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ABSTRACT

Hypertension increases resistance to blood flow and compromises the vasculature. Chronically
elevated blood pressure is antecedent to heart failure and both are associated with the development
of cognitive decline and dementia. Thus, we sought to examine the cerebrovascular effects of
hypertension alone and with predisposition for heart failure. Using pressurized cerebral vessels
isolated from animals with genetic hypertension, we investigated structural, mechanical and
functional properties by pressure myography. Structural and mechanical parameters were
calculated using media and lumen dimensions measured at constant or incremental intraluminal
pressures, respectively. Middle cerebral arteries (MCA) from spontaneously hypertensive heart
failure (SHHF) rats underwent a combination of growth and remodeling, exhibited greater wall
component stiffness and were less compliant. Studies suggest resveratrol may be beneficial for
the treatment of hypertension. Therefore, we investigated the effects of resveratrol and two
structural analogs on abnormal MCA. Vascular hypertrophy and wall component stiffness
improved with oral doses (2.5 mg/kg/d) of resveratrol, pterostilbene and gnetol, albeit in the
absence of blood pressure lowering. This indicates these stilbenoids act directly on the vascular
wall. Findings in MCA led to further examination of downstream penetrating arterioles that
regulate cerebral perfusion. SHHF penetrating arterioles exhibited eutrophic remodeling,
increased stiffness and reduced compliance. Although eutrophic remodeling was similarly
observed in spontaneously hypertensive rats (SHR), penetrating arterioles were less stiff and more
compliant. Transmission electron microscopy revealed increased collagen deposition in arterioles
from SHHF rats consistent with reduced compliance. Whereas, SHR arterioles had unchanged
collagen/elastin ratio. Functional responses were evaluated using pharmacological agents that
were bath applied to penetrating arterioles in increasing concentrations. Relaxation to
glutamate/D-serine was reduced in SHHF rats but not in SHR. In contrast, acetylcholine-mediated
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relaxation was potentiated in SHR but maintained in SHHF rats. Interestingly, endothelium-
independent relaxation to nitric oxide donor, sodium nitroprusside, resulted in constriction in both
hypertensive strains. These findings suggest penetrating arterioles undergo some adaptations in
hypertension, which are absent when there is a propensity for developing heart failure. Altogether,
this is the first to identify and characterize the cerebrovascular abnormalities in MCA and

penetrating arterioles in models of hypertension alone and with risk for heart failure.
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CHAPTER 1

1 Introduction

The brain is one of the most highly perfused bodily organs. While it represents only 2% of total
body weight, it receives 15% of the total cardiac output and 10% of the total blood supply to the
body.12 However, despite being one of the most important and complex organs, our understanding

of the effects of hypertension on the cerebrovascular bed is lacking.

Hypertension is clinically diagnosed as chronic elevations in blood pressure (BP) above 140/90
mm Hg (i.e. systolic/diastolic).> * It increases vascular resistance® ° and leads to changes in the
heart and the systemic microcirculation over time. High BP increases the resistance against which
the heart must pump, and the walls thicken to compensate for the increased workload. Indeed, one
of the most common adaptations to hypertension is left ventricular hypertrophy, which is
associated with an increase in cardiomyocyte size, hypertrophy and hyperplasia of fibroblasts,
collagen accumulation, and infiltration of monocytes and lymphocytes.” However, ventricular
hypertrophy is also regarded as a pathological hallmark of hypertension and a common example
of hypertensive end-organ damage. Although the development of ventricular hypertrophy is for a
time compensatory, eventually failure occurs resulting in decompensation and the onset of heart
failure. Importantly, hypertension is antecedent in 75% of patients with heart failure;® the risk for
heart failure in hypertensive patients is 2-fold in men and 3-fold in women, and is associated with
low survival rates.® Hypertension also elicits structural modifications in the systemic
microcirculation that lead to a smaller lumen diameter.2® 11 Such alterations perpetuate elevated

vascular resistance and contribute to the pathogenesis of hypertension.
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Recently hypertension has been recognized as an important risk factor for the development of
cognitive decline and dementia.’?*® In turn, heart failure increases the risk of cognitive decline?®
and promotes the progression to dementia and Alzheimer disease.!” Given that both hypertension
and Alzheimer are highly prevalent in the general population, this emphasizes the importance of
examining the cerebrovascular changes that develop in response to chronic elevations in BP.
However, while our efforts to understand the impact of hypertension on the brain remains ongoing,

the contribution of heart failure risk remains unknown.

This thesis addresses two major knowledge gaps: 1) what vascular transformations occur at
different levels of the cerebrovasculature (resistance arteries vs. arterioles) in response to
longstanding hypertension with risk for heart failure and 2) the effects of stilbenoid treatment on
the vasculature. In this thesis two (2) brain vessel types were examined. Initial studies focused
on superficial cerebral arteries, namely middle cerebral arteries (MCA). Structural and mechanical
changes were characterized in MCA from spontaneously hypertensive heart failure (SHHF) rats
using ex vivo analysis by pressure myography. These animals were treated with resveratrol and
two structural analogs (gnetol and pterostilbene) to determine effects on BP and arterial properties.
The focus then turned towards penetrating arterioles. Structural, mechanical, and functional
properties were characterized in penetrating vessels from spontaneously hypertensive (SHR) and
SHHF rats. Considering the deleterious effects of hypertension and heart failure on cognition,
these studies provide valuable insight into the vascular mechanisms that may predispose

hypertensive and heart failure patients to cognitive decline.
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1.1  Background & literature overview

1.1.1 Resistance arteries determine vascular resistance and blood flow

Total peripheral resistance is the resistance against which blood is pushed through the entire
systemic circulatory system to generate BP and flow. The greatest resistance to flow occurs at
the level of the small arteries (lumen diameters of 150 — 300 um) and arterioles (<150 pum in lumen
diameter).'® The latter are estimated to generate 45-50% of the total peripheral resistance.’®?? By
comparison the capillaries (~7 um) account for 23 — 30% of total peripheral resistance.?? Although
an individual capillary has a smaller diameter, the total cross-sectional area of the capillary bed is
greater than that of any other vessel type such that resistance is dissipated across the capillary
network. Mean arterial pressure decreases as blood flows from arteries to veins, with the greatest
drop in pressure occurring between arteries and arterioles. Small arteries contribute 40% of the
pre-capillary pressure drop, while arterioles contribute 30%.8 As the sites of the most precipitous
pressure drop, small arteries and arterioles are the main regulators of vascular resistance and are

given the term resistance arteries. These vessels are thought to be between 15 — 300 um.?

If considered a closed system, the resistance of the circulatory system can be determined through

the viscosity of blood and vessel dimension by way of Poiseuille’s law of resistance:

e R s the resistance of blood flow

e L is the length of the vessel
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o T is the viscosity of blood

e ris the radius of the blood vessel

This law describes the resistance R to the flow of blood having viscosity 1 through a lumen with

radius r and length L. Viscosity is the inherent resistance of a fluid to flow. As such, the viscosity
of blood represents an intrinsic resistance to blood flow and describes the consistency (stickiness
and thickness) of blood. The major determinants of blood viscosity are hematocrit (percent volume
of erythrocytes or red blood cells), plasma protein concentration, as well as the size, shape and
deformability of erythrocytes.?* These remain constant in a healthy individual; therefore, blood
viscosity tends to also remain constant, but can change with respect to changes in flow velocity
(shear rate) and lumen diameter. Since the length of a given vessel also remains constant,
resistance is dependent mostly on the radius of the blood vessel. When pressure is considered,

blood velocity or flow can be determined using Poiseuille’s equation:

nr*AP AP
< -

8Ln R

e Fisthe blood flow

e AP is the pressure difference

This equation describes the relationship between blood flow F, resistance R, radius r, and pressure
P. This relationship shows that the arterial radius plays an important role in determining resistance
and blood flow. Accordingly, vascular resistance is inversely proportional to the arterial lumen

radius and therefore increases as the lumen narrows. This equation also shows that slight changes
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in the lumen radius of resistance arteries can have significant effects on total peripheral resistance
and blood flow because as the vessel dilates (lumen radius increases) or constricts (lumen radius
decreases) the resistance is divided by this change to the fourth power (Figure 1). Therefore, an
artery constricting to half of its initial radius would increase resistance by sixteen-fold. In the
brain, cerebral blood flow (CBF) remains the same with changes in blood viscosity if blood vessels
are able to compensate for changes in viscosity by dilation (increased viscosity) and

vasoconstriction (decreased viscosity).?°

Blood flow

Vessel radius

Figure 1. The relationship between blood flow and radius according to Poiseuille’s equation.
Slight changes in vessel diameter cause drastic changes in blood flow; the change is proportional
to the change in radius to the fourth power. F, blood flow and r, radius. Adapted from
Determinants of Resistance to Flow (Poiseuille's Equation) by R.E. Klabunde, 2017: 26

https://www.cvphysiology.com/Hemodynamics/H003
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1.1.2 Hypertensive vascular modifications that contribute to a smaller lumen
There are three major vascular modifications that might reduce lumen diameter and contribute to

the pathogenesis and maintenance of hypertension. These modifications are related to:

a) Structure and geometry
b) Biomechanical behaviour

¢) Vascular function

In hypertensive patients and various experimental animal models of hypertension, peripheral
resistance arteries and arterioles have been shown to exhibit varying forms of remodeling,”*
vascular stiffness,® 32 and vascular dysfunction.®® Thus, characterization of the structural,
mechanical (stiffness), and functional changes in the cerebrovasculature is crucial to better
understand the vascular mechanisms that might leave the brain at risk for damage related to

hypertension.

