human CADASIL patients (275). These
mice exhibit impairments in cerebrovascular reactivity in old age (197).

Many behavioral assessments can be used to test cognitive function in rodents.
For brevity, | will focus on tests | used that will be discussed in future chapters. Ahead of
all memory tasks discussed, mice and rats were acclimated to handling, as well as to the
room where the testing occurred, over the course of three days. To assess spatial working
and spatial reference memory, | used the Y-maze. The Y-maze consists of three equally
sized arms placed at 120° angles from each other. Spontaneous alternation behavior was
measured to assess spatial working memory (192). To this end, the rodent is placed at
the end of one arm of the maze and allowed to freely explore for 3 minutes. A total of 8
arm entries are required to be included in the analysis. A rodent with a functional memory
will remember where it has already been in the maze and will preferentially enter the arm

it has visited least recently. A correct alternation occurs when the rodent consecutively
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enters all three arms of the maze. A high percentage of spontaneous alternation behavior
indicates intact spatial working memory.

Appropriate spatial working memory requires successful communication between
the hippocampus and the prefrontal cortex (302, 324). The Y-maze can be used again to
assess spatial reference memory. This test must take place at least a week apart from
the spontaneous alternation task to allow mice time to forget the maze. To assess spatial
reference memory, the rodent is placed in the maze with one of the arms blocked off.
After exploring the two arms of the maze for 5 minutes, the rodent is placed back in its
home cage for a retention period of 60 minutes. After the retention period, the rodent is
placed back into the maze with all three arms available for exploration. The percentage
of time the rodent spends in the novel arm over 2 minutes is measured. Because rodents
prefer novel places, a rodent with intact spatial reference memory will preferentially
explore the arm that was previously closed off, while a rodent that has impaired spatial
reference memory will spend 33% of its time in each arm (192).

Spatial memory can also be assessed using the Barnes maze. The Barnes maze
is a hippocampus-dependent task where rodents use visual cues in their surrounding
environment to learn the location of an escape hole (272). The testing apparatus is a
circular table with holes lining the perimeter. All holes except the escape hole are covered,
and rodents undergo 3 training trials per day for 4 days to learn its location. A weak
aversive stimulus is applied during the training period to motivate the animals to find the
escape hole, at which point the aversive stimulus is removed. The aversive stimulus used
in our protocol is a 4000Hz static sound, though a buzzer or a light can also be used. On

the fifth day, the mice are tested on their ability to remember the location of the escape
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hole. To this end, the escape hole is kept in the same place but is covered, and the
rodents are tracked as they move around the maze. A rodent with cognitive impairment
will take longer to locate the escape hole and spend less time around the escape hole
location compared to a rodent with intact cognition. The Barnes maze is a useful tool to
assess cognition in mice and rats, and has been used in multiple studies linking
hypertension to cognitive decline (67, 93, 200).

Nest building is essential for mice. Quality nests protect against body heat loss,
provide shelter from predators, and are important for reproduction. Because nesting is
not purely for reproductive purposes, both male and female mice make nests. A hallmark
of dementia is the impairment in activities of daily living. Because nest building is a critical
component of daily living in mice, assessing nest building is growing in popularity as a
measure of their cognitive well-being (245). This is an easily measured assessment, as it
requires no special equipment or training of the mice and can be conducted in their home
cages. To assess nest quality, new cages with fresh nesting material are given to the
mice one hour before the start of their dark cycle. After 24 hours, the new nests are
measured on a scale of 0-5, with 0 being the worst and 5 being the best. A quantitative
nesting test can also be administered. For this task, mice are given a pre-weighed cotton
square nestlet and are allowed one hour to shred it and incorporate it into their nests. The
nestlet is weighed again, and the percentage of the nestlet shredded is calculated (60).

The behavioral tests mentioned here are featured in Figure 1.7.
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Figure 1.7. Behavior assessments used. A) The spontaneous alternation task in the Y-
maze was used to assess spatial working memory. B) The novel arm Y-maze test was
used to assess spatial reference memory and C) Barnes maze was used to test spatial
learning memory. D) Nesting ability was assessed as an indicator of carrying out tasks of

daily living.

1.6 — Scope of this project
Given the background information and the knowledge gaps in the literature

highlighted throughout this chapter, the central hypothesis for this project is that
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endothelial TRPV4 channel function is essential for PA function and cognition, and its
dysfunction or absence is associated with cerebrovascular and cognitive impairment.
Additionally, | hypothesized that female mice would be protected from impaired TRPV4
signaling and cognitive dysfunction in hypertension. The hypotheses of this dissertation
are shown in Figure 1.8. These hypotheses were tested with the following experimental
aims:
1.6.1 — MR antagonism after the development of cerebrovascular and cognitive

dysfunction

In both mouse and rat models of hypertension, MR antagonism is protective
against cerebrovascular damage and cognitive decline. However, because treatment in
these studies began alongside the development of hypertension, it is unknown whether
MR antagonism in midlife can reverse the damage done by hypertension or whether it is
merely preventative. These studies used aged SHRSP and a novel treatment paradigm
that began after the development of hypertension to test the hypothesis that MR

antagonism can reverse impairments in PA dilation and cognition.

1.6.2 — Sex differences in Angll-hypertension

As mentioned previously, there is a wide knowledge gap in the literature regarding
the influence of biological sex in cerebrovascular and cognitive dysfunction in
hypertension. Our lab previously demonstrated that Angll-hypertension in young male
mice results in impaired TRPV4-mediated dilation in PAs and induced cognitive decline.
With the understanding that E2 protects against neuroinflammation, a significant

contributor to vascular and cognitive impairment, | hypothesized that age-matched female
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mice would be protected against impaired TRPV4-mediated dilation in PAs and protected
against cognitive dysfunction.
1.6.3 — Endothelial TRPV4 deletion

TRPV4 channels are well-established contributors to appropriate neurovascular
function. Because of the ubiquitous expression of TRPV4 in cells in the neurovascular
unit, it has thus far been impossible to determine cell-specific contributions of the channel.
This study used endothelial-specific TRPV4 knockout mice to test the hypothesis that

endothelial TRPV4 channels are essential for PA and cognitive function.

Hypertension

—|
Impaired Reverses .
TRPVEfunction < MR antagonism
Cognitive

dysfunction

Figure 1.8: Schematic of the overarching hypotheses of this project. Female sex
protects against impaired TRPV4 function and subsequent cognitive decline in
hypertension. After the development impaired TRPV4 function and cognitive decline in
hypertension, MR antagonism will reverse the damage. TRPV4 function is central to
cerebrovascular and cognitive wellbeing and its dysfunction, or deletion, will result in

cognitive decline.
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Chapter 2:

Mineralocorticoid Receptor Antagonism Improves Transient Receptor Potential
Vanilloid 4-dependent Dilation of Cerebral Parenchymal Arterioles and Cognition

in a Genetic Model of Hypertension
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This chapter was adapted from: Chambers LC, Diaz-Otero JM, Fisher CL, Jackson WF,
Dorrance AM. Mineralocorticoid receptor antagonism improves transient receptor
potential vanilloid 4-dependent dilation of cerebral parenchymal arterioles and cognition
in a genetic model of hypertension. J Hypertens. 2022 Sep 1;40(9):1722-1734. doi:

10.1097/HJH.0000000000003208. PMID: 35943101; PMCID: PMC9373385.

2.1 — Abstract

In a model of secondary hypertension, MR antagonism during the development of
hypertension prevents the impairment of TRPV4 activation in PAs and cognitive
impairment. However, it is unknown whether MR antagonism can improve these
impairments when treatment begins after the onset of essential hypertension. We tested
the hypothesis that MR activation in SHRSP leads to impaired TRPV4-mediated dilation
in PAs that is associated with cognitive dysfunction and neuroinflammation. 20-22-week-
old male SHRSP + EPL (100mg/kg daily for 4 weeks) were compared to normotensive
Sprague Dawley (SD) rats. Pressure myography was used to assess PA function.
Cognition was tested using Y-maze. Neuroinflammation was assessed using
immunofluorescence and qRT-PCR. Carbachol-mediated endothelium-dependent
dilation was impaired in SHRSP, and MR antagonism improved this without affecting
myogenic tone. Dilation to TRPV4 agonist GSK1016790A was impaired in SHRSP, and
EPL treatment restored this. IKc/SKce-mediated dilation was impaired by hypertension
and unaffected by EPL treatment. TRPV4 and IKc./SKcachannel mRNA expression were
reduced in PAs from hypertensive rats, and EPL did not improve this. Impairments in PA

dilation in SHRSP were associated with cognitive decline, microglial activation, reactive
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astrogliosis, and neuroinflammation; cognitive and inflammatory changes were improved
with MR blockade. These data advance our understanding of the effects of hypertension
on cerebral arterioles using a clinically relevant model and treatment paradigm. Our
studies suggest TRPV4 and the MR are potential therapeutic targets to improve
cerebrovascular function and cognition during hypertension.

2.2 — Introduction

MR activation has been linked to vascular damage in hypertension (48, 59, 61, 62)
and stroke (21, 22) and is associated with cognitive and memory impairment in rodents
(19) and humans (65). In a mouse model of Angll-hypertension, we showed that MR
activation during the development of hypertension impairs endothelium-dependent
dilation and causes inward remodeling of cerebral PAs; these changes were associated
with cognitive decline (16, 19).

The PAs regulate blood flow from pial arterioles to the capillary bed, where gas
and nutrient exchange occurs. Unlike pial arteries, PAs lack collateral connections and
are considered the weak link in cerebral perfusion. Strikingly, occlusion of a single PA
results in a microinfarct that is sufficient to cause cognitive decline (69, 72). The brain is
a metabolically demanding organ that does not have energy stores; therefore, tightly
regulated blood flow is an absolute requirement for proper function. Modifiable vascular
risk factors such as hypertension disrupt cerebral hemodynamics and lead to cerebral
hypoperfusion (51, 75). Chronic cerebral hypoperfusion is associated with cognitive
decline because it prevents neurons from receiving the necessary nutrients (23, 34, 70,
78). In fact, appropriate vascular function is so vital for brain health that the severity of

hypoperfusion can predict the rate of cognitive decline in patients with Alzheimer’'s
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disease (5). Our studies in Angll-hypertensive mice confirm the importance of vascular
function in cognition, as the impaired PA endothelium-dependent dilation observed is
associated with cognitive dysfunction (19).

We have shown that PA endothelium-dependent dilation is primarily mediated by
TRPV4 channels and that this dilator pathway is impaired in mice with Angll-hypertension
(18, 19, 45). Caz influx through TRPV4 triggers the activation of IKc/SKca in endothelial
cells (10, 79). IKca/SKca activation produces a hyperpolarizing current that travels to
vascular smooth muscle cells through myoendothelial gap junctions to cause
vasodilation. The importance of TRPV4 in regulating cerebrovascular health is highlighted
in our recent studies using a global TRPV4 knockout rat model. These rats exhibit
cerebral hypoperfusion and impaired cognitive function (18).

Our previous studies implicating the MR and TRPV4 in hypertension-associated
PA dysfunction were conducted in a model of secondary hypertension using angiotensin
II, and the MR antagonists were administered as hypertension was developing (16, 19).
Administration of pharmacological therapy alongside hypertension development does not
reflect the timing of treatments in humans, where therapy would only be administered
after hypertension is detected. This is a significant limitation of our previous studies and
prevents us from knowing if hypertension-associated dementia is treatable or merely
preventable. Our goal was to determine if cerebrovascular and cognitive impairments
associated with hypertension can be improved with MR antagonism after the onset of
hypertension. The current study utilized a rat model of polygenic multifactorial
hypertension that accurately reflects human essential hypertension. We also used a

clinically relevant treatment regime in which MR antagonist administration began after the
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development of hypertension. We tested the hypothesis that MR activation impairs PA
TRPV4-mediated dilation in SHRSP, that these impairments are associated with impaired
cognitive function and neuroinflammation, and that MR antagonism improves these
impairments.

2.3 — Materials and Methods

2.3.1 — Experimental Models and Treatment

All experimental protocols were approved by the Michigan State University Animal
Care and Use Committee and performed according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Male 20-22-week-old stroke-prone
spontaneously hypertensive rats (SHRSP; n=15-16 total for each group) from the colony
housed at Michigan State University were used. All rats were given standard rodent chow
containing 0.3% sodium (Envigo, diet 8904 ). A group of SHRSP were treated with the MR
antagonist EPL (100mg/kg/day), given orally suspended in 2g peanut butter daily for 4
weeks. This amount of peanut butter does not significantly alter the amount of dietary
sodium. Treatment began when rats were 16-18 weeks of age. Age-matched male
Sprague Dawley (SD) rats (n=16) purchased from Envigo (Indianapolis, IN) served as
control. We used SD rats as the control for the SHRSP because previous studies found
biological variability in WKY rats that results in variable blood pressures (40). WKY rats
also express depressive behavior that confounds behavior analyses (41, 54). Though
they do not share the same genetic background, SDs are commonly used as a
normotensive control for SHRSP (68, 73, 76). All animals studied were male and housed

on 12h:12h light/dark cycle with food and water ad libitum.
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2.3.2 — Tail-Cuff Plethysmography

Blood pressure was measured in conscious rats by tail-cuff plethysmography using
a RTBP1001 tail-cuff blood pressure system (CODA-6, Kent Scientific, Torrington, CT).
Rats (n=8) were randomly selected for blood pressure analysis. All rats were acclimatized
to both handling and the blood pressure measurement system ahead of the experimental
measurements. Of the 25 cycles measured, the first 15 were used as acclimation, and

the remaining 10 were averaged to provide the final data point for each animal.

2.3.3 — Laser Speckle Contrast Imaging

Pial cerebral blood flow was measured by laser speckle contrast imaging in n=8
rats randomly selected per group; variable numbers are due to the removal of an outlier
identified by Grubb’s test and the death of one SHRSP under isoflurane. Rats were
anesthetized under 2% isoflurane before imaging, and a 2cm vertical incision was made
through the skin and connective tissue to expose the skull. The closed skull was cleaned
using a saturated ferric chloride solution followed by hydrogen peroxide. To improve the
resolution of the image, clear nail polish was applied to the surface of the skull. Before
beginning the measurements, isoflurane was reduced to 1%, and the rats were
equilibrated for 5min. Images were then acquired for 1min at a rate of 22 images/s.
Images were analyzed using PIMSoft software (PeriMed, Las Vegas, NV). Mean flux
values were measured in regions of interest defined in each brain hemisphere between

the bregma and lambda sutures.

2.3.4 — Pressure Myography
The endothelial function of PAs was assessed by pressure myography as

described previously by our lab (16, 17, 46, 59). A 5 x 3mm section of the brain containing
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the middle cerebral artery (MCA) was dissected to isolate the arterioles. The pia with the
MCA was separated from the brain, and the PAs branching off the MCA were used for
experiments. A total of n=15-16 rats were used to complete dilation and myogenic tone
experiments; each arteriole was used for only one concentration-response curve. Isolated
arterioles were cannulated using two glass micropipettes in a custom-made cannulation
chamber. PAs were equilibrated in physiological salt solution (PSS) containing
140mmol/L NaCl, 5mmol/L KCI, 1.8mmol/L CaCl;, Tmmol/L MgCl., 10mmol/L HEPES,
and 10mmol/L glucose. A servo-null system was used to pressurize the arterioles, and a
leak test was performed before each experiment. Arterioles were pressurized to 60mmHg
(45, 46, 59) until the development of stable myogenic tone (% tone = [1-(active lumen
diameter/passive lumen diameter)] x 100. Arterioles that generated less than 20%
myogenic tone were discarded. The diameter of the arterioles was recorded using
MyoView 2.0 software (Danish Myo Technology, Aarhus, Denmark).
2.3.5 — Parenchymal Arteriole Vasodilation

Endothelium-dependent vasodilation was assessed after myogenic tone
generation by incubating the arterioles with increasing concentrations of the muscarinic
receptor agonist carbachol (CCh; 10--10-*mol/L) added to the bath. To determine the role
played by TRPV4 in PA dilation, arterioles were incubated with the TRPV4 antagonist
GSK2193874 (10"'mol/L) for 10min after the development of stable myogenic tone, then
CCh-induced dilation (10°-10-*mol/L) was assessed. A separate group of PAs were
incubated with increasing concentrations of the TRPV4 agonist GSK1016790A (10-°-10-
mol/L). To evaluate the role of IKca/SKca channels in PA dilation, arterioles were incubated

with increasing concentrations of the agonist NS309 (10-°-10-*mol/L) in the bath.
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2.3.6 — TRPV4 Channels in Myogenic Tone

To assess the role of TRPV4 specifically in endothelial cells in the maintenance of
myogenic tone, the endothelium of PAs from SHRSPs was removed by passing an air
bubble through the lumen of the arteriole. The PAs were then pressurized, and after the
development of stable myogenic tone, we confirmed endothelium denudation by
incubating the arterioles with CCh (10-“mol/L) for 10min. Successfully denuded arterioles
did not dilate in response to CCh. PAs without endothelium were incubated with 10-"mol/L
GSK2193874 for 10min, and changes in myogenic tone maintenance were recorded. At
the end of each experiment, Caz* free buffer containing ethylene glycol tetraacetic acid
(EGTA; 29mmol/L) and sodium nitroprusside (SNP; 10-*mol/L) were added to the bath to
maximally relax the smooth muscle. Dilation was calculated using the following formula:
[lumen diameter at drug concentration — baseline lumen diameter) / (passive lumen
diameter — baseline lumen diameter)] x 100.
2.3.7 - gRT-PCR

Brain tissue from rats used in pressure myography experiments was saved for
gRT-PCR. RNA was extracted from whole brain tissue anterior to the MCA, excluding the
olfactory bulb, as well as from rat PAs for qRT-PCR analysis using Trizol. RNA was
reverse transcribed using VILO reverse transcriptase (Invitrogen, Carlsbad, CA).
TAQMAN-specific probes were used for the PCR to assess the mRNA expression of
TRPV4, IKca, and SKcain pooled PAs (~10 PAs per rat) and tumor necrosis factor alpha
(TNF-a), tumor necrosis factor receptor (TNFR1), interleukin 6 (IL-6), synaptophysin

(SYP), sortilin-related receptor 1 (SORL1), and amyloid precursor protein (APP) in brain
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tissue. MRNA expression is expressed as the fold change from control using the 2-2act

method. 2-microglobulin was used for normalization.

2.3.8 = Y-Maze

Y-maze was used to assess spatial recognition memory. The Y-maze consists of
three identical arms placed at a 120° angle to one another. Unique spatial cues made of
colored laboratory tape were placed at the far end of the wall. Each rat received two trials.
In the first trial, rats were placed in the maze with one arm of the maze blocked off and
were allowed to explore for 5min. The blocked arm was rotated within the testing groups
to prevent arm placement bias. After exploration, the rats were placed back in their home
cages for a 60min retention time. In the second trial, all three maze arms were accessible,
and rats were allowed to explore for 5Smin. The first 2min of this trial were used to assess
spatial recognition memory, and the full 5min were used to assess any locomotor
differences between groups. Spatial recognition memory was measured by the
percentage of time spent exploring the novel arm and the number of visits to the novel
arm. Recordings were tracked and analyzed using EthoVision XT software.
2.3.9 — Immunofluorescence

Brains from the rats used for the pressure myography experiments were also used
for microglia and astrocyte analysis. Because the PA studies used arterioles branching
off the MCA, brains for immunofluorescence studies were sectioned beginning about
3mm posterior to the MCA, and images were taken from the cortex. Brains were post-
fixed in 4% paraformaldehyde for 48hrs, washed in 1x PBS (24hrs each), and stored in
20% sucrose-PBS until sectioned. The brains were sliced into 40um sections for analysis

of the cortex. For microglia quantification, free-floating sections were blocked and
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permeabilized in 0.1% Triton X-100 with 10% normal horse serum-PBS for 30min at room
temperature, then incubated in 1:200 rabbit anti-ionized Caz2*-binding adapter molecule-1
(IBA-1, PA5-27436, Invitrogen, Rockford, IL) in blocking buffer overnight at 4°C. Sections
were washed three times in 1x PBS and then incubated in secondary AlexaFluor 568
donkey anti-rabbit (A10042, Invitrogen, Rockford, IL). For astrocyte analysis, free-floating
brain sections were blocked and permeabilized in 0.1% Triton X-100 with 10% normal
horse serum-PBS for 30min at room temperature, then incubated in 1:1000 rabbit anti-
glial fibrillary acidic protein (GFAP; ab7260, Abcam, Cambridge, MA) in blocking buffer
overnight at 4°C. The sections were washed three times in 1x PBS and then incubated
for 1hr in secondary AlexaFluor 568 donkey anti-rabbit (A10042, Invitrogen, Rockford,
IL). Sections were washed 3 x 5min in 0.1% Tween-20 in 1x PBS, then mounted with
Vectashield mounting medium. For each subject, two z-stack images were acquired in
each hemisphere of the cortex immediately dorsal to the CA1 region of the hippocampus
using a 20x objective coupled to a Zeiss LSM 880 confocal microscope. Iba-1- and GFAP-
stained sections were analyzed by FIJI software (Imaged, NIH). Representative
astrocytes from GFAP-stained sections were reconstructed then analyzed using the
Simple Neurite Tracer plugin described by others (74). Briefly, z-stack images were
loaded into FIJI, and the Simple Neurite Tracer was used to reconstruct individual
astrocytes. Morphological analyses include process length and astrocyte volume using
the volume filler application. All quantifications and analyses were conducted by an

investigator blinded to study groups.
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2.3.10 — Plasma Aldosterone
Blood was collected by cardiac puncture prior to euthanasia in anesthetized rats.

Plasma aldosterone levels were measured by ELISA (ADI-900-173, Enzo Life Sciences).

2.3.11 — Drugs and Chemicals

GSK1016790A and GSK2193874 were purchased from Cayman Chemicals (Ann
Arbor, MI). All other drugs and chemicals are obtained from Sigma Aldrich unless
otherwise specified.
2.3.12 - Statistical Analysis

All data are presented as means + SEM. For analysis of artery vasodilation, two-
way analysis of variance with repeated measures in one factor (concentration) was
utilized followed by Bonferroni-adjusted t-tests for post-hoc comparisons. All other
statistical analyses were assessed by One-Way Analysis of Variance or Kruskal-Wallis if
non-parametric testing was required. The Grubb’s test was used to identify outliers. All
statistical analyses were performed using GraphPad Prism 7.0 software (GraphPad, San
Diego, CA). In all cases, statistical significance was denoted by p<0.05.
2.4 — Results
2.4.1 — Mineralocorticoid receptor antagonism does not affect blood pressure or

cerebral pial artery blood flow in SHRSP

SD rats were chosen as the normotensive control for SHRSP in this study. Plasma
aldosterone levels were measured to confirm they fell within expected ranges (SD: 196.5
+ 28.4; SHRSP: 545.8 + 135; SHRSP + EPL: 775.1 + 116.5pg/mL; data not shown).
These measurements reflect what has been observed by others (8, 15, 20, 38, 44, 55,

77). To confirm the SHRSP were hypertensive compared to SD rats and that EPL
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treatment does not alter blood pressure, systolic blood pressure was measured using tail-
cuff plethysmography. Systolic blood pressure in SHRSP was significantly higher than
controls (Figure 2.1A), and MR antagonism did not lower blood pressure. Hypertension
is associated with cerebral hypoperfusion, and MR antagonism rescued blood flow
impairments in our previous study (16). Laser speckle contrast imaging was used to
measure pial blood flow. SHRSP had a trend toward reduced pial artery perfusion
compared to controls (Figure 2.1B; p=0.0633 vs. control by one-way ANOVA). Treatment
with EPL did not improve pial artery perfusion.
2.4.2 — Mineralocorticoid receptor antagonism improves impaired endothelium-

dependent dilation during hypertension

The role of MR activation in the generation of myogenic tone in PAs was assessed.
The PAs from SHRSPs had increased myogenic tone compared to control. MR
antagonism did not alter the amount of tone generated by PAs from SHRSP (Figure 2.2A);
this confirms our published studies (59). We then assessed endothelium-dependent
dilation in response to CCh. The CCh-mediated dilation was impaired in the PAs from
SHRSP, which was improved after EPL treatment (Figure 2.2B). TRPV4 antagonism with
GSK2193874 (10"mol/L) inhibited the CCh-induced dilation of PAs from all groups
(Figure 2.3A-C), indicating an important role of TRPV4 activation in PA endothelium-

dependent dilation in SHRSP and SD rats.
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2.4.3 — Mineralocorticoid receptor antagonism improves impaired TRPV4-mediated
dilation but does not impact IKco/SKca-mediated dilation or TRPV4, 1Kca, and SKca
channel mMRNA expression during hypertension
To explore the role of MR signaling in EDH-mediated dilation, we assessed

TRPV4-dependent dilation in PAs. The TRPV4 agonist, GSK1016790A, caused a robust

dilation in PAs from SD rats (Figure 2.4A). Hypertension impaired the TRPV4-mediated

dilation, and EPL treatment improved this response. The influx of Ca?* through TRPV4
triggers the activation of nearby IKc./SKca channels, producing a K+ efflux that
hyperpolarizes the endothelial cell, ultimately causing vasodilation. To test IKca/SKc.-
dependent dilation, PAs were incubated with increasing concentrations of the IKca/SKca
channel agonist NS309 in the bath. At lower concentrations of NS309, SHRSP had
impaired IKc./SKca-mediated dilation compared to SD controls, demonstrated by a greater

-logeC50 value in SHRSP +/- EPL compared to controls (control: 8.148+0.54, SHRSP:

6.508+0.10, SHRSP+EPL: 6.389+0.11 logeC50; p=0.009 by one-way ANOVA). This was

not improved by MR antagonism (Figure 2.4B); however, the maximum dilation produced
in response to NS309 was similar in all groups. We assessed the mRNA expression of

TRPV4, IKca, and SKca channels in isolated PAs using gRT-PCR. Our data suggest that

the mRNA expression for TRPV4, IKca, and SKc. was reduced in PAs from SHRSP

compared to SD rats, and EPL treatment had no statistically significant effect (Figure

2.4C-E).
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2.4 4 — Endothelial TRPV4 activity modulates parenchymal arteriole myogenic tone

generation

Our previous studies in Angll-hypertensive mice showed that TRPV4 inhibition with
GSK2193874 reduced myogenic tone in the PAs from Angll-treated mice but not
normotensive mice (19). The same loss of myogenic tone was observed in the PAs from
SHRSP and SHRSP+EPL but not in the normotensive SD rats. To explore if endothelial
TRPV4 was involved in the loss of myogenic tone, we removed the endothelium from a
group of PAs isolated from SHRSP. When endothelium-denuded PAs were incubated
with GSK2193874, there was no loss of myogenic tone, suggesting that endothelial
TRPV4 is involved in regulating myogenic tone in SHRSP (Figure 2.5).
2.4.5 — Mineralocorticoid receptor antagonism improves cognitive function in SHRSP

We used the Y-maze to assess the role of MR activation in cognition in SHRSP.
SHRSP spent less time in the novel arm of the Y-maze and had fewer total novel arm
visits compared to SD rats, indicating impairment of spatial memory (Figure 2.6A, B).
Notably, SHRSP traveled less total distance during the testing period than controls. MR
antagonism did not alter the total distance traveled by SHRSP, but it improved the total
time spent in the novel arm and the number of visits to the novel arm, indicating
improvement of spatial memory (Figure 2.6C).
2.4.6 — SHRSP have elevated mRNA expression of proinflammatory markers and

increased activated microglia, which are reduced by MR antagonism

We assessed changes in proinflammatory markers in whole brain tissue from the
frontal region of the brain. The mMRNA expression of the proinflammatory markers TNF-a

and its receptor, TNFR1, were significantly increased in SHRSP compared to SD rats,
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and these differences were eliminated by EPL treatment (Figure 2.7A, B). IL-6 mRNA
expression was also elevated in SHRSP, but this was not significantly reduced by EPL
(Figure 2.7C). Next, we used immunofluorescence to quantify and assess the quantity
and morphology of cortical microglia labeled with an Iba-1 antibody. SHRSP had more
microglia compared to control (Figure 2.7G). The microglia in the SHRSP also had larger
somas, suggesting these microglia were in their activated state (Figure 2.7H) (13). EPL
treatment did not change the number of microglia but did reduce their soma size.
2.4.7 — Mineralocorticoid receptor antagonism corrects the elevated mRNA expression
of markers associated with cognitive dysfunction in SHRSP
We also measured the mRNA expression of proteins involved in cognition. mMRNA
expression of amyloid precursor protein (APP) and sortilin-related receptor (SORL1), a
protein involved in APP processing, were increased in SHRSP compared to control; these

differences also were reduced by EPL treatment (Figure 2.7D, E).

2.4.8 — Reactive astrogliosis in SHRSP is reduced with MR antagonism

Astrocytes play a critical role in relaying information between the cerebral
vasculature and the neurons and are therefore important in maintaining cognitive function.
A GFAP antibody was used to label astrocytes in the cortex near the corpus callosum.
SHRSP had more astrocytes compared to control (Figure 2.8B). Astrocytes from SHRSP
also had greater soma and process thickness, referred to as astrocyte volume, than
control (Figure 2.8C). A greater astrocyte volume indicates that the cells are reactive. MR

antagonism reduced the overall number of astrocytes and improved their morphology.

117



0.0030

0.0649
A B
0.0132 0.0633

o) * _ —_—
:E: 200 = * 5 200 °
£ o e .

I [7/]
o _ v U = 150+ a]
el e (T[] 27 e
(7]
9 - S 100 ) " =
& 100 H 2 100
:
& 50- a 507
Q2
©°
3 0 : : : 0 T T T
iy Control SHRSP SHRSP+EPL Control SHRSP SHRSP+EPL

(n=8) (n=8) (n=8) (n=7) (n=7) (n=8)

Figure 2.1: Systolic blood pressure is elevated and pial blood flow is reduced in
SHRSP compared to control, and this is not changed by MR antagonism. A) Blood
pressure in each group was measured by tail-cuff plethysmography. Data are presented
as means + SEM. SHRSP rats had elevated systolic blood pressure compared to SD
controls. MR blockade did not affect blood pressure. B) Pial blood flow was measured by
laser speckle contrast imaging. SHRSP rats had a trend toward reduced pial blood flow
compared to controls (ANOVA p=0.0497). EPL treatment did not improve pial blood flow.

*=different from control by one-way ANOVA with Bonferroni correction for multiple

comparisons.
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Figure 2.2: MR blockade improves PA endothelium-dependent dilation in rats with
essential hypertension. Myogenic tone and endothelium-dependent dilation in isolated
PAs were assessed by pressure myography. Data are presented as means + SEM. A)
The PAs from SHRSP had increased myogenic tone and this was not prevented by EPL
treatment. B) The CCh-mediated dilation was impaired in SHRSP, and this was prevented
by EPL treatment. In Figure 2.2A n= number of vessels from 7-8 rats. *=different from
control. Comparisons for Figure 2.2A made by Kruskal-Wallis and for Figure 2.2B by two-

way ANOVA.
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Figure 2.3: TRPV4 channels are critical regulators of PA dilation. The role of TRPV4
in PA endothelium-dependent dilation was assessed by pressure myography. PAs were
incubated with the TRPV4 antagonist GSK2193874 for 10 mins after the generation of
myogenic tone. Data are presented as means + SEM. TRPV4 inhibition with
GSK2193874 prevented the CCh-mediated dilation in A) Sprague Dawley, B) SHRSP,

and C) SHRSP+EPL. *=different from control by two-way ANOVA.
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Figure 2.4: MR blockade prevents impaired TRPV4-mediated dilation of PAs, but
not reduced mMRNA expression of ion channels during hypertension. PA
endothelium-dependent dilation mediated by TRPV4 and [Kc./SKca channels was
assessed by pressure myography. mRNA expression of these channels was assessed
by gRT-PCR. Data are presented as means + SEM. A) The TRPV4 agonist caused
dilation in the PAs from control rats. This dilation was impaired in SHRSP, and impairment
was prevented by MR blockade with EPL. B) PA dilation to IKc./SKcaagonist NS309 was
impaired in SHRSP compared to controls, which was not improved by MR antagonism

with EPL. C-E) The mRNA expression of TRPV4, |Kcaand SKca channels was reduced in
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Figure 2.4 (cont’d): the PAs from SHRSP; these changes were not prevented by EPL
treatment. B2M was used as the housekeeping gene. *=different from control and

SHRSP+EPL by two-way ANOVA in Figure 2.4A-B. *=different from control by one-way

ANOVA in Figure 2.4C-E.
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Figure 2.5: Endothelial TRPV4 channel modulate PA myogenic tone generation. The
role of TRPV4 channels in myogenic tone generation was assessed by pressure
myography. Data are presented as means + SEM. TRPV4 inhibition with GSK2193874
resulted in a significant loss of myogenic tone in the PAs from SHRSP and SHRSP+EPL,
but not in the normotensive controls. Denuding the endothelium of PAs from SHRSPs
prevented the loss in myogenic tone after TRPV4 inhibition. *= different from control by

one-way ANOVA.
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Figure 2.6: SHRSP have impaired spatial memory that is rescued by MR
antagonism. The Y-maze was used to measure spatial memory. Data are presented as
means £ SEM. (A) SHRSP explored the novel arm in the Y-maze significantly less than
controls. EPL treatment improved novel arm exploration. (B) SHRSP had fewer total visits
to the novel arm compared to control, which was improved with EPL treatment. *=different

from control by one-way ANOVA.
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Figure 2.7: MR blockade prevents increased brain mRNA expression of genes

associated with neuroinflammation and cognition in hypertension. qRT-PCR was

used to measure mMRNA expression of genes associated with inflammation and cognitive
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Figure 2.7 (cont’d): function. Data are presented as means + SEM. The brain mRNA
expression of the inflammatory markers A) TNF-oo and B) its receptor TNFR-1 were
elevated in SHRSP compared to control and this was prevented by EPL treatment. C)
The inflammatory marker IL-6 was also increased in SHRSP but EPL treatment did not
prevent this increase. D) APP mRNA expression was elevated and E) SORL1, a protein
involved in APP processing, trended toward an increase in SHRSP (p=0.0612 vs. control).
These changes were prevented by MR antagonism. The number of ionized Ca?*-binding
adapter molecule 1 (IBA-1)-positive microglia was quantified in the cortex. F)
Representative images of IBA-1 staining. G) The number of IBA-1-positive cells was
elevated in SHRSP compared to SD controls; this was unchanged by MR antagonism. H)
IBA-1-positive cells in the cortex of SHRSP had greater soma sizes compared to SD
controls and this was prevented by MR antagonism. Scale bar=100um *=different from
control by one-way ANOVA or Kruskall-Wallis. Abbreviations: TNF-a=tumor necrosis
factor o, TNFR1=tumor necrosis factor receptor 1, IL-6=interleukin-6, APP=amyloid

precursor protein, SORL1=sortilin-related receptor 1
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Figure 2.8: MR antagonism prevents astrogliosis observed in SHRSP. The number
of glial fibrillary acidic protein (GFAP)-positive astrocytes were quantified in the cortex.
Data are presented as means £ SEM A) Representative images of GFAP staining. B) The
total number of astrocytes was elevated in the cortex of SHRSP compared to control; this
was prevented by EPL treatment. C) Astrocytes in the cortex of SHRSP had increased

volume, which was prevented by EPL treatment. D) The total process length of astrocytes
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Figure 2.8 (cont’d): in the cortex of SHRSP treated with EPL was elevated compared to

control. Scale bar=100um. *=different from control by one-way ANOVA.

2.5 - Discussion

Our goal was to examine the role of MR activation in cerebral arteriolar function,
cognition, and neuroinflammation in a hypertensive model using a clinically relevant
treatment paradigm. We used SHRSP to show that: 1) MR activation is involved in the
impairment of TRPV4-mediated PA endothelium-dependent dilation observed in
hypertension; 2) Endothelial TRPV4 channels modulate myogenic tone during
hypertension; 3) MR antagonists, delivered after the onset of hypertension, reduce
hypertension-associated cognitive dysfunction, neuroinflammation, and reactive
astrogliosis. These new data complement and expand on our previous findings in a
mouse model of Angll-hypertension and improve our understanding of the role of vascular
MR signaling in cerebral arteriolar and cognitive function. These studies suggest MR
antagonists may be an effective pharmacological tool to mitigate the increased risk of
vascular cognitive impairment and dementia development associated with hypertension.
Hypertension-associated dementia is a significant public health concern. Midlife
hypertension significantly increases the risk of dementia later in life, with a 20% increased
dementia risk for every 10mmHg of systolic blood pressure elevation (50). The current
studies were designed to reflect this temporal development of hypertension with treatment
beginning just before midlife in the SHRSP given their shortened life span (42).