a) Vascular remodeling contributes to structural changes

The vascular wall is subjected to two major mechanical forces: shear stress due to blood flow and
mechanical stretch (circumferential stress) due to BP. Shear stress is the force per unit area created
when the frictional force of blood acts on to the vessel wall®* and is experienced directly by the
endothelium. Endothelial cells (EC) subjected to shear stress have been shown to align in the
direction of flow.>® Shear stress is directly proportional to blood flow velocity and blood viscosity,

and inversely proportional to vessel radius.®*
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Blood distends the vessel wall by exerting a radial force perpendicular to its surface (mechanical
stretch). Inturn, the vessel opposes this force by applying circumferential and longitudinal forces,
resulting in cellular elongation and alignment perpendicular to the applied force.*® The Law of
LaPlace states that wall tension T (force per unit length of the vessel wall) is directly proportional

to pressure P across the wall that is due to the flow inside times the arterial radius r:

TxPXr

e Tistension
e P isthe pressure difference

e risthe radius

Thus, for a given pressure, a larger radius is required to withstand greater wall tension. Increased

wall tension results from increasing the load on thin-walled arteries.  This load is expressed as

wall stress 8, which is the wall tension divided by the wall thickness:

PXr

e o Is the wall stress

e w Is the wall thickness

Accordingly, the radius and wall thickness are proportional; therefore, for any given pressure an

increase in radius would require a proportional increase in wall thickness in order to keep wall
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stress constant. Increasing the pressure would therefore require a thicker wall; as pressure
increases wall stress would only be maintained or normalized by increasing the thickness of the
wall or by reducing the diameter or both. Thus, persistent alterations in haemodynamic forces

would invariably change the vessel wall in order to restore normal wall stress.

Structural modifications of resistance arteries are due to the process of vascular remodeling.
Arterial remodeling is a normal physiological response and regarded as a compensatory
mechanism, which acts to reduce the stress on the vessel wall.>” However, in pathological states,
such as hypertension, persistent transformations of the vessel wall can become maladaptive.
Indeed, it is widely accepted that abnormal small artery structure contributes to hypertension.3&40

Hence, remodeling is often considered a pathological hallmark of hypertension.

Vascular remodeling is a dynamic process involving different components of the vessel wall,
which are divided into three distinct layers (Figure 2): (1) EC of the intima; (2) vascular smooth
muscle cells (VSMC) of the media; and (3) fibroblasts and inflammatory cells of the adventitia.
These elements are supported by underlying extracellular matrix (ECM) composed mostly of
collagen, elastin, fibronectin, proteoglycan, and other macromolecules. The intima, which is the
most interior layer, includes an endothelium that lines the lumen and is in direct contact with blood.
EC release vasoactive factors, including vasodilators (ex. nitric oxide (NO), prostacyclin,
endothelium-derived hyperpolarizing factor) and vasoconstrictors (ex. thromboxane and
endothelin-1) that act on VSMC in the medial layer, making them important regulators of vascular

tone.** The intima also has a subendothelial layer consisting of collagenous bundles, elastic fibrils,
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Lumen

Intima " = Endothelial cell
Endothelial cells [ y \ '

Matrix (colla -«— Internal elastic
gen 7
and elastin) lamina
Media °
SMC o
Matrix (collagen
and elastin) o ——— Smooth muscle cell
(&)
s J
| -«—— External elastic
Adventitia o :
Fibroblasts [ o Iamma

Inflammatory cells
Matrix (mostly collagen)
Connective tissue

Figure 2. Arterial anatomy. The three distinct layers of the vascular wall are shown with

associated cellular and matrix components.

VSMC, and an internal elastic lamina composed of elastic fibres. The media is the most prominent

layer of the vessel wall and consists of layers of VSMC, elastic and collagenous fibres, and
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external elastic lamina. Contraction and relaxation of VSMC allows vessels to constrict or dilate,
respectively. Laminar units are arranged concentrically, are fenestrated and anchored to VSMC.*2
In small vessels, elastin is found mostly in the intimal region and are initially parallel and
longitudinally aligned, but deform under pressure (30 mm Hg).*® Indeed, arterioles have only
subendothelial elastic fibres (internal elastic lamina).** Fibroblasts and inflammatory cells (mast
cells and macrophages) occupy the adventitial layer which consists mostly of collagenous fibres

but also elastin, fibroblasts, mast cells, and microphages.

Several processes contribute to vascular remodeling including: VSMC hypertrophy,*: 46
apoptosis,*” or a combination of both,* hyperplasia;*> %° EC dysfunction;>* and ECM deposition
and rearrangement.3> 48 52 The term remodeling was first applied to resistance arteries by
Baumbach and Heistad, based on observations made in pial arterioles from stroke-prone
spontaneously hypertensive rats (SHRSP), to indicate structural rearrangement of existing wall
material around a smaller lumen.>® Since then the nomenclature has changed, taking into account
the notion that structural changes do not always involve net growth. As such, there are three major

forms of remodeling used to describe structural changes of vessels (Figure 3):

1) hypertrophic growth

2) eutrophic remodeling

3) hypotrophic remodeling

10
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Hypertrophic growth

_ M/L ratio
Normotensive vessel
media CSA
media width |«—
M/L ratio
D media CSA
media CSA

Eutrophic remodeling

Figure 3. Major forms of arterial remodeling. Arterial remodeling may be categorized in terms
of structural changes of the vascular wall. Hypertrophic growth and eutrophic remodeling are both
characterized by an increase in M/L ratio and increased or unchanged media CSA, respectively.
During hypotrophic remodeling media CSA is decreased (not shown). Remodeling may be further
classified according to changes in lumen, where a decrease in lumen size refers to inward

remodeling. An increase in lumen size denotes outward remodeling (not shown).

11
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Remodeling can be inward or outward depending on whether the lumen diameter is decreased or
increased. Inward remodeling denotes a reduction in lumen size, while outward remodeling
denotes an increase. Remodeling is categorized as hypertrophic, if there is net growth, and
eutrophic, if there is no net growth.>® Vessels that undergo hypotrophic remodeling exhibit a
decrease in the amount of wall material and have a smaller lumen; a reduced media cross-sectional

area (CSA).

Hypertrophic growth develops in patients® and animal models* 5° with secondary hypertension.
Growth is characterized by a higher volume of wall material per unit area of vessel such that the
media/lumen (M/L) ratio and media CSA are increased.*® This can be ascribed in part to VSMC
hypertrophy and hyperplasia,'® 3 which leads to thickening of the vessel wall that encroaches on
the lumen. Deposition of ECM collagen by VSMC also contributes to a thicker media®’ and
fibronectin contributes to vessel wall thickening by enhancing cell proliferation.® In essential
hypertension, resistance vessels undergo inward eutrophic remodeling.>® > Eutrophic remodeling
is characterized by a reduced lumen diameter (increase in M/L ratio) and unaltered media CSA.%®
Thus eutrophic vessels have no net change in vessel wall area. Maintenance of the media CSA in
eutrophic remodeling is believed to be attributed to inward growth and rearrangement of VSMC
around a smaller lumen and simultaneous cellular apoptosis localized to the outer periphery of the
vessel.4” 48 Increased apoptosis in small arteries has been observed in SHR, at 8 and 12 weeks
of age.*’ ECM deposition has also been shown to contribute to eutrophic remodeling.3>*® In
small arteries from SHR and patients with essential hypertension, collagen,®® 3! fibronectin® and

proteoglycan®® accumulation are significantly increased.

12
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The key regulators of vascular remodeling are VSMC and the ECM. VSMC exhibit a high degree
of phenoytypic plasticity®? and phenotype is determined by biochemical (platelet-derived growth
factor, PDGF and transforming growth factor-p, TGF-B), extracellular (collagen, elastin, and
matrix metalloproteinases, MMP) and biophysical (blood flow and BP) factors.%® ¢ VSMC
display a quiescent contractile phenotype under physiological conditions to facilitate contraction
and relaxation important for regulating vascular tone and function. During biological stress or
injury VSMC can lose their contractile properties (eg. down-regulation of contractile proteins)®
and differentiate into an active synthetic phenotype. For instance, shear stress induces the
secretion of growth factors, PDGF and TGF-B,% which can stimulate phenotypic switching of
VSMC. Pro-inflammatory mediators, including TNF-o and interleukin-6, have also been
implicated in VSMC activation.%® Cytokines may also promote VSMC apoptosis during
remodeling via death receptors including TNFa receptor.®” Synthetic VSMC are able to migrate,
proliferate, produce ECM proteins and inflammatory cytokines, and promote calcium deposition.®
Thus, phenotypic switching is an important mechanism underlying vascular remodeling. In SHR,
VSMC exhibit a synthetic phenotype; the expression of smooth muscle contractile proteins, o-
smooth muscle actin and smooth muscle 220, were reduced in aorta and cultured VSMC, and this
coincided with enhanced proliferation and migration.®® Migration is a well recognized process in
VSMC proliferation and hyperplasia, which are known to contribute to vascular wall thickening.
Synthetic VSMC are major producers of ECM proteins including collagen, laminin, fibronectin,
and MMP, which promote migration,®® 7% and can in turn activate VSMC or alter the ECM, thereby
influencing remodeling and vascular elasticity. For example, MMP play an important role in
matrix composition by modulating ECM degradation’ to facilitate the reorganization of cells
during remodeling. And fibronectin has been shown to promote the synthetic VSMC phenotype

13
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via ERK/MAPK signaling.”> Adhesion of VSMC to fibronectin anchor it to the matrix and this is
regulated by integrins. Integrin-binding promotes migration and is associated with
ECM/integrin/focal adhesion sites that also influence vessel elasticity.”  This underscores the
dynamic interaction between VSMC and the ECM and identifies the in-out and out-in cross-talk
as an important mechanism for regulating vascular structure, VSMC activity, and stiffness. It
should be noted that VSMC senescence can also influence changes in vascular function and
remodeling. Scenescent VSMC are cells that can no longer divide, but may also have a secretory
phenotype to produce inflammatory mediators, growth factors, and proteases that would likewise

drive remodeling and changes in stiffness.”

In addition to VSMC hypertrophy/hyperplasia and ECM deposition, endothelial dysfunction
contributes to structural changes. Endothelial dysfunction was first recognized in patients with
essential hypertension”™ and is now recognized as important component of hypertension
irrespective of etiology.”® Because EC regulate VSMC proliferation,”” 78 an intact endothelim is
required to regulate vascular remodeling. Thus, a disrupted endothelium would invariably lead
to abnormal remodeling processes. The endothelium can control vascular remodeling directly
through NO, which is important for regulating vascular function. Endothelial dysfunction is
associated with impaired vasomotor response (eg. reduced dilation)” and while one of the most
essential functions of NO is inducing vasodilation, it is also an anti-growth molecule. The absence
of endothelial nitric oxide synthase (eNOS) leads to thickening of the vessel wall,”® which suggests
vascular remodeling is in part due to reduced NO availability or signaling. In addition, the
endothelium may influence vascular remodeling via inflammatory processes orchestrated by EC
to promote VSMC growth and proliferation,>! 8 rather than having direct actions on VSMC.

14
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b) Changes in the mechanical behaviour of vessels contributes to a smaller lumen

Arterial compliance is an important mechanical property of the vascular wall and is defined as the
absolute change in volume (AV) for any given change in pressure (AV/AP). It describes the ability
of vessels to buffer changes in pressure and the capacitance of a vessel (the volume of blood a
vessel can hold at a given pressure). Arterial compliance is determined by both passive vascular
structure (original volume) and the distensibility of the vessel (stiffness of the components that
make up the arterial wall). Compliance is directly related to distensibility, where compliance is
the product of distensibility and volume, C = (D)(V). Distensibility describes the elastic properties
of the vessel wall and is the relative or fractional change in volume (AV/V) for a given change in
pressure ([AV/V]/AP). Thus, compliance and distensibility reflect the elasticity of vessels. They
can be measured as changes in lumen CSA rather than volume because arterial length remains
relatively constant.®! Compliance can also be estimated from the stress-strain curve of a vessel.
The stress-strain relationship determines the elastic modulus — the mathematical description of

stiffness.8?

Vascular stiffening is a risk factor for future cardiovascular disease,® mortality in hypertensive
patients,3 stroke,® and dementia.®® Elevated BP increases the rate of vascular stiffening and the
degree of stiffening increases with age.®” Stiffness is a passive mechanical property of the vessel
wall and describes the relationship between changes in volume and pressure. It is the mathematical
inverse of compliance and is determined in most part by two ECM proteins — elastin and collagen
— that make up the elastic and non-distensible components of the vascular wall. Elastin is the
major constituent of elastic fibers that make up the elastic lamina. It is the most abundant ECM
protein, comprising more than 50% of the dry weight in large arteries.®® It provides reversible
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elasticity, while collagen provides structural strength® and prevents failure at high pressure. The
undulating elastic lamina straightens with increasing pressure. At physiological pressures, elastin
bears most of the mechanical load; the elastic lamina is mostly straight® ! compared to less than
10% of the collagen fibres.®:%2  However, at higher pressures the load is carried by more collagen

fibres and the stiffness of collagen limits vessel distension.®

The relative amounts of elastin and collagen are maintained through processes of protein synthesis
and degradation.® % Although elastin is a highly stable protein, the amount of elastin is essentially
finite in the adult. Elastic fibers undergo only a short period of synthesis during development,
after which elastinogenesis ceases or falls to undetectable levels.*> Thus, damaged or fragmented
elastic fibres are generally not replaced and instead collagen deposition is favored. Elastin
fragmentation was associated with increased collagen production,®® which was associated with
decreased distensibility, increased stiffness, and greater wall stress in SHR and normotensive
animals.”  Increased collagen deposition has been observed in resistance arteries from

hypertensive patients® and in experimental hypertension.3!

An increase in collagen relative to elastin shifts vascular mechanics to a stiffer range; as more
collagen becomes load-bearing, the less distensible the vessel becomes. Augmented vessel
stiffness would lead to a smaller lumen if compliance is reduced since distension would be
restricted. In addition, vessel stiffness may structurally contribute to a smaller diameter. Elastin
deficiency was shown to reduce arterial lumen diameter and induce proliferation and

reorganization of VSMC.% % Indeed, deposition of ECM proteins may contribute to a reduction
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in lumen by anchoring VSMC in a chronically constricted vessel such that a smaller lumen

persists.1%

More recently the view that vessel stiffness is due to ECM proteins has been expanded to include
VSMC as important components in arterial stiffening with regards to contractility and VSMC-
ECM interactions.%: 192 The endothelium also plays a role in stiffening. NO regulates arterial
compliance and elasticity!®® and removal of the vascular endothelium has been shown to augment

arterial compliance in normotensive rats and SHR.1%#

¢) Vascular dysfunction

Resistance vessels are in a partial state of contraction and can alter their diameter (constrict or
dilate) in the face of changing pressure. This myogenic behaviour is due to the inherent ability of
VSMC to contract or relax in response to transmural pressure independent of neural, metabolic,
and hormonal factors.1% 1% Tonic contraction is important for blood flow autoregulation and
maintaining vascular resistance. Under physiological conditions, CBF is maintained at
approximately 50 ml per 100 g of brain tissue per minute.’®” Since changes in BP alter the
resistance against which blood flows, assuming Poiseuille’s law applies, the vessel diameter must
change for CBF to be maintained. This is accomplished by myogenic behaviour which allows
cerebral arteries to constrict in response to elevations in pressure and dilate at lower pressures.'%
Thus, a decrease in vessel size would reduce CBF, while an increase in diameter would increase
flow. Autoregulation functions across a range of cerebral perfusion pressures between ~60 to 160

mm Hg.1%"-1%° At pressures between 120 and 160 mm Hg large cerebral arteries are responsible for

17



CHAPTER 1

most of the autoregulation.*® Outside these limits autoregulation is lost. For example, during
hypertension myogenic constriction is insufficient to withstand excessive pressures above 160 mm
Hg in cerebral arterioles and 200 mm Hg in cerebral arteries, leading to forced dilation.X?” 1% The
loss of myogenic control and forced dilation would decrease vascular resistance and lead to

uncontrolled increases in CBF.