MR activation plays a significant role in the development of hypertension; it is

estimated that up to 60% of patients with essential hypertension have hyperaldosteronism
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(31). Excessive MR activation is associated with endothelial dysfunction and heart failure
(7, 43). Elevated MR activation leads to increased inflammation, and oxidative stress is
associated with endothelial dysfunction via impaired nitric oxide (NO)-mediated dilation
in peripheral arteries (4, 49). Less is known about the molecular mechanisms related to
MR-induced cerebrovascular damage, particularly in vessels like the PAs that are not
dependent on NO for dilation.

MR activation has been implicated in cerebrovascular injury in two stroke models
(21, 63). MR activation also regulates cerebral artery remodeling during hypertension; we
have shown that MR antagonism prevents and reverses the inward remodeling of middle
cerebral arteries and PAs in SHRSP (59, 61, 62). Using a mouse model of Angll-
hypertension, we have shown that MR activation results in impaired cerebral PA dilation,
inward hypotrophic remodeling, and reduced cerebral perfusion; these changes were
associated with impaired cognitive function (16, 19). Data presented here support the
hypothesis that MR antagonism protects against vascular and cognitive dysfunction
during hypertension.

Using tail-cuff plethysmography, we confirmed that SHRSP have significantly
elevated systolic blood pressure compared to SD rats and that EPL treatment did not
affect blood pressure. This mimics our findings from previous studies showing that MR
antagonism does not lower blood pressure in Angll-hypertensive mice (16, 19) or SHRSP
(59, 61), including one utilizing radiotelemetry, the gold standard for blood pressure
measurement (62). Therefore, the effects of MR antagonism presented here are

independent of blood pressure.
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Cerebral hypoperfusion increases the risk of cognitive impairment and dementia
(23, 78). Studies from our lab show that hypertension reduces cerebral pial artery
perfusion in Angll-hypertensive mice, and MR antagonism, administered while the
hypertension is developing, prevents this (16). We used laser speckle contrast imaging
to measure pial blood flow in the current study. We observed that SHRSP had a trend
toward reduced pial blood flow compared to controls. The p-value for the one-way
ANOVA was p=0.0497, but statistical significance was lost after application of Bonferroni
correction for multiple comparisons. In contrast to our previous studies, EPL treatment
did not improve pial flow. The difference in these findings could be due to the difference
in species and the model of hypertension used. In our previous study using Angll
hypertensive mice, the EPL and Angll administration occurred simultaneously. This
contrasts with the current study, SHRSP develop hypertension by 6 weeks of age, and
EPL treatment did not begin until the rats were 16-18 weeks of age (36). Technical
limitations may also have contributed to the lack of an observed effects of EPL.
Measurements were made through a closed skull, which significantly reduces the image
resolution. The laser penetration for the PeriMed system is 1mm; thus, we were only able
to measure flow in the pial arterioles. It is possible that the changes we observed in PA
function caused reduced flow in the deeper brain structures; MRI would be required to
make these measurements, which is outside the scope of these studies.

PAs play a critical role in regulating cerebrovascular resistance through their ability
to generate significant myogenic tone. The myogenic tone in PAs from SHRSP was
increased relative to SD rats, and this was not reversed with EPL treatment. We produced

similar results in previous studies that utilized WKY rats as controls for SHRSP (59). We
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acknowledge these data are at odds with an earlier study showing spironolactone
treatment increased myogenic tone in SHRSP (62). That study was conducted in middle
cerebral arteries from twelve-week-old rats treated as hypertension developed. The
differences in arteries, ages of rats, and treatment regime used are likely behind the
observed differences.

Impaired endothelium-dependent dilation in cerebral arteries and arterioles from
SHRSP has been reported by others (47, 58, 80). In keeping with our hypothesis, PAs
from SHRSP exhibited impaired endothelium-dependent CCh-mediated dilation, which
was improved with EPL treatment. In all three experimental groups, PA dilation to CCh
was prevented when TRPV4 was blocked with GSK2193874, supporting our previous
findings that endothelium-dependent dilation in PAs is TRPV4 dependent (18, 19, 45). It
is important to note that other groups have proposed that NO also contributes to dilation
in PAs (14). While we cannot explain the differences in our findings, we acknowledge the
possibility that EPL treatment improved dilation through a NO-mediated mechanism.
Thus, we used a specific TRPV4 agonist (GSK1016790A) to further examine the impact
of MR activation in TRPV4-mediated dilation. PAs from SHRSP had markedly impaired
TRPV4-mediated dilation, which was reversed by EPL treatment.

TRPV4 activation in endothelial cells produces a Ca? influx that activates IKca/SKca
channels, producing K+ efflux and hyperpolarization (24, 25, 29). This EDH crosses to
smooth muscle cells via myoendothelial gap junctions to hyperpolarize the smooth
muscle cells and produce vasodilation. We used the 1Kc./SKca agonist NS309 to assess
dilation via EDH, which is downstream of TRPV4 activation. While NS309 is an agonist

for both IKca and SKc. channels, IKc. channels are the predominate channels influencing
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dilation in PAs (10). The EC50 values suggest the PAs from SHRSP were less sensitive
to the effects of NS309. However, the maximum dilation in response to high
concentrations of NS309 was similar across the groups. This finding is reflected in our
gRT-PCR data from PAs showing that SHRSP +/- EPL had similarly reduced mRNA
expression of these Ca2-activated K+ channels compared to controls, suggesting the
difference in IKca/SKc-mediated dilation is due to hypertension and is not an MR-
mediated event.

We also found that TRPV4 mRNA expression is reduced in SHRSP +/- EPL
compared to control, despite improvement in TRPV4-mediated dilation. While we did not
measure protein expression in the present study, studies using mesenteric arteries from
SHRSP have shown reduced protein levels of TRPV4 (67). Taken together, these data
present the possibility that in untreated SHRSP, TRPV4-mediated dilation is impaired at
the level of functionality rather than protein expression. Endothelial TRPV4 channels are
localized to myoendothelial projections by A-kinase anchoring protein 150 (AKAP150),
ensuring their proximity to 1Kca/SKca channels. A previous study found that the interaction
between TRPV4 and AKAP150 is dysregulated during hypertension (71). EPL treatment
may improve the cooperative gating between TRPV4 and AKAP150 to maintain channel
function. The lack of an effect of EPL on TRPV4 mRNA expression is at odds with our
previous studies in Angll-hypertensive mice that showed that EPL treatment prevented
changes in TRPV4 mRNA expression. This could be explained by differences in the
rodent and hypertension models used. However, it is also possible that the differences in
treatment paradigms, as described previously, are also significant. It is also worth

mentioning that a previous study from our group did not identify a role for the MR in the
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dilation of PAs from SHRSP (59). However, we used nifedipine, an L-type calcium
channel blocker, in that study to measure the dilatory response. L-type calcium channels
are the primary source of calcium influx during myogenic tone generation (1). Directly
blocking these channels produces a robust dilation that is not endothelium dependent.

We previously showed that TRPV4 activation modulates myogenic tone
generation in hypertensive mice, and this effect is not modulated by MR activation (19).
The same was true in the current studies. TRPV4 inhibition resulted in a loss of myogenic
tone in the PAs from SHRSP. The loss of tone was not observed when the endothelium
of the arterioles was removed, suggesting endothelial TRPV4 channels are responsible
for the effect. This presents the possibility that under pathological conditions, TRPV4
activates other signaling pathways such as cytosolic phospholipase A: (cPLA:) to
modulate vascular tone (81). However, the mechanisms for the actions of endothelial
TRPV4 in myogenic tone maintenance remain to be explored.

Cerebrovascular dysfunction in hypertension is associated with vascular cognitive
impairment and dementia development (2, 56, 66). Our previous studies in Angll-
hypertensive mice demonstrated that hypertension is associated with cognitive decline
that was prevented by MR antagonism (19). In this study, we used the novel arm Y-maze
to identify impairments in spatial recognition memory. This test uses the innate
characteristic of rats to preferentially explore novel areas (39). During the probe trial,
SHRSP explored the novel arm significantly less than the control group, and this was
improved with EPL treatment. Further, SHRSP had fewer total visits to the novel arm,
which was enhanced with EPL. Notably, there was a difference in the total distance

traveled between SD controls and SHRSP +/- EPL treatment, with SDs traveling more
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than SHRSP groups. While EPL treatment improved the exploration time and visitation
frequency of SHRSP in the novel arm, it did not impact the total distance traveled.
Therefore, it is unlikely that differences in distance traveled played a role in the cognitive
improvement in the EPL group. These data indicate that MR antagonism improves PA
function during hypertension and prevents the cognitive impairment that occurs alongside
vascular dysfunction.

MR activation has been linked to increased inflammation, which, in turn,
contributes to hypertension-associated cognitive decline and cerebral small vessel
disease (27, 28, 32). In the current study, we showed that the mRNA expression of TNF-
o and its receptor, TNFR-1, were significantly increased in the brain from SHRSP, and
these differences were reduced with EPL treatment. Others have shown that MR
antagonism decreases plasma TNF-a in SDs with heart failure (26, 35), but to the best of
our knowledge, we are the first to show a role for the MR in regulating the expression of
TNF-a and its receptor in brain tissue from SHRSP. IL-6 expression was also elevated in
SHRSP; however, this was not improved with EPL treatment. Using immunofluorescence,
we showed that SHRSP had more microglia in the cerebral cortex than control. Others
have identified a role for the MR in regulating microglia polarity; microglia from mice with
myeloid cell-specific MR deletion favored M2 polarity compared to control, indicating MR
activation is associated with the inflammatory properties of microglia (52). It should be
noted that these studies were conducted in animals undergoing an experimental model
of multiple sclerosis. Thus, the microglia were activated by inflammation associated with
autoimmunity. Our data suggest increased inflammation in hypertension has a similar

effect on cortical microglia. Microglia from SHRSP had an increased average soma size,
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indicating a preference for the inflammatory M1 polarity. EPL treatment reduced microglial
activation, indicating less neuroinflammation in the EPL-treated group; however, EPL
treatment did not impact microglia proliferation in SHRSP.

The presence of extracellular B-amyloid plaque deposits is a requirement for
diagnosing Alzheimer’'s disease (53). Hypertension has been found to exacerbate
cognitive dysfunction associated with B-amyloid plaque deposition in humans (11) and
rodents (9, 12, 30) and is also associated with greater plaque accumulation (33). B-
amyloid is a product of its precursor protein, APP, which is processed by both
amyloidogenic and non-amyloidogenic pathways. While deposition of B-amyloid plaques
is uncommon in rats, especially those within the age range studied here (6), we observed
an increase in the expression of the mRNA for APP, which was reversed by EPL
treatment. Increased expression of SORL1, a protein involved in several pathways of APP
proteolytic processing, was also observed in SHRSP; this also was corrected by EPL
treatment. Mutation or dysfunction of SORL1 is a possible contributor to -amyloid plaque
deposition (3, 64). At present, it is unclear if the elevated mRNA expression of APP in
SHRSP is directly associated with cognitive impairment in this group. Our data suggest
that APP expression is modulated by MR activity, but additional experiments are
necessary to determine which pathways of APP processing are active in SHRSP and if
this plays a role in cognitive function.

Astrocyte numbers and morphology were assessed by GFAP staining in the
cortex. Astrocytes have classically been considered to relay information from neurons to
arterioles. However, a novel role for these cells has recently been established, showing

bi-directional communication extending from arterioles to neurons (37). Reactive
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astrogliosis is observed during increased neuroinflammation and hypertension (57, 60).
SHRSP had more cortical astrocytes than control and had astrocytes with increased
soma and process volume, which is indicative of astrogliosis. These differences were
prevented by MR blockade. SHRSP did not have an elevated summed process length in
these astrocytes, but EPL treatment in SHRSP did increase the process length of the
astrocytes compared to control. Increased total process length of the astrocytes could
enhance connections between PAs and neurons, potentially improving cognitive function
during hypertension.

Some limitations in our study must be acknowledged. First, all our studies were
conducted in male rats to expand our previous findings to a new model; thus, exploring
possible sex differences is outside the scope of the current study, but we will consider
this in future studies. In the future, we should also identify the cell-specific actions of MR
signaling in PA myogenic tone and vasodilation. It is important to acknowledge the
disagreement in the data presented in this paper; EPL treatment improves endothelium-
dependent dilation yet does not improve cerebral pial blood flow in SHRSP. The conflict
observed here is due to the difference in the areas of the vasculature examined. While
PAs dive deeply into the brain, the laser speckle contrast imager can only measure blood
flow through the surface arteries and arterioles. In the future, it would be beneficial to
analyze blood flow alterations in the hippocampal region to accompany our PA studies;
however, this is not possible at present.

In summary, our data confirm the key findings from a previous study in a model
of human essential hypertension. PAs are important for the development of cerebral

small vessel disease, and we show that MR activation impairs the TRPV4-mediated
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dilation of PAs during hypertension. TRPV4 may be a critical determinant of the
hypertension-associated changes in cerebral arteriolar function. Endothelial TRPV4
channels are modulators of myogenic tone generation and maintenance in the PAs
during hypertension. Impairment of vasodilation and alterations in myogenic tone may
reduce cerebral blood flow during hypertension and increase the risk of cognitive

decline and neuroinflammation in cerebrovascular disease.
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3.1 — Abstract

Hypertension is a leading risk factor for cerebral small vessel disease. Our lab has
shown that endothelium-dependent dilation in PAs is dependent on TRPV4 activation,
and that this pathway is impaired in hypertension. This PA dilation impairment is
associated with cognitive deficits and increased neuroinflammation. Epidemiological
evidence suggests women with midlife hypertension have an increase in dementia risk
that does not exist in age-matched men, though the mechanisms behind this are unclear.
This study aimed to determine the sex differences in vascular injury and cognitive
impairment in young, hypertensive mice to serve as a foundation for future determination
of sex differences at midlife. We tested the hypothesis that young hypertensive female
mice would be protected from the impaired TRPV4-mediated PA dilation and cognitive
dysfunction observed in male mice. Angll-filled osmotic minipumps (800ng/kg/min, 4
weeks) were implanted in 16-19-week-old male C57BL/6 mice. Age-matched female mice
received either 800ng/kg/min or 1200ng/kg/min Angll. Sham mice served as control.
Systolic blood pressure was elevated in Angll-treated male mice and in 1200ng Angll-
treated female mice vs sex-matched sham. PA dilation in response to the TRPV4 agonist
GSK1016790A (10°-10-*M) was impaired in hypertensive male mice and was associated
with cognitive dysfunction and increased neuroinflammation. Hypertensive female mice
exhibited normal TRPV4-medated PA dilation and were cognitively normal. Female mice
also exhibited fewer signs of neuroinflammation than male mice. Determining the sex
differences in cerebrovascular health in hypertension is critical for the development of

effective therapeutic strategies for women.
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3.2 - Introduction

Hypertension is a leading risk factor for vascular contributions to cognitive
impairment and dementia (VCID). Hypertension results in arterial remodeling and
impaired endothelium-dependent dilation in both peripheral and cerebral arteries and
arterioles, contributing to vascular insufficiency. Inadequate cerebral blood flow can lead
to cerebral hypoperfusion and, ultimately, cognitive decline. VCID encompasses a wide
range of cognitive disorders that result from cerebrovascular pathology. VCID can
progress to vascular dementia, which is the second leading cause of dementia following
Alzheimer’s disease. Importantly, VCID often presents as “mixed dementia,” as nearly
half of patients with Alzheimer’s disease are found to have vascular damage at autopsy
(30, 103). The additional vascular insult exacerbates existing dementia and worsens
clinical outcome.

Epidemiological evidence suggests an important sex difference in the contribution
of hypertension in eventual VCID development. While data is mixed concerning sex
differences in overall VCID prevalence, multiple studies have demonstrated that
hypertension increases VCID risk in women more so than in men (36, 43). Hypertension
in midlife is particularly detrimental, with a 65% increased dementia risk in women, but
not in men (36). The reasons behind this sex difference are not well understood. Female
subjects have historically been excluded from studies investigating cerebrovascular
mechanisms, which has prevented the field from advancing. Understanding the sex
differences that exist in basic cerebrovascular physiology is essential in identifying better

targeted therapies for women.

149



The present study focuses on cerebral PAs, which are important contributors to
cerebrovascular resistance. These small arterioles direct blood flow from the pial arteries
and arterioles to capillaries, which are the critical site of gas and nutrient exchange. PAs
lack collateral connections and are therefore considered the weak link in cerebral
perfusion. Appropriate PA perfusion is so crucial that occlusion of a single PA is sufficient
to cause cognitive decline (82, 86). PAs are highly dependent on endothelium-derived
hyperpolarization (EDH) for dilation, which occurs through the activation of transient
receptor potential vanilloid 4 (TRPV4) channels. Endothelial TRPV4 activation triggers a
robust calcium influx that subsequently activates intermediate and small conductance
calcium-activated potassium channels (IKc./SKc.), causing a hyperpolarization that
ultimately leads to vasodilation. TRPV4-mediated-dilation of PAs is impaired in male mice
with angiotensin Il (Angll)-induced hypertension (23, 25). Even in the absence of
hypertension, impaired TRPV4 function in PAs is associated with cognitive decline (24,
25,55). It is well established that female sex hormones offer protection against
endothelial dysfunction by maintaining nitric oxide (NO) production, (4, 26, 33, 56, 58).
We know much less about the effects of sex on EDH-mediated dilation, particularly in the
cerebral circulation where impaired vascular function can precipitate dementia.
Therefore, using a model of Angll-hypertension in young male and female mice, we tested
the hypothesis that female mice will be protected from impaired TRPV4-mediated dilation

and impaired cognition observed in male mice in hypertension.
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3.3 — Materials and Methods

3.3.1 — Experimental Models and Treatment

All experimental protocols were approved by the Michigan State University Animal
Care and Use Committee and were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Male and female C57BI/6
mice (n=142 total; n=54 males and 88 females) were purchased from Charles River
Laboratory. All animals studied were singly housed on 12h:12h light/dark cycle with food
and water ad libitum. Hypertension was induced in 16-19-week-old male and female
C57BI/6 mice. Treatment lasted for 4 weeks, and mice were euthanized at 20-23 weeks
of age. Mice were randomized into treatment groups.
3.3.2 — Angll Infusion

To induce hypertension, Angll was infused subcutaneously in both male and
female mice using osmotic minipumps (Alzet model 1004, Durect Corp, Cupertino CA).
Male mice received an Angll dose of 800ng/kg/min; this dose has been used previously
by our group and others to induce hypertension (12, 23, 25, 98). Because young female
mice are resistant to Angll-hypertension (98), we conducted pilot studies to determine an
Angll dose that produces hypertension in female mice. Accordingly, one group of female
mice received 800ng/kg/min to match the dose in the male mice, and a separate group
received a dose of 1200ng/kg/min to produce hypertension. To insert the minipumps,
mice were anesthetized with 3% isoflurane in oxygen and body temperature was
maintained at 37°C. A single dose of the analgesic Rimadyl (5mg/kg, subcutaneous) and
the antibiotic Baytril (5mg/kg, intramuscular) were administered immediately prior to

surgery. A subcutaneous pocket was made and minipumps were inserted. Control mice
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received sham operations. These mice were anesthetized, and a subcutaneous pocket
was made but minipumps were not inserted. Mice were allowed to recover for one week
after the surgical implantation of the osmotic minipump.
3.3.3 — Blood Pressure

Blood pressure was measured in conscious mice via tail-cuff plethysmography
once weekly during the 4 weeks of treatment, using a RTBP1001 tail-cuff blood pressure
system (Kent Scientific, Torrington, CT). Reported blood pressures were collected in the

4t week of treatment.

3.3.4 — Laser Speckle Contrast Imaging

Pial blood flow was measured just before euthanasia using laser speckle contrast
imaging. Mice were anesthetized with 3% isoflurane in oxygen. The scalp was removed,
and the skull was cleared of connective tissue. A thin coat of clear nail polish was applied
to the skull to improve image resolution. To minimize the vasodilatory effects of isoflurane
(81), the concentration was reduced to 1% and the mice equilibrated at this concentration
for 5min. Pial blood flow was then measured at 21 images/s for 1min. Regions of interest
were defined as the parietal, frontal, and temporal regions in the left and right
hemispheres (72). Mean blood flow in each of these regions was compared among
treatment groups. Images were analyzed using PIMSoft software (PeriMed, Las Vegas,
NV).
3.3.5 — Pressure Myography

Pressure myography was used to assess the endothelial function and passive
structure of PAs as described previously (23, 25, 54, 71). The brain was collected at

euthanasia and was placed in a cooled (4°C) dissection chamber in Caz-free PSS
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containing (in mM): 140.00 NaCl, 5.00 KCI, 1.00 MgCl. * 7H.O, 10.00 HEPES, 10.00
dextrose; the pH was adjusted to 7.4. To isolate PAs, a 5 x 3mm section of the brain
containing the MCA was dissected. The pia with the MCA were separated from the brain
and the PAs branching off the MCA were used for experiments. Isolated arterioles were
cannulated with two glass micropipettes in a custom-made cannulation chamber.
Arterioles were equilibrated at 37°C in artificial cerebral spinal fluid containing (in mM):
124.00 NaCl, 3.00 KCl, 2.00 CaCl,, 2.00 MgClz, 1.25 NaH:PO., 26.00 NaHCOs, and 4.00
dextrose. A servo-controlled system was used to pressurize the arterioles (Living
Systems, St Albans City, VT). A leak test was performed prior to each experiment and
any arteriole that could not maintain its intralumenal pressure was discarded. Arterioles
were pressurized to 40mmHg until the development of stable myogenic tone {percent
tone = [1 — (active lumen diameter/passive lumen diameter)] x 100}. Arterioles that
generated at least 20% myogenic tone were used for experiments. Arterioles that did not
develop myogenic tone were discarded. The diameter of the arterioles was tracked using
MyoView 2.0 software (Danish Myo Technology, Aarhus, Denmark).
3.3.6 — Endothelial Function

After generation of myogenic tone, endothelium-dependent dilation was assessed.
To measure TRPV4-mediated dilation, increasing concentrations of the specific TRPV4
agonist GSK1016790A (10--10-°M) was added to the bath. To assess IKc./SKc.-mediated
dilation, PAs were incubated with increasing concentrations of the agonist NS309 (10—
105M). A subset of arterioles was incubated with NS309 as well as either the IKca
antagonist TRAM34 (1uM) or the SKca. antagonist apamin (300nM) to determine the role

of IKca and SKca channels individually. TRAM34 or apamin were added after the
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generation of myogenic tone and circulated through the system for 10min before dilation
to NS309 was assessed. Neither antagonist altered the amount of tone generated. Each

PA was used for only one dilation experiment.

3.3.7 — Passive PA Structure

After completion of endothelial function experiments, arterioles were incubated
with Caz*-free PSS containing EGTA (29mM) and SNP (10-5M). To assess the structure
of the arterioles, a pressure-diameter curve was constructed by increasing the
intralumenal pressure from 3 to 120mmHg at 20mmHg increments. The arterioles were
equilibrated at each pressure for 5min and the lumen and outer diameters were
measured. These values were used to calculate wall thickness (outer diameter — lumen
diameter), wall stress, strain, and stiffness, as described (8). Wall stiffness was quantified
using the B-coefficient calculated from the individual stress-strain curves using the model
y = aefx, where y is wall stress, x is wall strain, a is the intercept and B is the slope of the
exponential fit; a higher B-coefficient represents a stiffer vessel.
3.3.8 — Spontaneous Alternation

Spatial working memory was assessed using a Y-maze spontaneous alternation
task. A custom Y-maze was constructed by Dr. Nathan Tykocki (Michigan State
University). The maze consists of three arms placed at a 120° angle from one another.
Each arm is 35cm long, 5cm wide, and 20cm high. Mice were each placed in a random
arm of the maze and were allowed to explore freely for 3min. A mouse with intact memory
will preferentially visit the arm it has visited the least recently, and a correct alternation is
defined as consecutive entries into all three arms (52). Percent alternation was calculated

as:
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% alt . (number of alternations) 100
= X
o atrernatton [(Total number of arm entries) — 2]

3.3.9 — Barnes Maze

Barnes maze was used to assess spatial memory (7, 25). Mice were trained over
the course of 4 days (three, 3min trials) to locate the escape hole. Visual cues were placed
on each of the walls to aid in spatial orientation. A 4,000Hz sound acted as an aversive
stimulus, which was removed when the mice climbed into the escape hole. Mice were left
in the escape box for 1min before being returned to their home cages. On the fifth day,
the escape hole was covered but left in the same location, and the movement of the mice
was tracked for 90s using EthoVision XT (6). The amount of time mice spent exploring

the holes of the quadrant of the maze containing the escape hole was measured.

3.3.10 — Immunofluorescence

Brains were post-fixed in 4% paraformaldehyde and stored in sucrose. To assess
microglia quantity and morphology, free-floating 40um sections were blocked and
permeabilized in 0.1% Triton X-100 with 10% donkey serum-PBS for 1h at room
temperature, then incubated with 1:200 rabbit anti-ionized Caz2*-binding adapter molecule
1 (Iba-1; no. 019-19741, Wako, Richmond, VA) primary antibody overnight at 4°C. After
being washed in PBS, sections were incubated in AlexaFluor 564 donkey anti-rabbit
secondary antibody (ab150073, Abcam, Cambridge, UK) for 1h. Images were obtained
from the cortex and hippocampus in each hemisphere.

To assess quantity and morphology of astrocytes, brain sections were blocked and
permeabilized in 0.5% Triton X-100 with 10% horse serum-PBS for 30min at room
temperature, then incubated in 1:1000 rabbit anti-glial fibrillary acidic protein (GFAP;
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ab7260, Abcam, Waltham, MA) primary antibody overnight at 4°C. Sections were washed
in PBS, then incubated AlexaFluor 564 donkey anti-rabbit secondary antibody. Images
were obtained from the corpus collosum in both hemispheres of each sample. A Sholl
analysis was used to assess astrocyte structure as described by others (89). In brief, the
Simple Neurite Tracer plugin in ImagedJ was used to trace five random astrocytes for each
mouse. The tracings were skeletonized and the automated Sholl analysis was used to
draw concentric circles away from the soma around the astrocyte. The number of
intersections of the astrocytic processes at these circles was plotted against the distance
of the circle from the soma.

All images were acquired using a 20x objective coupled to a Zeiss LSM880
confocal microscope. Z-stacks were taken through the entire thickness of each 40um
section and then compressed. Sections without primary antibody served as negative
controls. All quantifications were done manually by a blinded investigator using ImageJ.
3.3.11 — Drugs and Chemicals

GSK1016790A and NS309 were purchased from Cayman Chemical (Ann Arbor,
MI). All other reagents were purchased from Sigma-Aldrich unless otherwise specified.
Agonists and antagonists for endothelial function experiments were diluted in DMSO and
then added to the circulating artificial cerebral spinal fluid.

3.3.12 — Statistical Analysis

All data are presented as means £+ SEM. For analysis of arteriole structure and
vasodilation and the Sholl analysis for astrocytes, two-way ANOVA with repeated
measures in one factor (pressure, concentration, or distance from soma) was utilized,

followed by Bonferroni-adjusted t-tests for post-hoc comparisons. All other statistical
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analyses were assessed by Student’s t-test, one-way ANOVA, or their non-parametric
counterparts if necessary (Mann-Whitney or Kruskal-Wallis). The Grubb’s test was used
to identify outliers. All statistical analyses were performed using GraphPad Prism 7.0
software (GraphPad, San Diego, CA). In all cases, statistical significance was denoted by
p<0.05.
3.4 — Results
3.4.1 — Female mice require a higher dose of Angll to develop hypertension

Angll was delivered to male and female mice via subcutaneous implantation of
osmotic minipumps. Male mice given 800ng/kg/min Angll for 4 weeks had elevated
systolic blood pressure compared to sham (Figure 3.1A). Female mice given
800ng/kg/min Angll did not have elevated systolic blood pressure compared to sham
(Figure 3.1B). This resistance to Angll hypertension in cycling female mice has previously
been demonstrated by others (98). Systolic blood pressure was increased in female mice

given 1200ng/kg/min Angll (Figure 3.1B).

3.4.2 — Angll infusion reduces pial blood flow in both male and female mice

Cerebral pial blood flow was measured using laser speckle contrast imaging.
Regions of interest were specified in the frontal, temporal, and parietal regions of the
brain, as described by others (72, 77). These regions were chosen because they are
perfused by the anterior, middle, and posterior cerebral arteries, respectively. As
expected, control female mice had greater pial blood flow than control male mice (1, 2,
39, 53, 74). Hypertensive male mice had reduced pial blood flow in the parietal region,
while blood flow in the frontal and temporal regions were unchanged (Figure 3.2B, D, F).

Angll-infused female mice, however, had reduced pial blood flow in all measured regions
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(Figure 3.2C, E, G). Notably, the female mice given the 800ng/kg/min dose Angll had the
same degree of blood flow reduction as the mice given 1200ng/kg/min Angll, despite not
being hypertensive.
3.4.3 — Hypertension results in increased PA myogenic tone generation in male mice

Myogenic tone generation was measured in PAs using pressure myography. PAs
were pressurized to 40mmHg until the generation of spontaneous myogenic tone.
Myogenic tone increases in hypertension; we have previously shown this using various
models of hypertension, including Angll infusion (25, 71). In the present study, myogenic
tone generation was elevated in PAs from hypertensive male mice (Figure 3.3A).
Hypertensive female mice did not have altered tone generation compared to control
(Figure 3.3B).
3.4.4 — Female mice are protected against impaired TRPV4-mediated dilation in

hypertension

After spontaneous generation of myogenic tone, we used the TRPV4 agonist
GSK1016790A to measure TRPV4-mediated dilation in PAs. We have demonstrated
previously that PAs from Angll-hypertensive male mice have impaired TRPV4-mediated
dilation (25). These findings were reproduced in the present study, with PAs from
hypertensive male mice having significantly blunted dilation after TRPV4 activation
(Figure 3.4A). PAs from Angll-infused female mice, however, did not exhibit impaired
TRPV4-mediated dilation in either treatment group (Figure 3.4B). The overall ANOVA p-
value did reach significance in this test (p=0.0239), indicating Angll treatment did
influence dilation. However, maximum dilation to TRPV4 activation was unchanged after

Angll infusion compared to sham, and dilation comparisons at individual concentrations
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were not statistically significant. These data demonstrate that hypertension-induced

impairment of TRPV4-mediated dilation in PAs is sex dependent.

3.4.5 — IKco/SKca-mediated dilation in PAs is unaltered in hypertensive mice

TRPV4 activation produces a calcium influx that activates nearby IKc./SKca
channels that ultimately produce EDH and subsequent vasodilation (84). To determine
whether dilatory impairment was at the level of TRPV4 or at downstream [Kca/SKca
channels, PA dilation to agonist NS309 was evaluated. Our data in this study disagree
with our previous finding that hypertensive male mice have impaired IKc./SKc.-mediated
dilation. Angll-infused male and female mice had intact dilation to NS309 (Figure 3.4C,
D). In fact, female mice given 800ng/kg/min Angll had slightly improved dilation to NS309
compared to control.

NS309 is a non-specific agonist that activates both IKc. and SKc. channels. To
determine if hypertension alters the dilatory contribution of either of these channels, we
used IKc. antagonist TRAM34 and SKc. antagonist apamin to separate dilatory
contribution through these two channels. Antagonists were added to the bath after the
generation of myogenic tone and did not alter the amount of tone generated. After the
addition of apamin, neither male nor female mice (Figure 3.5A, B) had significant
alterations in dilation to NS309, indicating SKc. channels are not major contributors of
EDH in murine PAs. This was not changed after Angll infusion. Comparisons to a typical
NS309 dilation from a control mouse of each sex are noted by the dotted line across the
y-axis. In keeping with reports from other groups, addition of TRAM34 nearly abolished
the NS309-mediated dilation (Figure 3.5C, D) (41). This was not altered by sex or Angll

infusion.
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3.4.6 — Angll-hypertension results in inward hypotrophic remodeling in PAs of both male

and female mice

Pressure myography was used to assess passive PA structure under zero-flow
and calcium-free conditions. Reproducing previous findings from our lab, PAs from AnglI-
hypertensive male mice underwent inward hypotrophic remodeling compared to PAs from
control mice (Figure 3.6A-C) (23). This was characterized by reduction of outer and lumen
diameters, accompanied by reduction in wall thickness. PAs from Angll-infused female
mice underwent a dose-dependent reduction in outer and lumen diameters, with statistical
significance being reached in the outer diameters of the 1200ng/kg/min Angll group vs.
sham (Figure 3.6D-E). The hypertensive group of female mice also had PAs with reduced
wall thickness, mimicking what is observed in hypertensive male mice (Figure 3.6F).
Biomechanical properties of PAs in both male and female mice were unchanged in
response to hypertension, with the exception of hypertensive female mice having
increased wall stress at an intralumenal pressure of 120mmHg. (Figure 3.7).
3.4.7 — Hypertension impairs cognitive function in male mice only

Impaired TRPV4 function is associated with cognitive impairment, even in the
absence of hypertension (16, 24, 25). To determine if the observed sex differences in
TRPV4 function were associated with sex differences in cognition, we used two different
memory tasks. First, we measured spatial working memory using the spontaneous
alternation task in a Y-maze. Hypertensive male mice made fewer correct alternations
compared to control mice, indicating impairments in spatial working memory (Figure

3.8B). Angll-infused female mice did not exhibit differences in spontaneous alternation
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behavior compared to control (Figure 3.8C). Angll-infused male and female mice had
comparable total arm entries to their respective controls (Figure 3.8D, E).

We then used Barnes maze to assess spatial memory. In the analysis, the maze
was divided into quadrants, with the escape hole being in the target quadrant. Replicating
previous findings from our group, hypertensive male mice spent significantly less time
exploring holes in the target quadrant of the maze compared to sham, indicating deficits
in spatial memory (Figure 3.8G). Female mice, however, did not have alterations in the
amount of time exploring holes in the target quadrant, indicating intact spatial memory
(Figure 3.8H). These data demonstrate an important sexual dimorphism in hypertension:
impaired TRPV4 function in PAs is associated with impaired cognitive function in
hypertensive male mice, while maintenance of TRPV4 function is associated with intact
cognition in female mice.

3.4.8 — Angll-hypertension produces neuroinflammation in both male and female mice

The quantity and morphology of cortical and hippocampal microglia was assessed
using an Iba-1 antibody. Angll-hypertensive male mice had more microglia in the cortex
and hippocampus compared to sham (Figure 3.9B, C). Hippocampal microglia from
hypertensive male mice had increased soma size, indicating these microglia were in their
pro-inflammatory phenotype (Figure 3.9G). Angll infusion did not affect microglia quantity
in the cortex of female mice (Figure 3.9D) but resulted in fewer microglia in the
hippocampus at both Angll doses (Figure 3.9E). It is important to note that control female
mice started with more microglia than control male mice. Female mice also had microglia
with greater soma sizes in both the cortex and the hippocampus after Angll-infusion

(Figure 3.9H, ). While there appear to be sex differences in how microglia respond to
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Angll infusion, both male and female mice have evidence of increased

neuroinflammation.