In general, elevations in intraluminal pressure increase myogenic constriction.!t 112 |n
hypertension, calcium-dependent and independent pathways that control contraction and
relaxation of VSMC become dysregulated leading to an enhanced contractile state.!*? In SHR
vessels, myogenic constriction increases;**31 in mesenteric arteries this occurs during the
development of hypertension and during established hypertension, but only at high pressures.*®
117 In the brain, cerebral arteries from hypertensive rats''® and penetrating arterioles from
SHRSP® also have enhanced tonic constriction. However, it should be noted that while these
serve as evidence to support enhanced vascular tone in hypertension, in some cases a decrease in
myogenic response in SHR mesenteric arteries''’ and cerebral arteries’?® have been observed.
Reduced endothelium-dependent relaxation can also contribute to increased myogenic
constriction. Endothelium-derived NO opposes myogenic constriction and is an important
regulator of vascular tone.*" 2! However, in hypertension this control is lost due to endothelial
dysfunction. NO deficiency®?? and increased production of endothelium-derived constrictors are
associated with hypertension and lead to enhanced pressure-induced arteriolar constriction.*?% 124
The role of endothelium-derived constricting factors is supported by the fact that in SHR enhanced

myogenic constriction was attenuated by removing the endothelium.?
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Abnormal dynamic response to vasomotor challenge has also been observed. Endothelium-
dependent relaxation to an agonist was reduced in SHR arterioles and this was attributed to
impaired NO synthesis or action.!® Vascular stiffening might contribute to this. It has been
suggested that stiffening could alter endothelial function; eNOS was activated in EC grown in
distensible tubes exposed to pulsatile flow, but not when grown in stiff tubes.!?® This suggests
that reduced compliance may lead to impaired NOS activity, which would further promote
vascular stiffening.8 2’ Response to a constrictatory stimulus such as noradrenaline has also
been shown to be enhanced in SHR and this was associated with endothelial dysfunction and

increased COX-derived constricting prostanoids.'?®

Reduced dynamic responses superimposed upon increased tonic constriction are important
functional changes in arteries that would invariably result in a smaller internal diameter. There is
evidence to suggest that a hypercontractile state may contribute to vascular remodeling. For
instance, chronic vasoconstriction in arterioles leads to progressive inward remodeling resulting
in a smaller lumen,*?® and remodeling can be prevented by inhibiting constriction.’®® As
mentioned previously, this may be explained by a remodeled matrix where VSMC would be
tethered around a constricted lumen.2® A smaller vessel radius due to changes in geometry and
enhanced myogenic tone suggest dysfunctional autoregulation consistent with reductions in resting
CBF because flow is proportional to the size of the vessel. In response to elevations in BP,
eutrophic remodeling and hypertrophic growth serve to decrease wall tension by reducing the
vessel radius, according to the Law of LaPlace. However, a smaller radius would proportionately
decrease CBF and as such myogenic response would compensate by increasing the vessel
diameter. However, enhanced myogenic tone and/or reduced relaxation/enhanced constriction to
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vasomotor challenge would limit the ability of the vessel to autoregulate and normal CBF would

not be maintained.

1.1.3 Important resistance arteries in the brain

Blood is directed to the brain via two pairs of major supply arteries; left and right vertebral and
internal carotid arteries. Each carotid artery is responsible for providing approximately 40% of
the total perfusion requirement of the brain.! At the base of the brain, the major supply arteries
(carotid and vertebrobasilar) terminate in a unique vascular structure called the Circle of Willis.
This vascular manifold creates a network of arteries in the brain that allow for collateral perfusion
of the cerebral hemispheres. Three pairs of large arteries branch off the Circle of Willis — the
anterior and posterior cerebral arteries, and the MCA — which allows for efficient re-direction of
blood. Therefore, blood could be diverted around an occlusion in a segment of the Circle of Willis
or one of the major arteries for delivery to brain tissue that would otherwise become ischemic.
The MCA is the main blood vessel that supplies the frontal, parietal, and temporal lobes. Unlike
large arteries in the periphery, large cerebral arteries and pial arteries have the largest impact on
parenchymal blood flow by generating two-thirds of the vascular resistance in the brain,*3% 3
making them important regulators of blood flow in the brain. Parenchymal arterioles and
capillaries account for the remaining vascular resistance.’®! The large arteries exit the Circle of
Willis and branch into progressively smaller arteries and arterioles along the brain surface. These
pial arteries branch into even smaller blood vessels that infiltrate the brain parenchyma and give
rise to penetrating arterioles that fill the Virchow-Robin space. These vessels connect the pial

vasculature with the capillary beds that perfuse the interior of the brain. There are several features
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that make penetrating arterioles unique segments of the cerebrovasculature. First, penetrating
arterioles play a more significant role in regulating BP because along with capillaries, they
determine ~40% of the total vascular resistance in the brain 13 1321%  gSecond, unlike surface
arteries and pial arterioles, penetrating arterioles are not highly branched which allows them to
control blood flow to very discrete regions of the cortex and act as a bottleneck to blood flow
between the pial vasculature and the capillary bed. Most importantly, penetrating arterioles are
enveloped by astrocyte endfeet!®® and they interact with other parenchymal elements including
neurons, glial cells, and pericytes to control CBF and the delivery of oxygen and glucose.**” Direct
innervation causes neurotransmitter-mediated vascular responses,’*® and astrocytes can sense
neuronal activity to release vasoactive factors that mediate vascular responses.3*143 The direct
action on vascular response is attributed to astrocyte-derived mediators including K*, D-serine,
carbon monoxide, and arachidonic acid metabolites (prostaglandin E2, epoxyeicosatrienoic acid,

and 20-hydroxyeicosatetraenoic acid).!4® 144

However, penetrating arterioles might be more vulnerable to mechanical stresses caused by
hypertension because they branch directly from the large cerebral arteries and Circle of Willis.24
146 As a result, the white matter which they supply may experience greater pressure and
pulsatility.!*® Indeed, the white matter is the most susceptible brain region to hypoxia due to the
watershed effect.!¥” 148 \Watershed areas of the brain receive blood from two main arterial
networks. The junctions between anterior, middle, and posterior cerebral arteries are considered
such regions. These watershed zones are highly vulnerable to ischemia/hypoxia because they
receive blood from the most distal branches of the arteries (eg. penetrating arterioles) and are
therefore likely to become hypoperfused.
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1.1.4 The clinical importance of cerebral arteries in cardiovascular disease

While cross-sectional studies examining the relationship between hypertension and cognitive function
show heterogenous results,**® longitudinal studies generally indicate that increases in BP are
associated with cognitive impairment.!*® Vascular stiffening also leads to increased pulse pressure,
and pulse wave velocity and is associated with cognitive impairment.t>® 151 Indeed, arterial

stiffening is a stronger predictor of cognitive decline than BP.>

When cognitive performance was compared, hypertensive patients performed more poorly than
normotensive individuals in all domains of cognitive function tested, including memory, executive
function, and processing speed.>® Regional CBF is increasingly reduced over time in hypertension
and affects different areas of the brain including the cortices and hippocampus.*** During memory
tasks hypertensive individuals have reduced CBF responses compared to healthy subjects.’>®
Cognitive decline is also observed with heart failure; the estimated prevalence is between 30 —
80%.%¢ In patients with heart failure, grey and white matter damage is related to autonomic,
emotional and cognitive deficits,*>’ that may be associated with reduced CBF.*® Hypoperfusion
was observed in heart failure patients in cortical and hippocampal brain regions,*>® which are areas
also affected in Alzheimer disease.’® In a rat model, chronic cerebral hypoperfusion led to a
decline in learning and memory, which was related to increased amyloid f and amyloid precursor
protein deposition in the hippocampus.’®® In humans, this association is less clear; hypoxia-
induced protein expression of amyloid B was shown to increase in post mortem brain®®! but
amyloid f or tau accumulation did not correlate with reduced CBF when assessed by positron

emission tomography. 162
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Antihypertensive treatment is beneficial against cognitive impairment or decline'®1 and can reduce
the risk for Alzheimer in patients with normal cognition and mild cognitive impairment.t®® In turn,
treated hypertension is associated with lower Alzheimer disease neuropathology including neuritic
plaques and neurofibrillary tangles.’®” Long-term antihypertensive therapy improves CBF and

reduces cerebrovascular resistance.'®

Together these studies suggest hypertension and heart failure-induced changes in CBF play an

important role in facilitating cognitive decline and dementia.

1.1.5 Alternative treatment strategies for the treatment of hypertension — stilbenoids

Hypertensive vascular changes are preventable with early treatment using conventional anti-
hypertensive drug therapy and can be stopped or reversed with delayed treatment.*®® Medications
that lower vascular resistance include beta-blockers,'™® thiazide-type diuretics, calcium-channel
blockers, alpha-blockers,'’* angiotensin-converting enzyme inhibitors and angiotensin receptor
blockers.'’> However, almost a third of hypertensive patients are resistant to the maximum
tolerated dose of combination anti-hypertensive drug therapy.l™® 1" As such, natural health
products have been gaining popularity in recent years as alternatives to conventional
pharmacotherapies. This includes the use of stilbenoids, which are naturally occurring phenolic
compounds, such as resveratrol. Stilbenoids exert various biological activities such as reducing
inflammation and oxidative stress, inhibiting platelet activity, lipogenesis, and melanogenesis,
protecting against ischemia-reperfusion injury, reducing cellular hypertrophy, glycemic control,

neuroprotection, and anticancer effects.!’
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Resveratrol (trans-3,5,4’-trihydroxystilbene) is is widely sold over-the-counter as a natural health
supplement. It is found in various plant species including grapes and related products such as red
wine.}’® Moderate wine consumption is associated with reduced cardiovascular disease and has
been linked to low cardiovascular mortality in France despite a diet high in saturated fats.}’": 178
This so-called French Paradox is purportedly due to the health benefits of resveratrol given the
antioxidant effects it has on the cardiovascular system.}”® In recent decades, resveratrol has
emerged to possess a wide-array of biological effects against atherosclerosis,'® hypertension,8!

cancer,'8 obesity, ' diabetes,*®® stroke,'®* and Alzheimer’s disease.®®

Resveratrol is well-tolerated at high doses (2 g twice daily) with mild gastrointestinal effects in
humans®®® but its clinical application remains limited despite its purported therapeutic benefits.
Resveratrol is a stilbenoid consisting of two phenol rings linked by an ethylene bond and exists as
two geometric isomers — cis and trans (Figure 4). Most studies have focused on trans-resveratrol,
which is reported to be the predominant naturally occurring form given it is more sterically
stable.!®” Indeed, cis-resveratrol is generally low or absent in grapes!® but might be produced
from the trans-isomer because varying amounts are present in wine.'®  Although these isomers
share some biological effects, trans-resveratrol is considered to have greater biological activity.®
However, due to the photosensitivity of resveratrol, exposure to daylight and UV radiation readily
induces isomerization of 60-90% of trans-resveratrol to the less bioactive cis-isomer.% 192
Further, resveratrol is weakly acidic having poor aqueous solubility (0.05 mg/ml).1*® This presents
a challenge in drug formulation since poorly soluble drugs require higher doses to reach

therapeutic concentrations when taken orally. While the oral absorption of resveratrol is high
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Figure 4. Chemical structures of stilbenoids.

(70%), bioavailability is low (from negligible to 20%)'°*1% because resveratrol is rapidly
metabolized (sulfate and glucuronic acid conjugation of the phenol groups and hydrogenation of
the double bond)*® and mostly protein bound (98%).1% In addition, resveratrol follows first-order

degradation and is unstable in human plasma.'®® Indeed, only a low amount of resveratrol is
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detectable in the plasma after a high dose (5 g) is administered.'®” It should be noted that this far
exceeds the recommended daily allowance of 1 g resveratrol and given that one litre of red wine
contains only 2 mg, an annual consumption of 31.7 L (based on reported per capita consumption)

would be equivalent to 5000x lower than the recommended dose.'®

There are a variety of methods that have been proposed to increase the clinical efficacy of
resveratrol. The oral bioavailability of resveratrol can be improved using delivery systems like
encapsulation into lipid nanocarriers or liposomes, emulsions, micelles, solid dispersions,
nanocrystals, and polymeric nanoparticles.!® These methods enhance solubility, increase
stability, prevent degradation, and provide controlled release. Other efforts have focused on co-
supplementation with phytochemicals (eg. piperine),?® utilizing pro-drugs (eg. 3,5,4’-tri-O-
acetylresveratrol),?! resveratrol metabolites,?® glycosylated red grape cell-resveratrol,2*® and

alternate routes for administration.2%*

Analogues of resveratrol have also been identified as suitable alternatives to resveratrol treatment.
One such naturally occurring compound is pterostilbene (trans-3,5-dimethoxy-4’-
hydroxystilbene) which is found in blueberries and grapes.?®® It possesses similar biological
activity to resveratrol but has a greater pharmacokinetic profile and enhanced pharmacological
effects.?®® Pterostilbene is chemically and structurally similar to resveratrol except that it contains
two methoxyl groups (-OCHs) instead of two hydroxyl groups (-OH) (Figure 4).  The latter are
sites for conjugation (ie. glucuronidation and sulfation) in resveratrol, whereas the methoxyl
groups in pterostilbene prevent these reactions. In line with this pterostilbene was determined to
undergo less glucuronidation than resveratrol in rat plasma,®® suggesting pterostilbene has greater
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metabolic stability. This may in part explain the prolonged half-life of pterostilbene (105
minutes)®’which is seven-times greater than the half-life of resveratrol (14 mins).2°” In turn,
bioavailability of pterostilbene (80%) is substantially greater with one study approximating it to
be 3-4 fold greater than resveratrol.X% Studies show that pterostilbene is safe for consumption in
doses up to 250 mg/day.?® At this dose pterostilbene was reported to lower both systolic and
diastolic BP in patients with high cholesterol; however, participants were allowed to be on other

medications.?®®

Another less-known resveratrol derivative is gnetol (trans-2,6,3’,5’-tetrahydroxystilbene) which
is found in several plant species of the genus Gnetum. In rats, gnetol is highly distributed but
rapidly glucuronidated and has low bioavailability (6%).21° In vitro and in vivo, it possesses
pharmacological effects similar to resveratrol and pterostilbene.!% 210 21 Consumption of seed
extracts derived from the melinjo tree (G. gnemon) during gestation attenuated hypertension
development in the offspring of fructose-fed rats.?  Interestingly, gnetol inhibits
butyrylcholinesterase and acetylcholinesterase,?™® suggesting a potential role for the treatment of

Alzheimer disease.
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1.2.  Research Aims & Objectives

Although the brain is known to be an important target of hypertension, there is a paucity of
information related to how the brain vasculature becomes abnormal in the face of high BP. First,
while the MCA is one of the most studied vessels in the brain in experimental models of
hypertension, including SHR and SHRSP, it has yet to be studied in hypertensive animals also
predisposed to developing heart failure, an important cardiovascular disease downstream to the
development of hypertension. In addition, the effects of stilbenoid treatment have not been
investigated in the brain. Secondly, the most commonly studied vessels in the brain in different
experimental models of hypertension are mostly superficial (ie. found on the brain surface). These
include large cerebral arteries — basilar and pial arteries, the MCA — and pial arterioles. 214222 Yet,
the penetrating arterioles, which are some of the most important cerebral vessels for regulating

brain perfusion have not been widely examined.

This thesis characterizes the hypertensive vascular changes of MCA and penetrating arterioles with

respect to structure, mechanical behaviour, and function. This work constitutes 2 major aims:

Aim 1 — To determine the effects of hypertension with risk of heart failure on the vascular
properties of MCA in the SHHF rat and to evaluate the effects of stilbenoids.