3.4.9 — Hypertensive male mice exhibit characteristics of reactive astrogliosis, while

female mice do not

We used a GFAP antibody to assess astrocytic quantity and structure.
Hypertensive male mice had more astrocytes compared to control. The morphology of
astrocytes was assessed using a Sholl analysis. Hypertensive male mice had astrocytes
with more arborization at points further away from the soma compared to control (Figure
3.10B, D). The observed astrocytic proliferation and increased process complexity are
indicators of reactive astrogliosis (68, 96). Angll-infused female mice had a reduction in
astrocyte quantity, regardless of hypertensive status, compared to sham (Figure 3.10C).
Similar to what is observed with microglia, control female mice had more astrocytes at
baseline compared to control male mice. Astrocytes in the group receiving 1200ng/kg/min
Angll had reduced process arborization compared to sham (Figure 3.10E). These data
suggest that both sexes undergo increased inflammation during hypertension, but only

male mice exhibit indicators of reactive astrogliosis.
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Figure 3.1: Female mice require a higher dose than male mice to become
hypertensive. Blood pressure was measured in conscious mice using tail-cuff
plethysmography. Data are presented as means + SEM. A) Systolic blood pressure was
elevated in male mice infused with 800ng/kg/min Angll, compared to sham. B)
800ng/kg/min Angll was not sufficient to elevate systolic blood pressure in female mice;
however, female mice given 1200ng/kg/min Angll had increased systolic blood pressure
compared to controls. p<0.05 indicates statistical significance vs. sham by Student’s t-

test (A) or one-way ANOVA (B). Legend: Angiotensin Il (Angll).
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Figure 3.2: Angll-hypertension reduces pial perfusion in both male and female

mice. Pial perfusion was measured in anesthetized mice using laser speckle contrast
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Figure 3.2 (cont’d): imaging. Data are presented as means + SEM. A) Representative
images of regions of interest (top left), pial perfusion in male mice (top) and female mice
(bottom). The perfusion scale bar ranges from 0 to 500 arbitrary perfusion units. B) AnglI
infusion reduces pial perfusion in the parietal region of both male and C) female mice. D)
Pial perfusion is unchanged in the frontal region in Angll-hypertensive male, E) but is
reduced in female mice in both Angll groups. F) Temporal perfusion is unchanged in
hypertensive male mice, G) but is reduced in both female Angll groups compared to
sham. p<0.05 indicates statistical significance compared to sham, measured by Student’s

t-test (B, D, F) or one-way ANOVA (C, E, G). Legend: Angiotensin Il (Angll).
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Figure 3.3: Angll hypertension increases myogenic tone generation in PAs of male
mice. Myogenic tone generation in PAs was measured using pressure myography. Data
are presented as means + SEM. A) PAs from Angll-hypertensive male mice generated
more myogenic tone compared to sham. B) In female mice, PA myogenic tone generation
was not significantly altered after Angll infusion. n=number of PAs used. Myogenic tone
values were collected before the start of each dilation experiment. Some mice are
represented more than once. p<0.05 indicates statistical significance vs. sham, measured

by Student’s t-test (A) or one-way ANOVA (B). Legend: Angiotensin Il (Angll).
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Figure 3.4: Female hypertensive mice are protected against impaired PA TRPV4-
mediated dilation. Pressure myography was used to assess TRPV4- and IKc./SKc.-
mediated dilation in PAs. Data are presented as means + SEM. A) Angll-hypertensive
male mice had impaired PA TRPV4-mediated dilation. B) Female mice, however, were
protected against impaired PA TRPV4-mediated dilation, though there was a significant
effect of treatment on dilation to GSK10167090A. C) Angll-hypertensive male D) and
female mice did not have impaired |Kc./SKca-mediated dilation, assessed by dilation to
agonist NS309. Female mice treated with 1200ng/kg/min Angll had significantly greater

dilation to NS309 at 10’M compared to female mice treated with 800ng/kg/min Angll.
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Figure 3.4 (cont’d): n=number of mice used. One PA was used per mouse per dilation
experiment. #=p<0.05 by two-way ANOVA followed by Bonferroni correction for post-hoc

comparisons. Legend: Angiotensin Il (Angll).
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Figure 3.5: Hypertension does not alter IKc./SKc. channel contribution in PAs.
Pressure myography was used to assess |IKca and SKc. dilatory contribution in PAs using
TRAM34 and apamin, respectively. Data are presented as means + SEM. The dotted
lines on the graphs represent the average dilation of the sham group of each sex to 1um
NS309. Statistical comparisons were made between sham and treated mice of each sex.
A) Angll-infused male and B) female mice did not have altered dilation to 1uM NS309
compared to their controls after apamin was added to the bath. C) Angll-infused male
and D) female mice have severely blunted PA dilation to 1uM NS309 after addition of

TRAM34. n=number of mice used. One PA was used per mouse per dilation experiment.

169



Figure 3.5 (cont’d): p<0.05 indicates statistical significance vs. sham, measured by

Student’s t-test (A, C) or one-way ANOVA (B, D). Legend: Angiotensin Il (Angll).
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Figure 3.6: Angll-hypertension results in inward hypotrophic remodeling in PAs of
male and female mice. The structure of PAs from male and female mice was assessed
by pressure myography. Data are presented as means + SEM. In male mice, Angll-
hypertension resulted in PAs with A) reduced outer diameter, B) lumen diameter, and C)
wall thickness. PAs of female mice underwent a dose-dependent reduction in D) outer
diameter, E) lumen diameter, and F) wall thickness, Structural changes reached
significance in the 1200ng/kg/min Angll group vs. sham for the outer diameter and wall
thickness measurements. n=number of mice used. One PA was used per mouse per
dilation experiment. *p<0.05 indicates statistical significance vs. sham, measured by two-
way ANOVA followed by Bonferroni correction for post-hoc comparisons. Legend:

Angiotensin Il (Angll).
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Figure 3.7: Angll-hypertension does not alter biomechanical properties of PAs in

male or female mice. Pressure myography was used to assess the biomechanical

properties of PAs from male and female mice. Angll infusion did not significantly alter PA

wall strain (A, D) or B-coefficient (C, F) in male or female mice. While wall stress was

largely unchanged in both sexes in response to Angll infusion (B, E), female mice given

1200ng/kg/min Angll had greater stress compared to sham at 120mmHg. n=number of

mice used. One PA was used per mouse per dilation experiment. *p<0.05 indicates

statistical significance vs sham by two-way ANOVA followed by Bonferroni correction for

post-hoc comparisons. Legend: Angiotensin Il (Angll).
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Figure 3.8: Female mice are protected against cognitive impairment observed in
male mice during hypertension. Data are presented as means + SEM. Spatial working
memory was assessed using the spontaneous alternation task. A) Schematic of the Y-
maze with a representation of a correct alternation. B) Male Angll-hypertensive mice had
impaired alternation behavior compared to sham, while C) female Angll-infused mice had
no difference in spontaneous alternation compared to sham. The total number of arm
entries was not changed after Angll infusion in D) male or E) female mice. Spatial memory

was assessed using Barnes maze. F) Schematic of a Barnes maze. G) Hypertensive
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Figure 3.8 (cont’d): male mice spent less time exploring the quadrant of the maze
containing the escape hole compared to sham. H) Female Angll-infused mice had no
differences in time spent exploring the target quadrant of the maze. p<0.05 indicates
statistical significance vs. sham, measured by Student’s t-test (B, D, G) or one-way

ANOVA (C, E, H). Legend: Angiotensin Il (Angll).
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Figure 3.9: The microglial inflammation response to Angll infusion differs between
male and female mice. Quantity and morphology of microglia in the cortex and
hippocampus were assessed using Iba-1 staining. Data are presented as means + SEM.
A) Representative images of Iba-1 staining in the cortex and hippocampus of male and
female mice. B) The number of Iba-1-positive cells was elevated in the cortex and C)
hippocampus of Angll-hypertensive male mice compared to control. D) Angll-infused

female mice had no change in microglia quantity in the cortex but had fewer microglia in
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Figure 3.9 (cont’d): E) the hippocampus compared to control. F) In male mice, there was
no significant increase in soma size of cortical microglia, but G) hippocampal microglia
had increased soma size compared to sham. H) Female mice given the 1200ng dose of
Angll had increased microglial soma size in the cortex, |) and both Angll doses resulted
in increased soma size in the hippocampus compared to sham. Scale bar=100um.
P<0.05 indicates statistical significance compared to sham by Student’s t-test (B, C, G),
one-way ANOVA (D, H), Mann-Whitney (F), or Kruskal-Wallis (E, I). Legend: Angiotensin

Il (Angll); ionized calcium-binding adaptor molecule 1 (Iba-1).
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Figure 3.10: Angll infusion results in reactive astrogliosis in male, but not female

mice. The number of GFAP-positive astrocytes and their morphology were assessed in
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Figure 3.10 (cont’d): the corpus collosum. Data are presented as means + SEM. A)
Representative images of GFAP staining in male (top) and female mice (bottom). B)
Angll-hypertensive male mice had increased astrocytes compared to sham. C) Angll-
infused female mice had fewer astrocytes compared to sham, regardless of Angll dose.
D) Astrocytes from Angll-hypertensive male mice had more arborization away from the
soma compared to sham, assessed by Sholl analysis. E) Astrocytes from 1200ng Angll-
infused female mice had reduced arborization compared to sham. Scale bar=100um.
P<0.05 (marked by *) indicates statistical difference from control by Student’s t-test (B),
one-way ANOVA (C), or two-way ANOVA (D, E). Legend: Angiotensin Il (Angll); glial

fibrillary acidic protein (GFAP).

3.5 — Discussion

The goal of this study was to determine how biological sex influences the impact
of hypertension on cerebrovascular health. This study provides novel evidence that
cycling female mice are protected from impaired PA TRPV4-mediated dilation and
associated cognitive decline during hypertension. Further, the data suggest a sex
dependent difference in inflammation that may mediate vascular and cognitive changes.
These data improve our knowledge of sex differences in cerebrovascular physiology, a
subject that has received very little study. Further, our observations expand on our
previous findings that hypertension-associated cognitive impairment is associated with

dysfunctional arteriolar TRPV4 signaling.
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Before discussing the specific findings of our study, it is important to acknowledge
the sex differences in RAAS activation that may contribute to our observations. Angll
exerts its effects on the vasculature by activating both type 1 angiotensin Il receptors
(AT1R) and type 2 angiotensin Il receptors (AT2R). AT1R activation in vascular smooth
muscle cells leads to vasoconstriction, cell proliferation, migration, and extracellular
matrix deposition (88, 90, 94). AT1R activation also increases inflammation and oxidative
stress through NADPH oxidase activity (22,64). AT2R activation plays a
counterregulatory role to the effects of AT1R, promoting vasodilation, NO production,
angiogenesis, and reducing neuroinflammation (42). Importantly, female rats have a
higher ratio of AT2R to AT1R compared to males, shifting the balance of RAAS system
activation toward cardiovascular protection (79, 83). Compared to male rats, females also
express more angiotensin-converting enzyme 2 (ACE2), an enzyme responsible for
converting Angll to angiotensin-(1-7) (79). Angiotensin-(1-7) activates the Mas receptor,
which promotes vasodilation, and combats inflammation, vascular oxidative stress, and
endothelial dysfunction (29, 32, 78). The sex differences in RAAS activation are hormone
dependent, with testosterone stimulating the Angll-AT1R pathway (18, 34, 60) and
estrogen stimulating the Angll-AT2R / angiotensin-(1-7)-Mas receptor pathway (13, 14,
59, 87). Given that this study was conducted in young adult mice, it is highly likely that
sex differences in RAAS contribute to the observations in the present study, including
differences in blood pressure elevation, vascular remodeling, and neuroinflammation. It
is also important to note that estrogen also exerts neuroprotective effects via pathways

beyond RAAS (92).
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Our data agree with studies by other groups demonstrating that female mice
require a higher dose of Angll to become hypertensive (98). Follow-up studies by Xue et
al showed the observed resistance to hypertension is estrogen-dependent (99). We
identified a dose of Angll that overcomes the estrogen-mediated protection against
hypertension. Female mice given 1200ng/kg/min Angll developed hypertension, although
the magnitude of the blood pressure increase (22%) was less than what was observed in
male mice treated with 800ng/kg/min (34%). This difference in the magnitude of the blood
pressure elevation may be explained by control female mice having a higher baseline
systolic blood pressure than control male mice. Blood pressures were measured using
tail-cuff plethysmography and both sexes were acclimated to the procedure in the same
way. Because females have a greater physiological response to acute stressors (66), the
higher baseline blood pressure in female mice is not surprising. Future studies will use
radiotelemetry for blood pressure measurement to mitigate stress-induced pressor
effects.

In our vasodilation studies, we focused on the effects of TRPV4 because this
cation channel is the primary contributor to endothelium-dependent dilation in PAs (16,
24, 25). We observed that the hypertension-induced impairment of TRPV4-mediated
dilation in PAs is sex dependent and occurs in males only. TRPV4 channels are
expressed in both endothelial and vascular smooth muscle cells. In endothelial cells,
TRPV4 channels that are localized to myoendothelial projections (MEPs) produce a
calcium influx upon activation that ultimately produces EDH via subsequent IKc./SKca
channel activation. TRPV4 activity is enhanced AKAP150, which anchors PKA and PKC

to MEPs to facilitate TRPV4 phosphorylation (15, 28, 85). Studies from our group show
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that endothelium-dependent dilation in PAs in primarily dependent on TRPV4 signaling
(16, 24, 25). In mesenteric arteries and cerebral PAs, TRPV4 channels are dysfunctional
in hypertensive male rodents (16, 25, 85). This study is the first to show that hypertensive
female mice are resistant to this impairment in TRPV4 activity. It is well-established,
however, that female sex conserves endothelial function in pathological conditions
through increased NO production and maintained endothelial nitric oxide synthase activity
(57, 70). Our novel data suggest female sex protects against endothelial dysfunction via
mechanisms that extend beyond NO-mediated pathways.

In response to the calcium influx through endothelial TRPV4 channels, activation
of IKco/SKca channels produces a potassium ion efflux out of endothelial cells. This loss
of positive ions hyperpolarizes the endothelial cells. Redistribution of ions through
myoendothelial gap junctions ultimately passes this hyperpolarization to smooth muscle
cells, causing vasodilation. NS309 activates both IKca. and SKc. channels. Angll-
hypertensive male mice have increased |IKca and reduced SKca. mRNA expression in
cerebral arteries, suggesting RAAS activation influences transcription of these ion
channels (25). To determine if hypertension alters ion channel contribution to EDH, we
used the antagonists TRAM34 and apamin to block IKca and SKca channels, respectively.
Consistent with findings by Cipolla et al (19), we observed that in both males and females,
IKca channels are the primary contributor to EDH in PAs. Our data suggests Angll-infusion
does not result in altered ion channel contribution to EDH. Notably, we previously reported
that hypertensive male mice had impaired IKc./SKc-mediated dilation in PAs, which
contradicts our present findings that this dilation remained intact in both male and female

hypertensive mice (25). This disagreement was unexpected. Mice from our previous
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study were provided to us by a collaborator, while mice from the present study were
purchased from Charles River. It is possible that differences in environmental background
of the mice may contribute to our observations, though further study will be necessary to
determine reasons behind these disparate findings.

Myogenic reactivity plays a critical role in cerebral blood flow regulation, especially
in PAs, which generate high levels of myogenic tone relative to larger arteries. There is
limited data comparing myogenic tone generation in PAs between the sexes. However, it
has been reported that MCAs of female rats generate more myogenic tone than MCAs of
male rats, potentially due to smaller artery size (47, 73). Conversely, our data suggest
sex does not significantly impact myogenic tone generation in PAs of control mice.
Because of the small size of these arterioles, it is possible that any sex associated
changes in myogenic tone are too minute to be detected. Notably, hypertension resulted
in more myogenic tone generation in PAs of male mice only, indicating female sex
prevents this elevated tone generation.

There is ample evidence that RAAS activity is directly linked to structural changes
observed in the vasculature in hypertension. AT1R activation leads to rearrangement of
vascular smooth muscle cells and extracellular matrix proteins that ultimately produce
changes in arterial structure (17, 31, 67). In both peripheral arteries and large cerebral
arteries, hypertension induces inward hypertrophic remodeling, characterized by a
smaller lumen diameter and thickening of the artery wall (45, 50, 75). PAs of hypertensive
rodents, however, undergo inward hypotrophic remodeling, characterized instead by a
reduction in wall thickness (23,71). In the present study, both male and female

hypertensive mice exhibited inward hypotrophic remodeling, though changes in female
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mice were of a smaller magnitude. Angll-infused female mice had a dose-dependent
reduction in PA diameter and wall thickness that reached significance in the hypertensive
group only. Increased preference of female mice for the AT2R/Mas receptor arms of
RAAS activation may contribute to this apparent resistance. Additionally, our group found
that in Angll-hypertensive male mice, PA remodeling is mediated by endothelial
mineralocorticoid receptor activation (23). Though there are apparent sex differences in
mineralocorticoid receptor activation in cardiovascular disease (62), the mechanisms
involved in cerebral microvessels are thus far unknown.

Hypertension reduces cerebral blood flow (49, 63, 93) and inadequate cerebral
perfusion increases risk of dementia development (27, 97). Using scanning laser Doppler
flowmetry, we showed that male Angll-hypertensive mice have reduced cerebral pial
artery perfusion (23). Here, we used laser speckle contrast imaging to determine sex
differences in cerebral pial perfusion in response to hypertension. As expected, sham
female mice had greater cerebral blood flow compared to sham male mice. There was an
unexpected finding, however, that Angll-infused female mice exhibited global reductions
in cerebral blood flow while hypertensive male mice had reductions only in the parietal
region. Blood flow reduction in female mice was comparable between the 800ng/kg/min
and the 1200ng/kg/min groups, indicating it was a blood pressure-independent effect.
Differences in cerebral blood flow may be attributable to sex dependent variances in
myogenic reactivity in pial arteries. Others have demonstrated that while MCAs of 3
month old female rats have greater basal myogenic tone compared to males, they are
also more susceptible to force-mediated dilation at high intralumenal pressures (95). This

concept contradicts our observations, though the differences in species, subject age, and
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vessel type complicate direct comparisons. Another possibility is a difference in the direct
constrictor effects of Angll. Pial arteries are particularly susceptible to Angll-induced
constriction (100). AT1R are quickly internalized after activation (20, 21, 44), and greater
blood flow reduction in female mice presents the possibility of a lessened tachyphylactic
response of AT 1R after activation. A recent study by Zaccor et al. presented an interesting
concept that TRPV4 activation prevents AT1R internalization, which could explain the
globally reduced pial blood flow in female mice (101). Additional studies will be required
to test directly test this hypothesis.