Objectives:

1. Characterize the structural changes of MCA in SHHF.
2. Characterize the mechanical behaviour of MCA in SHHF.

3. Determine the effects of resveratrol, pterostilbene, and gnetol on BP lowering.
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4. Determine the effects of resveratrol, pterostilbene, and gnetol on MCA vascular

changes.

Aim 2 — To determine the effects of hypertension alone or with risk of heart failure on the vascular
properties of penetrating arterioles.

Objectives:

1. Characterize the structural changes of penetrating arterioles in SHHF and SHR.
2. Characterize the mechanical behaviour of penetrating arterioles in SHHF and SHR.

3. Characterize the functional behaviour of penetrating arterioles in SHHF and SHR.
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2 Materials & methods
2.1 Animals

Male Sprague Dawley (SD) rats, phenotypically lean SHHF rats, Wistar-Kyoto (WKY) rats, and
SHR were obtained from Charles River (Senneville, Quebec, Canada). The SHHF rat is a genetic
model of human hypertension that is characterized initially by spontaneous hypertension at 4
months but further develop symptoms of heart failure, including compensated left ventricular
hypertrophy and cardiac remodeling.??® Progression to mid- and late-stage heart failure in the
SHHF rat will occur at 16-18 months.??®> Animals were housed under a 12-h light/dark cycle at
22°C and 60% humidity and fed ad libitum. Animal studies were conducted according to
guidelines set by the Animal Care Committee of the University of Manitoba and the Canadian

Council of Animal Care.

2.1.2 BP measurements

For studies requiring treatment with stilbenoids, 7-week-old SD and SHHF rats were acclimatized
for 2 weeks before they were trained for BP measurement using tail cuff plethysmography (CODA
non-invasive BP system; Kent Scientific, Torrington, CT). Systolic BP was measured biweekly.
For the remainder of studies, systolic BP was measured once in SD, SHHF, WKY and SHR at 17
— 18 weeks of age (4-5 months) using tail cuff plethysmography (Mouse and Rat Tail Cuff BP
(MRBP) System; IITC Life Science, Woodland Hills, CA). Rats were placed into MRBP
restrainers for two or three days for a period of 20 min/day prior to BP measurements to familiarize

rats with the BP testing environment. BP measurements were recorded at least 3 times every 3 —
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5 minutes. All acceptable readings were obtained within an hour, after which rats were released
from their restrainer to prevent undue stress. Acceptable traces were characterized by an even
pattern of rising tail pulses from the point where systolic BP begins to the highest pulse (mean

BP).

2.1.2 Stilbenoid treatments

SD and SHHF were treated for 8 weeks by oral gavage once daily with vehicle or low doses of
resveratrol, pterostilbene, and gnetol (Sigma Aldrich-Canada, Oakville, ON, Canada; Cayman
Chemical, Ann Arbor, MI, USA; and Sabinsa Corporation, East Windsor, NJ, USA). A dose of
2.5 mg/kg/d was selected based on our previous study that showed vascular improvement using

low dose resveratrol in SHR.?%

2.2 Isolation and cannulation of cerebral vessels

Rats were euthanized when they reached 17 — 19 weeks of age by overdose with isoflurane.
Heparin (1 ul/g body weight) was injected into the saphenous vein to prevent coagulation of blood
in the vasculature. After decapitation a midsagittal cut was made in the cranium and the temporal
bones were cut laterally. The dura was removed, and the brain was collected in ice-cold Krebs
solution (118 mmol/L NaCl, 4.65 mmol/L KCI, 1.18 mmol/L MgS0Os4, 1.18 mmol/L KHPOs, 2.5

mmol/L CaClz, 25 mmol/L NaHCOs3, 5.5 mmol/L glucose, 0.026 mmol/L EDTA).
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Middle cerebral
artery

Excision sites resulting in
bifurcated end
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Circle of Willis
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penetrating arterioles
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Figure 5. Isolation of the MCA and penetrating arterioles. The MCA was located and cut
from the Circle of Willis creating a bifurcated end. The MCA was peeled away from the brain
surface and branching penetrating arterioles separated from the brain parenchyma via the Virchow-
Robin space and cut below the brain surface. Once a long enough segment could be excised the

MCA was cut opposite the bifurcated end to release the vessel.
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The MCA was isolated by first cutting the anterior cerebral artery and posterior communicating
artery creating a bifurcated end (Figure 5). As the MCA was lifted away from the brain surface,
penetrating arterioles that branched from the MCA separated from the brain parenchyma through
the Virchow- Robin space. Penetrating arterioles were cut at a point below the brain surface to
release the MCA-penetrating arteriole unit. A final cut was made along the length of the MCA to
separate it from rest of the vasculature. For MCA studies, penetrating arterioles were cauterized
so the vessel could be pressurized. For penetrating arterioles studies, a segment of a penetrating
arteriole (500 — 1000 pm) devoid of lateral branches was further excised from the MCA. To
maintain consistency and ensure unbiased sampling, only first order penetrating arterioles (those
that branch directly off a segment of the MCA) were used. For ease of cannulation, penetrating
arterioles were excised with part of the MCA still intact so a bifurcated end would result. This
allowed for minimal direct manipulation of penetrating arterioles when cannulating. In some cases,
the penetrating arterioles were curved or twisted and had to be excised away from the MCA

completely.

Arteries were mounted in a pressure myograph chamber (Living Systems Instrumentation,
Burlington, VT) containing Krebs buffer and were studied as a “closed-system” preparation (ie.
one end was cannulated and the other was occluded/tied off) with no flow through the system. One
end of the vessel was cannulated onto a micro-cannula and was slowly perfused intraluminally
with Krebs solution to remove red blood cells. The other end of the vessel was closed-ended (tied
onto a micro-cannula without cannulation). Both ends were secured with nylon ties such that the
walls were parallel without stretch. For the MCA studies, the entire length of the MCA was
cannulated.
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2.3  Pressure myography preparation

MCA and penetrating arterioles were allowed to equilibrate for 45 — 60 minutes in aerated (20%
02 and 5% CO3) Krebs buffer (pH 7.4; 37°C) at constant intraluminal pressures of 30 and 60 mm
Hg, respectively. The diameter after equilibration was defined as the baseline diameter. Viability
of MCA were tested using 125 mM KCI and were considered viable if they constricted more than
50% of their baseline diameter. Viablity of penetrating arterioles were tested using 1x10'° M
[Arg®] vasopressin. Constriction of at least 15% was considered viable. After vessels were tested
for viability, they were allowed to equilibrate again in Krebs solution for 30 — 60 mins prior to the

start of experiments. The intraluminal perfusate remained unchanged throughout experiments.

2.4 Morphological measurements

Vessels were deactivated by bath perfusion using Ca?*-free Krebs solution (118 mmol/L NaCl,
4.65 mmol/L KCI, 1.18 mmol/L MgSQs4, 1.18 mmol/L KHPOs3, 25 mmol/L NaHCOs3, 5.5 mmol/L
glucose, 0.026 mmol/L EDTA) containing a calcium chelator (1 mM EGTA) for 30 - 60 minutes
at constant intraluminal pressure. Deactivation removes calcium required for vascular tone and
function so that passive arterial/arteriolar properties could be measured. Lumen and media
dimensions were measured at three points along the length of the vessels at constant intraluminal

pressure.
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2.5  Wall composition of penetrating arterioles

After morphometric analysis, to determine the composition of vessel media, deactivated
penetrating arterioles (60 mm Hg) were bath-perfused with Ca?*-free Krebs buffer containing 1.5%
glutaraldehyde for one hour at room temperature. Following fixation, vessels were washed three
times in Ca?*-free Krebs buffer and transferred to 70% ethanol at 4C for short term storage before
being processed. Vessels were post-fixed with 1% osmium tetroxide for 30 minutes at room
temperature. Post-fixed arterioles were dehydrated with increasing ethanol concentrations and
100% methanol, and subsequently embedded in Embed 812 resin. Thin sections (70-90 nm) were
cut on a Reichert ultrathin microtome. Electron micrograph grids were stained with 2% uranyl
acetate for 45 minutes and lead citrate for 10 minutes. Electron micrographs were taken with a
Philips CM10 electron microscope at 13,500x and 25,000x. Micrographs were imaged in four
quadrants and three images were taken randomly in each quadrant per vessel. The areas occupied
by collagen fibres, elastin, matrix and VSMC were measured by tracing regions of interest using
ImageJ for collagen/elastin ratio, VSMC area/total medial area and ECM area/total medial area

calculations.