Our group has reliably found across various models that impaired TRPV4 channel
activity is associated with cognitive dysfunction (16, 24, 25, 55). Here, we present novel
data that the maintenance of TRPV4-mediated signaling in PAs of female mice is
associated with protection against cognitive impairment in hypertension. Hypertensive
male mice demonstrated impairments in both spatial working memory and spatial
memory, while female mice did not exhibit memory impairments in either task.
Interestingly, female mice given 800ng/kg/min Angll spent more time in the target
quadrant of Barnes maze compared to sham, though this did not reach statistical
significance. In both behavioral tests, control male mice outperformed control female
mice. This is expected, as studies reliably report better performance in spatial tasks in
male compared to female rodents (9, 11, 76, 80). The maintenance of cognitive function
in Angll-infused female mice is interesting considering their global reduction in pial blood
flow. Together, these observations present the possibility that neurons from female mice
are protected from the negative effects of reduced cerebral blood flow. In primary neuron

cultures and in vivo stroke studies, neurons from female rats have better survival
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compared to neurons from male rats, suggesting greater resilience to low oxygen
environments (3, 40, 102). Furthermore, Angll-hypertensive female mice have conserved
neurovascular coupling, which describes the ability of the cerebrovasculature to adjust
blood flow to meet neuronal metabolic demands (37,46). These previous reports
combined with data presented here suggest that sex dependent protection against PA
and neuronal impairments may mediate maintained cognitive function in hypertensive
female mice.

Increased inflammation is a hallmark of various hypertension-associated
neurovascular alterations including vascular remodeling (48), endothelial dysfunction
(61), and cognitive impairment. The anti-inflammatory effects of estrogen have been well
documented (35, 92), and this reduction of inflammatory factors helps maintain
neurovascular health in pathological states. At baseline, male mice have more pro-
inflammatory microglia than female mice, and male mice that have undergone cerebral
ischemia have a more favorable outcome after transplantation of microglia isolated and
purified from female mice (91). Furthermore, female mice have more GFAP-positive
astrocytes than male mice and female sex protects against reactive astrogliosis after
injury (5, 69). Our data are consistent with these reports, and suggest male mice have a
greater inflammatory response to Angll-hypertension than female mice. Angll infusion
directly increases inflammation and oxidative stress via increased NADPH oxidase
activity (10, 38, 51). Importantly, others have demonstrated that oxidative stress impairs
AKAP150-TRPV4 interaction at MEPs in mesenteric arteries (65), which likely mediates
disrupted TRPV4 signaling in hypertension (85). It is therefore possible that reduced

inflammation and oxidative stress observed in the female mice facilitate their protection
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against impaired TRPV4-mediated dilation and cognitive dysfunction. Future studies will
be necessary to directly investigate the influence of sex hormones on neuroinflammation
and TRPV4 signaling in PAs.

There are some limitations in our study we must address. Laser speckle contrast
imaging allows for assessment of blood flow alterations on the surface of the brain but
does not allow for measurements at the level of the PAs. This prevents us from
determining hypertension-induced sex differences in blood flow alterations in the
microcirculation. Additionally, this study did not include experiments to directly assess the
influence of sex hormones on the vascular and cognitive changes observed. Our goal
was to determine sex differences in the response to hypertension in young mice. Future
studies will be focused on assessing the specific role sex hormones play in this paradigm.

This study is the first to directly compare sex differences in PA and cognitive
function in hypertension. To make these comparisons, we used a novel method of
matching both the dose of Angll and the blood pressure elevation between sexes. To
summarize our findings, hypertensive female mice were protected from impaired TRPV4-
mediated PA dilation and associated cognitive decline observed in hypertensive male
mice. This was accompanied by a dampened response to neuroinflammation in female
mice. Our findings indicate that some, but not all, of the negative effects of Angll are
mitigated by female sex hormones. Further, we demonstrate that at least in females, it is
possible to have cerebral hypoperfusion yet be cognitively intact. Understanding sex
differences in cerebrovascular physiology and the influence of hypertension in young
mice is an essential first step in defining underlying sex dependent mechanisms in

vascular dementia development.
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4.1 — Abstract

In models of hypertension and cerebral hypoperfusion, TRPV4 channel
impairment is associated with cognitive decline. PA and cognitive function are severely
impaired in rats with global TRPV4 deletion. However, this channel is ubiquitously
expressed throughout the brain and due to lack of appropriate animal models, its cell type
specific contribution has been difficult to elucidate. | tested the hypothesis that endothelial
TRPV4 channels are critical for both PA and cognitive function. To this end, | used male
and female 30-35-week-old endothelial TRPV4 knockout mice (TRPV4ec) and littermate
controls. Cerebral pial perfusion was measured by laser speckle contrast imaging.
Pressure myography was used to assess PA dilatory function and structure. Cognitive
function was tested using the spontaneous alternation task and novel arm recognition
task in the Y-maze, as well as a nesting test. gRT-PCR and immunohistochemistry was
used to assess markers of neuroinflammation and neuronal support. TRPV4ec'- did not
have altered pial perfusion but had decreased sensitivity to IKc./SKc.-mediated dilation in
PAs with no changes to PA structure. Spatial working memory, spatial reference memory,
and nesting behavior was impaired in TRPV4ec-mice. This was associated with increased
quantity and complexity of GFAP-positive astrocytes, suggesting an increase in
neuroinflammation. This study demonstrates the importance of endothelial TRPV4
channels in cerebrovascular and cognitive health and suggest TRPV4 impairment may

increase dementia risk.
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4.2 - Introduction

CSVD describes a group of disorders characterized by structural and functional
impairment of small arteries, arterioles, capillaries, and venules in the brain (20). Because
the brain lacks its own energy stores, it is highly dependent on constant perfusion to bring
oxygen and glucose to neurons. Failure of the microcirculation to direct blood flow
appropriately starves neurons of required nutrients and can result in cognitive decline.
The leading risk factor for CSVD is old age; CSVD affects nearly everyone over 90 years
of age (8). However, CSVD can also be instigated and worsened by common modifiable
risk factors like hypertension and diabetes mellitus (17, 21, 24). The increasing life
expectancy and the increase in patients diagnosed with relevant risk factors mean CSVD
prevalence is expected to grow (2). Importantly, CSVD contributes to nearly half of all
dementia cases and currently has no cure (15).

PAs direct blood flow from pial arteries and arterioles to downstream capillaries.
PAs are vital regulators of cerebral blood flow and contribute to 30-40% of
cerebrovascular resistance (3-5). Unlike the pial arterioles on the brain's surface, PAs
lack collateral connections and thus lack the ability to divert blood flow to circumvent a
blockage. Therefore, the occlusion of a PA creates a discrete column of ischemic tissue
that is sufficient to produce cognitive impairment (29). PAs primarily depend on TRPV4
channels for endothelium-dependent dilation, and our group showed that hypertension
impairs TRPV4-mediated dilation and cognition. To examine this concept further, we
employed a rat with global TRPV4 channel knockout and found that TRPV4- rats had
obliterated endothelium-dependent dilation in PAs accompanied by severely blunted

cognitive function (10). TRPV4 channels are ubiquitously expressed and are present in
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several cell types involved in cognition, including endothelial cells, VSMCs, astrocytes,
and neurons. Because of this, it has been impossible to directly link the importance of
endothelial TRPV4 channels in PAs to cognitive function. To this end, we employed an
endothelial cell-specific TRPV4 knockout mouse to test the hypothesis that endothelial

TRPV4 channels are critical contributors to both PA and cognitive function.
4.3 — Materials and Methods

4.3.1 — Experimental Models

All experimental protocols were approved by the Michigan State University Animal
Care and Use Committee and were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. TRPV4ec- mice were
generated by Dr. Swapnil Sonkusare at the University of Virginia by crossing TRPV4n
mice with VE-Cadherin Cre mice, as described previously (6). Endothelium-specific
knockout of TRPV4 was induced by injecting 6-week-old TRPV4" Cre* mice with
tamoxifen (40mg/kg/day for 10 days, i.p.). Tamoxifen-injected TRPV4" Cre- mice were
used as controls. Male and female mice were combined in experimental groups as this
study was not powered to assess sex differences. Experiments were conducted at 30-35
weeks of age. All mice were housed on a 12:12h light/dark cycle with food and water ad

libitum.

4.3.2 — Laser speckle contrast imaging

Just before euthanasia, cerebral pial blood flow was measured using laser speckle
contrast imaging. Anesthesia was induced using 3% isoflurane in oxygen. The scalp was
removed, and the skull was cleared of blood or connective tissue. A very thin coat of

ultrasound gel was applied to the surface of the skull to improve image resolution. The
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isoflurane concentration was reduced to 1%, and the mice equilibrated at this
concentration for 5 min. Pial blood flow was measured at 21 images/s for 1 min. Regions
of interest were defined as the parietal, frontal, and temporal regions in each hemisphere,
as described by others (26). Mean blood flow in each region was compared between
groups. Images were analyzed using PIMSoft software (PeriMed, Las Vegas, NV).
4.3.3 — Assessment of PA endothelial function

Pressure myography was used to assess PA structure, as described previously (9,
11, 22, 25). The brain was collected after euthanasia and kept in a cooled (4°C) dissection
chamber in calcium-free PSS containing (in mM): 140.00 NaCl, 5.00 KCI, 1.00 MgCl. *
7H20, 10.00 HEPES, 10.00 dextrose. To isolate PAs, a 5mm x 3 mm section of the brain
containing the MCA was dissected. The pia with the MCA were separated from the brain
and the PAs branching off the MCA were used for experiments. Isolated arterioles were
cannulated with two glass micropipettes in a custom-made cannulation chamber.
Arterioles were equilibrated at 37°C in aCSF containing (in mM): 124.00 NaCl, 3.00 KCl,
2.00 CaClz, 2.00 MgCl,, 1.25 NaH:PO., 26.00 NaHCOs, and 4.00 dextrose. A servo-
controlled system was used to pressurize the arterioles (Living Systems, St Albans City,
VT). A leak test was performed before each experiment, and any arteriole that could not
maintain its intralumenal pressure was discarded. Arterioles were pressurized to
40mmHg until the development of stable myogenic tone {percent tone = [1 — (active lumen
diameter/passive lumen diameter)] x 100}. Arterioles that generated at least 20%
myogenic tone were used for experiments. Arterioles that did not develop sufficient
myogenic tone were used for structural assessment only. The lumen and outer diameters

of PAs were measured using a Nikon Eclipse TS100 microscope and a 40x objective
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(Nikon Plan Fluor objective; numerical aperture 0.75). The averages of the lumen and
outer diameters were recorded using MyoView 2.0 software (Danish Myo Technology,
Aarhus, Denmark). After the generation of myogenic tone, endothelium-dependent
dilation was assessed. To measure TRPV4-mediated dilation, increasing concentrations
of the specific TRPV4 agonist GSK1016790A (10 — 10-*M) were added to the bath. To
assess downstream [Kc./SKc-mediated dilation, PAs were incubated with increasing
concentrations of the agonist NS309 (10° — 105M). Each PA was used for only one
dilation experiment.
4.3.4 — Assessment of passive PA structure

The passive structure was assessed after the completion of dilation experiments
or if PAs failed to generate sufficient myogenic tone. aCSF was washed away and
replaced with Caz*-free PSS containing EGTA (29mM) and SNP (10-5M). To assess the
structure of the arterioles, a pressure-diameter response curve was constructed by
increasing the intralumenal pressure from 3 to 120mmHg at 20mmHg increments. The
arterioles were equilibrated at each pressure for 5min, and the lumen and outer diameters
were measured. These values were used to calculate wall thickness (outer diameter —
lumen diameter), wall cross-sectional area (arteriole area — lumen area), wall-to-lumen
ratio, wall stress, strain, and distensibility, as described (1). Wall stiffness was quantified
using the 3 -coefficient calculated from the individual stress-strain curves using the model
y = aefx, where y is wall stress, x is wall strain, a is the intercept and B is the slope of the

exponential fit; a higher B-coefficient represents a stiffer vessel.
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4.3.5 — Open field

One week before cognitive tests were conducted, mice were assessed for
locomotor differences using an open-field test. Mice were placed in an acrylic open field
arena (16in x 16in, Omnitech Electronics, Inc) equipped with infrared photosensors to
monitor activity. Mice were in the arena for 30min total. The first 10min were considered
acclimation time and were not included in the analysis. The final 20min were analyzed to
measure the distance moved, average velocity, time spent in the edges of the arena, and
time spent in the center of the arena. Data were analyzed using Fusion software

(Omnitech Electronics, Columbus, OH).

4.3.6 — Spontaneous alternation test

Spatial working memory was tested using a spontaneous alternation task in a Y-
maze. A custom Y-maze was constructed by Dr. Nathan Tykocki (Michigan State
University). The maze consists of three arms placed at a 120° angle from one another.
Each arm is 35cm long, 5cm wide, and 20cm high. Mice were placed in a random arm of
the maze and were allowed to explore freely for 3min. A camera was placed above the
maze to record each trial. A mouse with intact memory will preferentially visit the arm it
has visited the least recently, and a correct alternation is defined as consecutive entries
into all three arms (18). Percent alternation was calculated as:

% alt . (number of alternations) 100
= X
o atternatton [(Total number of arm entries) — 2]

4.3.7 — Novel arm test
Spatial reference memory was assessed using the novel arm Y-maze test. This
test took place one week after the spontaneous alternation task. Mice were placed in the
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maze with one of the arms blocked off and allowed to explore for 5min. They then return
to their home cages for a retention time of 1hr. The mice were then placed back in the
maze and allowed to explore all three arms freely for 2min. The percentage of time spent
in the novel arm compared to the total time spent in any of the three arms was calculated.
A mouse with intact spatial reference memory will preferentially explore the novel arm,
and a mouse with impaired memory will spend equal time in all three arms. Videos were
recorded on a webcam and uploaded to Ethovision XT tracking software (Noldus,
Leesburg, VA).
4.3.8 — Nesting behavior

Qualitative and quantitative nesting tests were used to assess nesting behavior.
Mice were given a clean cage with fresh nesting material and were left under standard
housing conditions to build a nest for 24hr. A blinded investigator then rated the nests on
a scale of 0-5, with 0 being the worst and 5 being the best. A quality nest was considered
to be one that was thoroughly shredded, domelike, and successfully covered the mouse
(7). For the second phase of the nesting test, mice were given a pre-weighed cotton
nestlet and were allowed 1hr to shred the nestlet to be incorporated into their existing
nests. The remaining nestlet was then cleared of debris and reweighed to allow for the

calculation of the percentage of nestlet shredded.

4.3.9 — Immunofluorescence

Brains were post-fixed in 4% paraformaldehyde, washed in PBS, then stored in
sucrose. To assess quantity and morphology of astrocytes, brain sections were blocked
and permeabilized in 0.5% Triton X-100 with 10% horse serum-PBS for 30min at room

temperature. Sections were then incubated in 1:1000 anti-rabbit GFAP (ab7260, Abcam,
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Waltham, MA) overnight at 4°C. They were then washed in PBS, then incubated in
secondary AlexaFluor 564 donkey anti-rabbit antibody. Images were obtained from the
corpus callosum in both hemispheres of each sample. Sholl analysis was used to assess
astrocyte structure as described by others (31). In brief, the Simple Neurite Tracer plugin
in ImagedJ was used to trace five random astrocytes from each mouse. The tracings were
skeletonized, and the automated Sholl analysis was used to draw concentric circles away
from the soma around the astrocyte. The number of intersections of astrocytic processes
with the circles was plotted against the distance of the circle from the soma.

Images were acquired using a 20x objective coupled to a Zeiss LSM 880 confocal
microscope. Z-stacks of each image were obtained through the entire thickness of the
40um section. Sections without primary antibodies served as negative controls. The color
was changed to green in post-processing for better visualization of the images. All
quantifications were done manually by a blinded investigator using ImageJ.

4.3.10 - gqRT-PCR

Brain tissue was collected in 2mm slices immediately anterior to the MCA for gRT-
PCR. RNA was extracted using Trizol and was reverse transcribed using VILO reverse
transcriptase (Invitrogen, Carlsbad, CA). TAQMAN-specific probes were used for the
PCR to assess the mRNA expression of synaptophysin, doublecortin, GFAP, NADPH
oxidase 2 (Nox2), tumor necrosis factor a (Tnf-a), interleukin-6 (//-6) and monocyte
chemoattractant protein 1 (Mcp7). mRNA expression is expressed as the fold change

from control using the 2-+2ct method. B2-microglobulin (B2m) was used for normalization.
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4.3.11 — Drugs and chemicals
GSK1016790A and NS309 were purchased from Cayman Chemicals (Ann Arbor, Ml). All

other chemicals were purchased from Sigma-Aldrich unless otherwise noted.

4.3.12 — Statistical analysis

All data are presented as means = SEM. Pial perfusion, mMRNA expression, and
behavioral and immunofluorescence data were analyzed by Student’s t-test. In the case
of significant differences in group variance, the non-parametric Mann Whitney U-test was
used. For analysis of PA vasodilation and structure, two-way analysis of variance with
repeated measures in one factor (concentration or pressure) was utilized followed by
Bonferroni-adjusted t-tests for post-hoc comparisons. All statistical analyses were
performed using GraphPad Prism version 9.4.0 (GraphPad, San Diego, CA). In all cases,
statistical significance was denoted by p<0.05.

4.4 — Results

4.4.1 — Endothelial TRPV4 knockout does not alter pial blood flow

The effect of endothelial TRPV4 channel deletion in pial blood flow was measured
using laser speckle contrast imaging. Endothelial TRPV4 channel knockout did not alter
pial perfusion in the parietal (p=0.9273), temporal (p=0.8121), or frontal regions (0.2710)
compared to controls (Figure 4.1 A-C).
4.4.2 — IKco/ SKea-mediated PA dilation is mildly impaired in TRPV4ec- mice

The importance of endothelial TRPV4 channels in the generation of myogenic tone
and in PA dilation was assessed using pressure myography. There were no significant
differences detected in the amount of myogenic tone generated in PAs from TRPV4ec"

mice and their controls (Figure 4.2A; p=0.7544). As expected, TRPV4-mediated dilation
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in mice deficient in endothelial TRPV4 was completely abolished (Figure 4.2B; p=0.0004).
Additionally, TRPV4ec- mice had a rightward shift in the dilation to IKc./SKca activation by
agonist NS309 (Figure 4.2C; p=0.0266 at 10’M), indicating a reduction in sensitivity to
IKca/SKca activation. The EC50 in NS309-mediated dilation in the control group is less
than that of the TRPV4ec group, though this did not reach statistical significance (control
-logeCS50: 7.71 £ 0.75, TRPV4ec'- -logeC50: 6.57 + 0.18; p=0.0823 by Mann Whitney U-

test). The maximum dilation to NS309 is comparable between the two groups.

4.4.3 — Endothelial TRPV4 knockout does not change PA structure

Pressure myography was used to assess PA structure and biomechanical
properties under calcium-free conditions. There were no changes observed in outer
diameter (Figure 4.3A; p=0.8644), lumen diameter (Figure 4.3B; p=0.8119), or wall
thickness (Figure 4.3C; p=0.6033) in PAs from TRPV4ec”- mice compared to control.
There were also no statistically significant changes to wall strain (Figure 4.3D; p=0.2512),
wall stress (Figure 4.3E; p=0.5432), or wall stiffness (Figure 4.3F; p=0.2512). Together,
these data suggest endothelial TRPV4 deletion does not alter PA structure or

biomechanical properties.

4.4.4 — Endothelial TRPV4 deletion reduces anxiety-like behavior but does not change
locomotion

Anxiety-like behavior and locomotion were assessed using the open-field test.
Mice deficient in endothelial TRPV4 spent more time in the center of the arena (Figure
4.4A; p=0.400) and a trend toward less time in the corners than control mice (Figure 4.4B;
p=0.0834), indicating a reduction in anxiety-like behavior. The overall distance traveled

(Figure 4.4C; p=0.8061), and the velocity of travel (Figure 4.4D; p=0.7373) did not differ
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between groups, suggesting endothelial TRPV4 channel deletion does not affect

movement.

4.4.5 — Endothelial TRPV4 deletion impairs cognitive function

The Y-maze was used to assess spatial working and spatial reference memory.
These studies rely on the inherent preference of mice for novel locations. Spatial working
memory was tested using the spontaneous alternation task. TRPV4ec- mice exhibited
impaired spatial reference memory by having fewer correct alternation triads compared
to control mice (Figure 4.5A; p=0.0436). The two groups had similar total arm entries
(Figure 4.5B; p=0.6894).

A week following the spontaneous alternation task, the novel arm Y-maze test was
used to assess short-term spatial reference memory. TRPV4ec- mice spent significantly
less time in the novel arm of the maze (Figure 4.6A; p=0.0083), indicating spatial
reference memory impairment. No differences were detected in the frequency of visits to
the novel arm (Figure 4.6B; p=0.7056).

Nest building in mice is an important behavior that is altered with cognitive decline.
Mice deficient in endothelial TRPV4 build lower quality nests than control mice (Figure
4.7A; p=0.0231), which is indicated by a lower nest score. However, the amount of nesting

material shredded did not differ between the two groups (Figure 4.7B; p=0.7049).

4.4.6 — Endothelial TRPV4 knockout does not alter mMRNA expression of neuronal
support or inflammatory markers

gRT-PCR was used to assess mRNA expression of markers of neuronal support
and inflammation. Previous studies indicated TRPV4 knockout increases expression of

neuroinflammatory markers such as Tnf-a, and results in a potentially compensatory
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increase in markers of neuronal support, such as doublecortin (10). TRPV4ec mice did
not have detectable alterations in mMRNA expression of synaptophysin (Figure 4.8A;
p=0.5301), doublecortin (Figure 4.8B; p=0.7385), Tnf-a (Figure 4.8C; p=0.5262), Mcp-1
(Figure 4.8D; p=0.4273), II-6 (Figure 4.8E; p=0.8413), or Nox2 (Figure 4.8F; p=0.4380)

compared to control.

4.4.7 — TRPV4ec mice have greater quantity and complexity of GFAP-positive
astrocytes
The quantity and morphology of astrocytes were assessed as an indicator of
neuroinflammation. TRPV4ec”- mice had more GFAP-positive astrocytes compared to
control (Figure 4.9A; p=0.0262). These astrocytes had more process complexity further

away from the soma, measured by a Sholl analysis (Figure 4.9B; ANOVA p=0.0182).
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Figure 4.1: Endothelial TRPV4 knockout does not alter cerebral pial perfusion.
Cerebral pial perfusion was measured using laser speckle contrast imaging. There were
no detectable differences in cerebral pial perfusion in the A) parietal, B) temporal, or C)
frontal regions between endothelial TRPV4 knockout mice and their endothelial TRPV4
intact controls. Closed squares = control males, closed triangles = control females, open
squares = TRPV4ec- males, open triangles = TRPV4ec- females. p<0.05 indicates

statistical significance by Student’s t-test. Data are presented as mean + SEM.
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Figure 4.2: Mice deficient in endothelial TRPV4 channels have mildly impaired
IKc./SKc.-mediated dilation. Pressure myography was used to assess myogenic tone
generation and dilatory properties in PAs of mice with and without endothelial TRPV4
channels. A) There was no detectable difference in amount of myogenic tone generation
in PAs in mice with and without endothelial TRPV4 channels. B) Mice with endothelial
TRPV4 knockout had completely abolished PA dilation to TRPV4 agonist GSK1016790A.
C) IKca/SKca-mediated dilation was mildly impaired in TRPV4ec-mice. Myogenic tone data
represents 15 PAs from 7 control mice and 12 PAs from 7 TRPV4ec” mice. Closed
squares = control males, closed triangles = control females, open squares = TRPV4ec"
males, open triangles = TRPV4ec'- females. Data are presented as mean + SEM. *p<0.05
indicates statistical significance by Student’s t-test (A) or two-way ANOVA with Bonferroni

correction.
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TRPV4 knockout does not alter PA structure or

biomechanical properties. There were no detectable differences in PA A) outer diameter,
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measured by the B-coefficient. Data are presented as mean + SEM. p<0.05 indicates

statistical significance by two-way ANOVA with Bonferroni correction.
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Figure 4.4: Endothelial TRPV4 deletion reduces anxiety-like behavior. The open field

test was used to assess anxiety-like behavior and locomotion. TRPV4ecmice spent more

time in the center and less time in the corners of the arena compared to control mice.

There were no differences between TRPV4ec- and control mice in the distance traveled

or traveling velocity. Closed squares = control males, closed triangles = control females,

open squares = TRPV4ec males, open triangles = TRPV4ec- females. Data are

presented as mean + SEM. p<0.05 indicates statistical significance by Mann Whitney (A)

or Student’s t-test (B-D).
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Figure 4.5: Endothelial TRPV4-deficient mice have impaired spatial working
memory. Spontaneous alternation behavior in the Y-maze was used to assess spatial
working memory. A) TRPV4ec mice made fewer correct alternations with B) no
differences in total number of arm entries in the maze. Closed squares = control males,
closed triangles = control females, open squares = TRPV4ec males, open triangles =
TRPV4ec- females. Data are presented as mean + SEM. p<0.05 indicates statistical

significance by Student’s t-test.
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Figure 4.6: Endothelial TRPV4 deficient mice have impaired short-term spatial
reference memory. The Y-maze was used to test short-term spatial reference memory.
A) TRPV4ec mice spent significantly less time in the novel arm of the Y-maze compared
to control. B) Frequency of novel arm visits did not differ between TRPV4ec mice and
control. Closed squares = control males, closed triangles = control females, open squares
= TRPV4ec- males, open triangles = TRPV4ec- females. Data are presented as mean +

SEM. *p<0.05 indicates statistical significance by Student’s t-test.
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Figure 4.7: Endothelial TRPV4 deletion impairs nesting ability. Nesting ability was
assessed using qualitative and quantitative nesting tests. A) TRPV4ec’- mice built lower
quality nests compared to control, but B) the amount of cotton nestlet shredded did not
differ between the two groups. Closed squares = control males, closed triangles = control
females, open squares = TRPV4ec males, open triangles = TRPV4ec’- females. Data are

presented as mean + SEM. *p<0.05 indicates statistical significance by Student’s t-test.
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Figure 4.8: Endothelial TRPV4 knockout does not alter mRNA expression of
neuronal health or inflammation markers. The mRNA expression of markers for
neuronal support and neuroinflammation were assessed using qRT-PCR. TRPV4ec mice
did not have detectable differences in mMRNA expression of A) synaptophysin, B)
doublecortin, C) TNF-a, D) MCP-1, E) IL-6, or F) NOX2. All data presented are from male
mice. Data are presented as mean + SEM. p<0.05 indicates statistical significance by

Student’s t-test.
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Figure 4.9: TRPV4e."- mice have more GFAP-positive astrocytes with greater
process complexity compared to control. The quantity and morphology of GFAP-
positive astrocytes was assessed using a GFAP antibody. A-C) Representative images
of negative control, control male, and TRPV4ec*, respectively. D) TRPV4ec”- mice have
more GFAP-positive astrocytes compared to TRPV4ec-intact controls. E) Astrocytes from
TRPV4ec- mice have more process complexity further from the soma compared to
control. All data presented are from male mice. Data are presented as mean + SEM.
p<0.05 indicates statistical significance by A) Student’s t-test or B) two-way ANOVA with

Bonferroni correction.
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4.5 - Discussion

The novel findings of this study are that endothelial cell specific TRPV4 deletion 1)
does not alter cerebral pial perfusion, 2) reduces sensitivity to downstream [Kc./SKca
channels in PAs, 3) does not affect PA structure, 4) reduces anxiety-like behavior, 5)
impairs cognitive function, and 6) increases neuroinflammation. These studies improve
our understanding of the importance of endothelial TRPV4 channels in PA and cognitive
function, which has thus far been precluded by the channel’s ubiquitous expression. By
elucidating the role of endothelial TRPV4 channels under baseline conditions, we can
better understand the influence of TRPV4 channel dysfunction in pathological states,
such as hypertension.

In addition to their expression in the endothelium, TRPV4 channels are expressed
in vascular smooth muscle cells, neurons, microglia, astrocytes, and neurons (12, 32).
Because of their ubiquitous expression, these channels are critical regulators of
intercellular communication in the brain and have an important role in the regulation of
blood flow throughout the cerebral and peripheral vasculature (14). While blood pressure
was not measured in the current study, Ottolini et al reported a mild increase in mean
arterial pressure in TRPV4ec” mice using radiotelemetry, the gold standard in blood
pressure measurement. This increase in blood pressure was not enough to consider the
mice hypertensive (23). This contrasts with studies from our lab (10) and others (13) that
show global TRPV4 deletion does not alter blood pressure. Because of the lack of suitable
animal models, the role of endothelial TRPV4 channels in blood pressure regulation has
been difficult to define. These studies suggest that at least in the peripheral vasculature,

endothelial TRPV4 signaling is important for blood pressure regulation, and its deletion
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results in vasoconstriction. The present study suggests the same is not true for the
cerebral circulation. PAs of TRPV4ec mice had similar myogenic tone generation
compared to control mice. Similarly, PAs from TRPV4-- rats had comparable myogenic
tone generation compared to TRPV4-intact control rats (10). Previous studies from our
lab show that myogenic tone is reduced after TRPV4 inhibition in PAs of hypertensive
mice (11). This suggests that, at least in the cerebral circulation, TRPV4 activity increases
myogenic tone in pathological conditions, without playing much of a role in normal
conditions. Additionally, these data provide evidence that TRPV4 channels have differing
roles in the peripheral versus the cerebral vasculature.

Because endothelial TRPV4 deletion did not affect myogenic tone in PAs, we
expected it would also not impact cerebral pial perfusion. Indeed, TRPV4ec- mice do not
have altered cerebral pial perfusion compared to control mice. This contrasts with
observations from our previous study in TRPV4- rats. In that study, arterial spin labeling
MRI revealed reduced cerebral perfusion in TRPV4-deficient rats compared to TRPV4-
intact controls (10). Laser speckle contrast imaging has a penetration depth of about 1mm
and can therefore only assess pial perfusion, as opposed to the more comprehensive
assessment made by MRI. Differences in the type of arterioles assessed may explain the
dissimilarities observed. The importance of EDH in arterial dilation decreases with
increasing lumen diameter. In the pial arteries, it is possible the NO contribution in these
arteries dampens the effect of TRPV4 deletion, and changes are only observed in deeper
brain regions. Additionally, perfusion was assessed under resting conditions and it is

possible endothelial TRPV4 channels do not play a role in basal blood flow. Differences
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in age of the animals used could also contribute to these differences. The mice in the
present study were 30-35 weeks of age, while TRPV4- rats were a year old.

Unlike in pial arteries and arterioles, endothelium-dependent dilation in PAs is
dependent on TRPV4 channel signaling. Our group has demonstrated that when
pressurized PAs are incubated with a TRPV4 antagonist, Cch-mediated dilation is nearly
abolished (11). Similarly, the Cch mediated dilation is completely obliterated in PAs from
TRPVA4-+ rats (10). In the current study, PA dilation to the TRPV4 agonist GSK1016790A
was eliminated. This confirms the absence of TRPV4 in the endothelium and shows that
VSMC TRPV4 channels do not affect dilation to this agonist. Interestingly, PAs from
TRPV4ec- mice had reduced sensitivity to 1Kca/SKca activation compared to control mice.
In Angll-hypertensive mice, as well as the studies in SHRSP discussed in Chapter 2,
hypertension resulted in impaired IKc./SKca-mediated dilation that was accompanied by
reduced mRNA expression of these channels in cerebral arteries (11). In these studies,
it was unclear if the impaired mRNA expression and PA dilation was a direct effect of
hypertension, or secondary to the observed TRPV4 impairment. The data presented here
suggest endothelial TRPV4 channel deletion impairs either the function or the expression
of downstream |IKc./SKca channels. This was an unexpected observation; we expected a
potential compensatory increase of channel function. Future studies should measure
MRNA expression of these channels in cerebral arteries to determine whether this is an
effect of altered expression.

Because of their importance in PA function, it is likely that endothelial TRPV4
channels are essential for neurovascular communication. We have shown both in

hypertensive models and in TRPV4- rats that impaired TRPV4 mediated dilation is
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associated with cognitive decline. In addition to severe cognitive impairment, TRPV4-
rats exhibited depressive-like behavior and impaired locomotion. While TRPV4ec'- did not
exhibit depressive-like behavior, they did have reduced anxiety-like behavior, indicated
by spending more time in the center of an open field arena without changes in speed of
travel or total distance moved. The differences observed in the TRPV4-deficient rats
versus mice may be a function of age. Clinical data reveal a strong link between
depression and dementia (27). Depression acts as both a risk factor for, and a result of,
dementia. It is possible that as the mice age, TRPV4ec’- mice could progress to exhibit
symptoms of depression. The results of the open field test influenced which behavioral
assays we used. Because TRPV4ec- mice are comfortable spending more time in the
center of an arena, behavioral assays were chosen that did not require the use of arenas.
Endothelial TRPV4 deletion resulted in impairments in spatial reference and spatial
working memory, as well as nesting behavior compared to control mice, demonstrating
an importance of endothelial TRPV4 channels in cognitive function. Notably, studies using
global TRPV4- mice did not identify any behavioral changes compared to control (28).
As mentioned, TRPV4- rats had severe cognitive impairment. Age of the animals used
may contribute to these differences. Shibasaki et al used mice at 17-24-week-old mice
while we used 30-35-week-old mice. TRPV4- rats were the oldest model used, at 1 year
of age.

Cognitive decline is associated with reduced expression of neuronal health
markers, such as synaptophysin, which is a marker of neuronal function and synaptic
plasticity, and doublecortin, which is a marker of immature neurons (11, 33). Angll-

hypertensive mice that had both TRPV4 impairment and cognitive decline had no
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changes to synaptophysin mRNA but had reduced doublecortin mRNA (11). Interestingly,
TRPVA4- rats had a slight increase in synaptophysin mRNA and a significant increase in
doublecortin mMRNA compared to controls (10). These studies suggest a pattern in which
impaired TRPV4 channel function triggers a potentially compensatory increase in
doublecortin mRNA expression. In the present study, however, no changes were
observed in either of these markers in TRPV4ec- mice compared to control. The reason
behind these differences is unclear. It is important to consider that mRNA expression
does not directly translate to protein expression. It is therefore difficult to know how these
data influence neuronal health in vivo.

Neurovascular dysfunction is associated with inflammation. Astroglia are a cell
type widely expressed throughout the central nervous system that, under baseline
conditions, play an important role in blood flow regulation and bringing nutrients to
neurons. Astrocytes also respond to insults like inflammation and neurodegeneration.
While the range of responses astrocytes can have to these triggers is quite broad,
common indicators of central nervous system insult include astrocytic proliferation and
increased branching and complexity in the processes (19, 30). While TRPV4ecmice did
not exhibit altered mMRNA expression of proinflammatory cytokines in brain tissue, there
was an increase in the number of GFAP-positive astrocytes. These astrocytes also had
greater process arborization. This complements data from TRPV4-- rats that had elevated
MRNA expression of GFAP compared to TRPV4-intact controls (10). Astrogliosis is
involved in CSVD pathogenesis (16); it is therefore possible increased inflammation is

mediating cognitive decline.
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It is important to address limitations in this study. Firstly, while both male and
female mice were used in both groups, there was a disproportionate weight of males in
the control group and females in the knockout group in some experiments. Given the sex
differences in cerebral blood flow, cognitive function, and inflammation outlined in Chapter
3, it is important that there is an equal weight of each sex. Notably, the data presented
here do not suggest sex differences exist in this model, despite the cerebrovascular and
cognitive protection usually observed in female mice. Further, gene expression and
astrocyte data were provided for male mice only due to a lack of female control mice.
More female mice will be added to this study as they become available. Lastly, these data
strongly suggest that endothelial TRPV4 channels are critical for NVC, though this was
not measured here. Future studies will employ functional hyperemia experiments to
directly test the role of endothelial TRPV4 channels in NVC.