2.6 Mechanobiology of cerebral vessels

Deactivated vessels were primed by slowly raising the intraluminal pressure from 3 to 140 mm Hg
three times. If a kink developed in the vessel, the cannulae were adjusted so the vessel walls
became parallel. The intraluminal pressure was then incrementally increased in 10-steps from 3
to 140 mm Hg. Intraluminal pressure and vessel diameters at three regions of interest along the

length the vessels were recorded using lonOptix lonWizard software with VesAcq acquisition

35



CHAPTER 2

module for vessel diameter, along with the lonOptix VesCam and Data System Interface (lonOptix

LLC, Westwood, MA).

2.7  Analysis of mechanical data

The various structural and mechanical parameters were calculated using formulae that are
summarized in Appendix A. The M/L ratio was calculated as the ratio of the media width (MW)
to lumen diameter (Di). The media CSA, which is the measurement of the amount of vascular
media was obtained from the MW and the circumference of the vessel or by subtracting the internal
CSA from the external CSA:

(Dez — Diz)

CSA =
T

D. and D; are external and lumen diameters, respectively. Arterial diameter (external diameter and
lumen), MW, M/L ratio, and media CSA were corrected for body weight differences between SD
and SHHF controls. This was done by multiplying the structural parameters with the square-root
of the ratio of the SHHF and SD body weights: (SHHF/SD)?% 3!  Therefore, the structural
parameters obtained in SD rats were multiplied by a coefficient = 0.82 (average body weights:
SHHF —374.7g, SD —562.5g) to normalize vascular parameters that might differ significantly due
to animal size rather than hypertensive changes. No correction was made between WKY and SHR

because body weights were similar.

Media strain, which reflects pressure-induced changes in diameter, was calculated as:

. (D_Do)
_D—o
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D is the lumen diameter for a given intraluminal pressure and Dy is the baseline diameter at 3 mm

Hg. Media stress was determined by:

PD
g = —
20

P is the intraluminal pressure, D is the internal diameter and @ is the media (wall) thickness.

Pressure is converted as 1 mm Hg = 1.334 x 10% dyn/cm?. The elastic modulus EM was determined

by fitting the stress-strain data to the exponential equation (y = ae®) using least squares analysis:
EM = ocoef?

oo 1S stress at the baseline diameter and #is a constant related to the rate of increase in the stress-

strain curve. The slope of the EM versus stress curve reflects the intrinsic stiffness of the wall

components.

Remodeling index is the percentage difference in the lumen diameters of hypertensive and

normotensive vessels that is due to remodeling:

((Di)n - (Di)remodel)
((D)n— D)

]><100

(Di)n and (Di)n are mean lumen diameters of normotensive and hypertensive vessels,

respectively.

(Di)remodel = [((De)hz —4 X% CSAn/n)]O'S

(De)n is the external diameter of hypertensive vessels. Growth index is the percentage of the
difference in the lumen diameters of hypertensive and normotensive vessels that is due to

hypertrophy:
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(CSA, — CSA,)
CSA,

]xlOO

CSAn and CSAn are mean media CSAs of normotensive and hypertensive vessels, respectively.

2.8 Functional properties of penetrating arterioles

Acrterioles were equilibrated at 60 mm Hg and the diameter measured (Deq). Vessels were then
preconstricted with 1x10° M [Arg®] vasopressin and were allowed to reach maximal contraction
(Do) before relaxing with agonist. Vascular function was tested with glutamate/D-serine (107 —
103M), acetylcholine (10°M — 10-3M), and sodium nitroprusside (10°M — 10*M) in Krebs with
10°M [Arg®] vasopressin. Agonists were applied by bath perfusion in increasing concentrations
and vessel diameters (Dx) were recorded using lonOptix/VesAcq. Functional responses were

calculated in terms of percent diameter change (Figure 6) using the following formulae:

Dx_Do

D,, — D,

> X 100%
eq

% response = <

e Do is the diameter when preconstricted
o Dx s the diameter when agonist is applied

e Deqis the baseline diameter at 60 mm Hg

A positive value represents a relaxant response. Conversely, a negative value indicates

constriction.
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Dilation

Preconstriction

Diameter in resonse
+ [Arg®] vasopressin + Agonist to agonist (D)
(AVP)

Diameter at Baseline

P diameter (D
equilibration (D,,) ©.) Constriction

Figure 6. Schematic of functional methodology. Vessels were equilibrated (Deq) at 60 mm Hg
and then preconstricted with [Arg®] vasopressin to increase the dynamic range for vascular
response. The diameter when preconstricted was Do. Afterward, increasing concentrations of
glutamate/D-serine, acetylcholine, and sodium nitroprusside were applied to the vessel. The new

diameter is Dx.

2.9  Statistical analysis

Results are expressed as mean = SEM. Statistical differences were evaluated using the following:
For the MCA study, one-way analysis of variance (ANOVA) with multiple comparisons (eg.
Bonferroni) was used for body weight and geometrical parameters. BP was evaluated by two-way

ANOVA. Mechanical properties were analyzed first by non-linear regression (compliance) or
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linear regression (stiffness). Non-linear regression was performed using an exponential growth
equation and the k-value was used for subsequent analysis using one-way ANOVA with multiple
comparisons similar to slope obtained using linear regression analysis. For the penetrating
arteriole study t-tests were used to compare weight, BP, geometry, and wall composition. Non-
linear (compliance) or linear regression (stiffness) with subsequent t-tests were used for
mechanical properties. Functional responses were compared using non-linear regression using

best-fit. Value of p<0.05 was considered to be significant.
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3 Results

3.1  Hypertensive vascular modifications in MCA from SHHF rats

Vascular properties of MCA were characterized and the effect of stilbenoids on hypertension-
induced changes were determined. This was conducted as part of a larger study in which the
effects of hypertension and predisposition for heart failure were evaluated in the MCA, peripheral
arteries (mesenteric resistance arteries) and the heart, in parallel. Only vascular changes observed
in the brain are discussed. First, vascular structure and mechanics were characterized in
normotensive and SHHF rat arteries. The effects of stilbenoid treatment on BP lowering and

vascular changes induced by high BP were then investigated.

3.1.1 Body weight and BP

Mean body weights and BP parameters for SD and SHHF rats were determined and are
summarized in Table 1. At 17 weeks of age, SD rats exhibited greater body weights compared to
SHHF rats (p<0.01 vs. SD; Figure 7A and Table 1). Body weights were not affected by 8-week
treatment with resveratrol, pterostilbene, and gnetol (2.5 mg/kg/d). The significant difference in
body size was considered in later experiments, where structural parameters were normalized to
body size as described in the Methods. SHHF rats exhibited elevated systolic BP (Figure 7B),
which was significantly increased at 17 weeks of age (p<0.01 vs. SD; Table 1). In SHHF rats,
elevated diastolic BP (p<0.01 vs. SD) and mean arterial pressure (p<0.01 vs. SD) were also
observed; however, pulse pressures were similar to SD rats. Stilbenoids did not have any effect

on systolic BP or other BP parameters.
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Figure 7. Body weights and 8-week time course of systolic BP of SD and SHHF rats. (A)
SHHF rat had significantly smaller body weights than SD rat, which was unaffected by 8-week
treatment with resveratrol, pterostilbene, and gnetol (2.5 mg/kg/d). (B) Systolic BP was
significantly elevated in SHHF rats. Stilbenoid treatment had no effect on systolic BP.
SDC/SHHFC - untreated controls, SDR/SHHFR - resveratrol treated; SDP/SHHFP -
pterostilbene treated; and SDG/SHHFG — gnetol treated. Data shown as mean + SEM. **p<0.01

vs. untreated SD. n = 6-8.
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Table 1. Summary of body weights and BP parameters in 17-week-old SD and SHHF rats

sD SHHF
C R P G C R P G

Body weight, g 564+15 574+19 552+24  600+38 375+10™ 363+14™  351+12"  364+9™
Systolic BP, mm Hg 14246 13247 136+3 142+5 194+3™ 187+5™ 190+3™ 192+4™
Diastolic BP, mm Hg 9515 867 92+5 98+8 145+4™ 1347 12947 143+5™
Mean arterial 108+6  102+7 10445 10544 162+4™  151+6™ 152+6" 159+5™
pressure, mm Hg
Pulse pressure, mm 4048 46+4 4242 4418 4049 4848 4848 48+7

Hg
C — control, R — resveratrol, P — pterostilbene, G — gnetol. Data shown as mean = SEM. "p<0.05, *p<0.01 vs. SD.