In summary, endothelial TRPV4 channels are essential for both cerebrovascular
and cognitive function. These studies provide strong evidence that TRPV4 channel

impairment may increase risk of dementia development.
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5.1 — General conclusions

The data presented in this dissertation shed light on the link between hypertension
and dementia development. These data provide evidence for the therapeutic potential of
MR antagonism as a therapeutic intervention and provide novel evidence that the
influence of hypertension on cognitive decline is sex dependent in young mice. Further
evidence supports the overarching hypothesis that TRPV4 channels, particularly in the
endothelium, are important regulators of cerebrovascular and cognitive function. This
hypothesis was tested with three aims.

My first aim used middle-aged SHRSP to determine whether MR antagonism can
reverse cerebrovascular and cognitive decline in hypertension that has already occurred
or whether it merely prevents these impairments. Previous studies examining the
therapeutical potential of MR antagonism during Angll-hypertension revealed that
impaired PA function, reduced cerebral blood flow, and impaired cognition were all
improved with EPL treatment (4, 6). However, in these studies, EPL treatment began
alongside the development of hypertension. This presents a considerable limitation
because pharmacological intervention would only begin after hypertension is detected in
humans. To combat this limitation, EPL treatment began in 20-22-week-old SHRSP that
already have established hypertension. Our lab has shown that these rats develop
significant cerebrovascular injury by 12 weeks, so using these older rats truly tests the
ability of MR antagonism to reverse the damage, not just prevent it. Importantly, EPL
treatment did not reduce blood pressure in SHRSP. | assessed cerebrovascular function,
cerebral pial blood flow, memory function, and measured markers of neuroinflammation.

As expected, untreated SHRSP had reduced pial perfusion and impaired TRPV4-
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mediated dilation compared to SD controls; these changes were associated with cognitive
decline and increased neuroinflammation. Four weeks of treatment with the MR
antagonist EPL did not improve resting pial perfusion but improved TRPV4-mediated
dilation, spatial reference memory and neuroinflammation. Notably, this is the first time
our lab has observed an improvement in cognitive function without an improvement in
cerebral blood flow.

Previous studies from our lab showed that PAs primarily depend on EDH through
TRPV4 channels for endothelium-dependent dilation (5, 6, 12). My first aim confirmed this
when the incubation of PAs with the TRPV4 antagonist GSK2193874 blocked Cch-
mediated dilation in all three groups. EPL treatment corrected the impaired PA dilation in
SHRSP to the specific TRPV4 agonist GSK1016790A but did not correct the reduced
TRPV4 mRNA expression compared to the control rats. EPL treatment corrected neither
the impaired IKc./SKc-mediated dilation nor the reduced mRNA expression of these
channels relative to control. Together, this suggests EPL improves PA endothelium-
dependent dilation in SHRSP at the level of TRPV4 functionality, not its expression. This
disagrees with the study from our lab using Angll-hypertensive mice, which showed MR
antagonism corrected the mRNA expression of these channels in hypertensive mice (6).
These studies have very different treatment paradigms that could explain the disparities.
In Angll-hypertensive mice, treatment with EPL began as hypertension developed. In
SHRSP, however, EPL treatment began after the rats had been hypertensive for several
months, which may make these impairments more difficult to correct.

Increases in inflammation and oxidative stress uncouple TRPV4 from AKAP150,

which places the channel in close proximity to kinases that enhance its activity (14, 22).
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To better understand how MR antagonism influences inflammation in SHRSP, my studies
assessed various indicators of inflammation, including mRNA expression of TNF-o and
its receptor, and the quantity and morphology of microglia and astrocytes. Increased
neuroinflammation was observed in SHRSP using several markers, which was generally
corrected by EPL. The reductions in inflammation and corrected TRPV4-mediated PA
dilation were associated with improved cognitive function in EPL-treated SHRSP.
Significantly, MR antagonism did not reduce blood pressure; therefore, this study agrees
with previous data indicating the benefits of MR antagonism occur independently of blood
pressure correction. This study provided further evidence that MR antagonists are a
promising therapeutic approach during hypertension and that there is a strong link
between TRPV4 function in PAs and cognitive health.

There were several limitations to my first aim. Because of the limited penetration
depth of laser speckle contrast imaging and the skull thickness of the rats, cerebral
perfusion was only able to be measured at the very surface of the brain. It is possible that
perfusion was improved deeper in the brain as a result of improved PA function.
Assessing cerebral perfusion by MRI would yield more relevant data. The gene
expression data was collected using whole brain tissue. This was done to limit the total
number of rats required for the study because the tissue could be collected from the same
rats used in pressure myography experiments. This study would have benefited from
using a separate group of rats and specifically isolating the hippocampus. Because of the
link between oxidative stress and TRPV4 dysfunction, future studies should treat SHRSP
with tempol, a superoxide dismutase mimetic. Our lab has shown that tempol prevents

MCA remodeling in young SHRSP (16), but the effect of this treatment in older SHRSP
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is unclear. Future studies should also treat SHRSP with w-3 fatty acid supplementation.
A recent study revealed w-3 fatty acid supplementation in mice improved arterial TRPV4-
mediated dilation by reducing channel desensitization (1).

My second aim was designed to assess sex differences in the cerebrovascular
response to hypertension and how it relates to cognitive function. While the link between
hypertension and cognitive decline has been consistently observed, the studies
investigating this relationship were conducted in male rodents only, revealing a massive
knowledge gap. Given that epidemiological evidence suggests risk factors for VaD affect
the sexes differently, determining mechanisms behind these sex differences is
paramount. Previous studies revealed that Angll-hypertension in male mice impairs PA
endothelium-dependent dilation through a TRPV4-mediated mechanism. This impaired
dilation was associated with cognitive decline. In my second aim, | studied male and
female mice alongside one another to determine sex differences in hypertension. Female
mice are resistant to Angll-hypertension (27-29). Therefore, female mice in my study
were given two doses of Angll, one that matched the dose given to the males and one to
produce an elevation in systolic blood pressure. This is a novel approach and a major
strength of my study. By giving the female mice two different doses, | can separate effects
from Angll dosage from the effects of a blood pressure increase. | found that regardless
of Angll dose, female mice are protected against the impaired TRPV4-mediated dilation
in PAs observed in Angll-hypertensive male mice. Both male and female mice exhibited
inward hypotrophic remodeling in PAs after Angll infusion, though this was observed to a
lesser degree in females. Importantly, Angll-infused female mice were protected against

the memory impairments observed in hypertensive male mice, further indicating that
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TRPV4 function in PAs is intertwined with cognition. These data demonstrate that PA
remodeling does not impair blood flow enough to alter cognitive function. Rather, PA
function is critical for neurovascular health.

The inflammatory response to Angll infusion was also sex dependent.
Hypertensive male mice exhibited morphological changes in microglia and astrocytes
indicative of increased inflammation and oxidative stress. Female mice did not exhibit
these morphological changes, suggesting resistance to Angll-induced inflammation.
Together, these data suggest female sex is associated with maintained cerebrovascular
and cognitive function in hypertension, potentially through the preservation of TRPV4
channel function. These observations coincide with sex differences in the RAAS (see
section 1.3.1.2) and suggest that the anti-inflammatory benefits of female sex hormones
may aid in the maintenance of TRPV4 channel function in PAs, which is associated with
maintained cognitive function. The role of female sex hormones was not addressed here,
and future studies will define their importance regarding TRPV4 function in hypertension.

One limitation of my second aim is that control female mice had elevated systolic
blood pressure, which made it difficult to choose a dose of Angll that increased blood
pressure similarly to that in male mice. Blood pressure was measured by tail-cuff
plethysmography, and despite being acclimated to the procedure in the same way as the
male mice, female mice showed signs of anxiety that likely contributed to their blood
pressure elevation. Using radiotelemetry likely would have mitigated this issue. Another
limitation is that | was unable to successfully use the novel object recognition test to
assess episodic memory. Despite acclimating mice to handling and to the testing arena,

control male and female mice did not preferentially explore the novel object, and the assay
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was not usable. This study would have benefited from a behavior test that did not rely on
spatial memory, which would have diversified the data. To better understand the sex
differences observed in this aim, future studies should employ the VCD model of
menopause. As opposed to ovariectomy, which results in a sudden loss of sex hormones,
the VCD model results in gradual ovarian failure that more closely mimics what is
observed in women. This model has a perimenopause phase that would be particularly
useful to accompany my studies. Epidemiological evidence suggests hypertension in
women of perimenopausal age is particularly detrimental in regard to future dementia
development. Because the VCD model requires a series of injections and a waiting
period, BPH/BPN mice would be a better choice than Angll-hypertensive mice; the
osmotic minipumps that fit in mice have a maximum duration of 4 weeks.

Previous studies from our lab and my first two aims show the importance of TRPV4
channel function in cognition. Because of the ubiquitous expression of TRPV4 channels
in the NVU, it has thus far been impossible to discern the importance of TRPV4
specifically in the vascular endothelium and how they relate to cognitive function. To this
end, my third aim was focused on determining the role of endothelial TRPV4 channels in
cerebrovascular and cognitive function. | employed a mouse model with endothelial cell-
specific TRPV4 channel knockout to achieve this. My data suggest that functional
endothelial TRPV4 channels are essential for cognitive function, as their deletion results
in memory impairment. The observed memory impairment was associated with reduced
anxiety-like behavior and impaired nesting ability. These changes were observed without
having a detectable effect of endothelial TRPV4 deletion on pial perfusion. Though

endothelial TRPV4 channels are very important in PAs, they play less of a role in larger

236



pial arteries (7, 21). Pial arteries have a greater dependence on NO in the myogenic
response, which may explain why endothelial TRPV4 deletion did not have an effect on
pial perfusion. Interestingly, mice deficient in endothelial TRPV4 also had slightly impaired
IKca/ SKca-mediated dilation in PAs, evidenced by a rightward shift in the concentration-
response curve to NS309. This change may be in response to the lack of TRPV4-
mediated dilation in these arterioles. IKc./SKca expression and function may have been
reduced because of a lack of upstream activation. This theory was not tested here; future
studies should measure IKc./SKca channel mRNA expression or protein expression to
determine if it is influenced by endothelial TRPV4 channel expression.

The observed cognitive impairment may indicate a stress on neurons that could
result in increased neuroinflammation. Though mRNA expression of inflammatory
markers was not significantly altered, TRPV4ec mice had more astrocytes with more
process arborization, indicating increased inflammation. To expand on these findings,
future studies should include quantification and morphological assessment of microglia.
Importantly, future studies should include NVC experiments to directly test the importance
of endothelial TRPV4 channels in functional hyperemia. A major limitation in this study is
the unequal weight of male mice in the control group and female mice in the knockout
group. Though no sex differences in response to endothelial TRPV4 deletion are
expected, it is important that more mice be included to equalize the sex distribution.

Taken together, the studies presented in this dissertation demonstrate the
importance of endothelial TRPV4 function in cognitive function. Further, these studies
show for the first time that female sex protects against hypertension-associated impaired

TRPV4-mediated dilation and the cognitive decline typically associated with this. My
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studies suggest treatment with an MR antagonist is sufficient to reverse the damage done
by hypertension and has the potential to restore cognitive function. Because EPL
treatment was not associated with improvement of TRPV4 channel mRNA expression, it
suggests that improvement of endothelium-dependent dilation is at the level of
functionality rather than mRNA or protein expression. Therefore, the results suggest that
dampening hypertension's inflammatory and oxidative stress response is paramount in

restoring TRPV4 channel function.

5.2 — Considerations of the model and treatment regimens used

| used multiple animal models to complete my studies. In my first aim | used
SHRSP to determine the impact of EPL treatment on rats that have established
hypertension. | chose SHRSP for these experiments because they are a polygenic and
multifactorial model that mimics essential hypertension in humans. Further, the age of
rats was essential to the model. Because SHRSP have a shortened lifespan of about 9-
12 months, EPL treatment began shortly before midlife (11). Using older rodents is
advantageous over younger animals, as many studies do, because it is more
translationally relevant. Importantly, these rats had been hypertensive for several months
at this point and had established cerebrovascular and cognitive damage, which was
important for the study question. The dose of EPL used in these studies was higher than
that used therapeutically in humans. Our group and others have used this higher dose of
EPL in previous studies (17); we also used high doses of other MR antagonists, like
spironolactone (18, 19), without observing adverse effects. Rodents require a higher dose
of ELP than humans because they metabolize and excrete EPL faster than humans and

therefore require more drug to reach a therapeutic effect (3, 30). Toxicity studies using
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similar dosages in mice did not harm the mice or produce carcinogenicity (2, 3, 30). EPL
was given to the rats daily in peanut butter. This vehicle was chosen because EPL is not
readily soluble in water and administering it in peanut butter provides accurate dosing.
The amount of peanut butter given daily (2g) was insufficient to significantly alter dietary
sodium and therefore did not affect RAAS. It is important to acknowledge that | used a
nonstandard control for SHRSP in these studies. SHRSP were derived from WKY rats,
which are typically used as the control. WKY rats exhibit depressive behavior, which
would confound behavior analysis (10, 13). |, therefore, opted to use SD rats as my
normotensive control, which has also been done by others (20, 24, 25).

In my second aim, | chose the Angll-dependent model of hypertension to complete
my sex differences studies. While most humans do not have high Angll levels, ACE
inhibitors are effective therapeutic options for hypertension, making Angll infusion in mice
a clinically relevant model (15, 23, 26). Further, these studies expand upon previous
studies in our lab using the Angll model of hypertension in male mice. Continuing this
model to the current studies made for more appropriate comparisons.

My third aim was completed using TRPV4ec” mice provided by Dr. Swapnil
Sonkusare. These mice were generated by crossing TRPV4"" mice with VE-Cadherin Cre
mice and the knockout was induced with tamoxifen. Inducing the knockout under the VE-
Cadherin promoter allows for the specific targeting of endothelial cells without also
targeting the hematopoietic lineage, which happens under the Tie2 promoter (9). |

conducted experiments in these mice at 30-35 weeks to reflect an adult population.
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5.3 — Novel findings
My studies are the first to show that PA and cognitive dysfunction observed in
hypertension can be reversed by MR antagonism using a model that reflects an adult
human with hypertension. Further, | demonstrate for the first time that female sex protects
against impairments in PA TRPV4-mediated dilation and cognitive dysfunction in
hypertension. Lastly, | was the first to show that endothelial TRPV4 channels are required
for appropriate cognition in the absence of hypertension.
5.3.1 — The effect of MR antagonism after hypertension development
e This study shows, for the first time, that treatment with the MR antagonist EPL can
reverse impaired TRPV4-mediated dilation in PAs
e Improved TRPV4-mediated dilation is associated with improved cognitive function
e Improvement in TRPV4-mediated dilation was not associated with improved
MRNA expression of the channel, indicating dilation was improved at the level of
channel functionality
e Endothelial TRPV4 channels contribute to myogenic tone in hypertension
¢ MR antagonism reduces neuroinflammation during hypertension
e These findings expand our knowledge of the impact of MR antagonists during
hypertension
5.3.2 — Sex differences in Angll-hypertension
e Female mice require a higher dose of Angll to become hypertensive
¢ Angll infusion reduces pial perfusion in both sexes, regardless of Angll dose
e Hypertensive female mice do not have impaired TRPV4-mediated dilation in PAs,

while hypertensive male mice do
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Impaired TRPV4-mediated dilation in hypertensive male mice is associated with
impaired spatial and spatial working memory; female mice are protected from this
as well

Angll-hypertension results in inward hypotrophic remodeling in both male and
female mice, but has no effect on biomechanical properties

Angll-hypertension in male mice produces neuroinflammation in male but not
female mice

These studies show for the first time that female mice are resistant to impaired
TRPV4 function in PAs during hypertension, and this is associated with preserved

cognition

5.3.3 — The role of endothelial TRPV4 channels in PA function and cognition

Endothelial TRPV4 channels are essential for appropriate cognitive function
Endothelial TRPV4 knockout mildly impairs IKc/SKca-mediated dilation in PAs
Cerebral pial perfusion is not impaired after endothelial TRPV4 deletion
Endothelial TRPV4 channels are not important for PA structure

These studies improve our understanding of the role of endothelial TRPV4

channels in PA function, PA structure, and cognition

5.4 — Limitations

Pressure myography is a widely used ex vivo technique to assess arteriolar
structure and function. Pressurized arterioles are flushed with and bathed in aCSF,
thus the effects of blood viscosity are lost. The effects of flow through PAs are also

lost because the small lumen diameter make the resistance too great
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e Laser speckle contrast imaging has a penetration depth of ~1mm, which only
allows for the assessment of pial arteries. We therefore are unable to discern how
blood flow was affected in the brain parenchyma throughout my studies. Future
studies should use arterial spin labeling MRI
5.5 — Perspectives

VaD is a devastating condition that greatly affects quality of life and currently has
no cure. Hypertension is the leading modifiable risk factor for VaD, partly because of its
detrimental effect on the structure and function of cerebral arterioles. Epidemiological
evidence suggests hypertension increases the risk of dementia in women to a greater
degree than in does in men (8). As of yet, we do not fully understand the mechanisms
involved in hypertension associated VaD, and we know even less about sex differences
that exist in this pathway. Therefore, we must identify treatments that can mitigate the
negative vascular and inflammatory consequences of hypertension. The MR is a potential
therapeutic target because MR antagonism prevents cerebrovascular and cognitive
damage induced by hypertension. My studies proposed that MR antagonism would
reverse PA dysfunction and cognitive decline in hypertension. The data presented herein
support previous studies showing that the MR is an important regulator of TRPV4 channel
function in cerebral arteries, and that maintenance of TRPV4 function is associated with
appropriate cognitive function. Further, my studies show that the negative consequences
of hypertension in cerebrovascular health are sex dependent. Female mice given the
same dose of Angll as male mice, and those given a greater dose to induce hypertension,
were protected against impaired PA dilation and memory dysfunction observed in males.

This was associated with a dampened inflammatory response in female mice relative to
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males, which may play a key role in mediating the observed sex differences. Lastly, my
studies provided evidence that in the absence of hypertension, endothelial TRPV4
channel deletion is sufficient to cause cognitive decline, without detectable reductions in
pial perfusion. In conclusion, MR blockade, or other approaches that reduce hypertension
associated inflammation, may be beneficial therapeutic approaches to improve

cerebrovascular function in hypertensive patients.
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