3.1.2 Structural modifications of MCA and the effects of stilbenoids

Acrterial structure was assessed in terms of geometry. Reported values were measured under
passive conditions (Ca?*-free Krebs) at 30 mm Hg in MCA. In untreated SHHF rat cerebral
arteries, changes in external and internal diameters were insignificant. However, M/L ratio was
increased (p<0.05 vs. SD; Figure 8A) as a function of increasing media thickness (p<0.01 vs. SD;
Table 2), which suggests diametric parameters had a combined effect on M/L ratio and media
widths, even though changes in external (p=0.9 vs. SD; Table 2) and lumen diameters (p=0.3 vs.
SD; Table 2) were individually negligible. Changes in Media CSA were also determined to be
insignificant (p=0.3 vs. SD; Figure 8B). Arteries from untreated SHHF rats exhibited 58%
remodeling and 44% growth (Table 2). Treatment with resveratrol, pterostilbene, and gnetol over

the course of 8-weeks normalized media widths and M/L ratio in SHHF rats. (Table 2 and Figure
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8A). Pterostilbene and gnetol had some influence on remodeling (49% and 39%, respectively;
Table 2) but stilbenoids exerted their effects mostly on growth (resveratrol, 4%; pterostilbene, 7%;

gnetol, -10%).

A B
28 SD —1 8D
—1 i
20 * B SHHF . 18000 s SHHF
“E 15000+
o =2
ﬁ 154 < 120004
— w
- O 90004
s 104 @©
é 6000+
3 3000+
0 0
Untreated Resveratrol Pterostibene  Gnetol Untreated  Resveratrol Pterostilbene Gnetol

Figure 8. M/L ratio and media CSA of MCA from SD and SHHF rats. (A) M/L ratio of
arteries from untreated SHHF rats was significantly increased. Following 8-weeks of treatment
stilbenoids normalized M/L ratio in SHHF rats. (B) Media CSA was increase in untreated SHHF
rat MCA but this was insignificant (p=0.3) and there was no effect with stilbenoid treatment. Data

shown as mean £ SEM. *p<0.05 vs. untreated SD rats. n = 6-8.
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Table 2. Summary of geometrical parameters and indices for remodeling and growth of

MCA in 17-week-old SD vs. SHHF rats and the effect of stilbenoids

SD SHHF
C R P G C R P G
External diameter, um 2026 177+12  189+10 181+10 220£10 204+18 200£10 185+12
Lumen diameter, um 1715  146%12 153+14 150+9 168+10 165+16 159+8 147+12
Media width, um 15+1 15+1 15+2 15+1 26+3™ 20£2 2142 19+2
Remodeling index, % - 58 55 49 39
Growth index, % - 44 4 7 -10

C — control, R — resveratrol

, P — pterostilbene, G — gnetol. Data shown as mean = SEM. *p<0.01 vs. SD.

3.1.3 Mechanical behaviour of MCA and the effects of stilbenoids

Geometric remodeling due to thickening of the arterial wall (Table 2) reduced circumferential

stress in MCA from untreated SHHF rat. This was given by the isobaric stress curve, which was

shifted downwards (Figure 9A) resulting in a slope change characteristic of lowered media stress

(p<0.01 SHHF vs. SD rat; Figure 9B). Media stress was improved with stilbenoid treatment in

SHHF rat MCA (p<0.01 vs. untreated SHHF; Figure 9B); however, treatment failed to normalize

stress completely (p<0.01 treated SHHF vs. untreated SD; Figure 9B).

Interestingly, gnetol

treatment had an effect on isobaric stress in normotensive rats (p<0.01 vs. untreated SD).
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Figure 9. Isobaric stress relationships for MCA from SD and SHHF rats and the effect of

stilbenoids.

arteries were shifted downwards compared to untreated SD arteries.

(A) The circumferential stress-pressure curve of untreated and treated SHHF rat

(B) The slope of

circumferential stress vs. pressure was reduced in untreated SHHF rat arteries. Treatment with
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resveratrol, pterostilbene, and gnetol (2.5 mg/kg/d) for 8-weeks attenuated slope changes
compared to untreated SHHF but did not restore isobaric stress to normal. Gnetol treatment
reduced isobaric stress in normotensive rats. Data shown as mean £ SEM. **p<0.01 vs. untreated

SD; 1+p<0.01 vs. untreated SHHF. n = 6-8.

When media stress was plotted against strain, there was a leftward shift in the stress-strain curve
in arteries from untreated SHHF rat (Figure 10A, top left). When differences were quantified, the
k-value was increased (p<0.01 vs. untreated SD; Figure 10B), suggesting that vascular compliance
was reduced in SHHF rat MCA. However, stilbenoid treatment failed to improve compliance;
there was a leftward shift in the stress-strain curves and the k-values remained significantly higher

in SHHF rat arteries (p<0.05 and p<0.01 vs. untreated SD; Figure 10B).
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48



CHAPTER 3

was shifted leftwards. (B) The k-value was increased in untreated SHHF rat. Treatment for 8-
weeks with resveratrol, pterostilbene, and gnetol (2.5 mg/kg/d) had no effect on the stress-strain
relationship in SHHF rat. *p<0.05 and **p<0.01 vs. untreated SD. Data shown as mean + SEM.

n = 6-8.

The fractional deformation (strain) due to an applied force (stress) describes the elastic modulus
of a material. It is the ratio of stress to strain, where the slope of the stress-strain relationship is

defined as the incremental elastic modulus. This is a mechanical parameter used to describe the
stiffness of a vessel and is determined by both arterial geometry (M/L ratio) and the intrinsic
stiffness of the components making up the vascular wall (ie. load-bearing materials such as
collagen and elastin). These properties change when a force (ie. stress) is applied to an artery;
therefore, the elastic modulus will change depending on pressure. Incrementally increasing
intraluminal pressure seemed to shift the isobaric elastic modulus curve leftward in untreated and
treated SHHF rat arteries (Figure 11A). However, when quantified as a function of slope of elastic
modulus vs. pressure, there were no significant differences between untreated SD and SHHF rat

(p=0.6; Figure 11B), nor was there an effect of stilbenoid treatment on slope.
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Figure 11. Isobaric elastic modulus of MCA from SD and SHHF rats and the effect of

stilbenoids: arterial stiffness due to arterial geometry and wall component stiffness. (A)

Elastic modulus vs. pressure was similar in arteries from SD and SHHF rats; untreated and treated

with resveratrol, pterostilbene, and gnetol (2.5 mg/kg/d) for 8-weeks. (B) This was quantified by

changes in the slope of elastic modulus vs. pressure

. Data shown as mean + SEM. **p<0.01 vs.

untreated SD; 71p<0.01 vs. untreated SHHF. n = 6-8.
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When elastic modulus was plotted against circumferential stress there was a leftward shift in MCA
from untreated SHHF rats (Figure 12A, top left). Comparison of the slope of the elastic modulus
Vvs. stress curve, revealed a greater slope in SHHF rat arteries (p<0.01 vs. SD; Figure 12B). This
slope defines the stiffness of arteries determined only by wall components, where arterial geometry
is mathematically eliminated as a determinant of stiffness. The slope of the elastic modulus vs.
stress curve from treated SHHF rat arteries were all reduced towards normal with stilbenoids;
however, only pterostilbene and gnetol completely normalized slope (7p<0.05 and +1p<0.01 vs.

SHHF; Figure 12B).
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Figure 12. Elastic modulus vs. stress curve of MCA from SD and SHHF rats and the effect

of stilbenoids on wall component stiffness. (A) The elastic modulus vs. stress curve was shifted

52



CHAPTER 3

leftwards and (B) slope of elastic modulus vs. stress was significantly increased in in untreated
SHHF rat MCA. Slope of the elastic modulus vs. stress curve was significantly reduced by
stilbenoids and was normalized with pterostilbene and gnetol, but not resveratrol. Data shown as
mean £+ SEM. *p<0.05 and **p<0.01 vs. untreated SD; +p<0.05 and 1p<0.01 vs. untreated

SHHF. n=6-8.
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3.2 Hypertensive vascular modifications in penetrating arterioles from SHHF rat and

SHR

This portion of the thesis characterized vascular properties pertaining to structure, mechanics, and
function of penetrating arterioles in SHHF rats and SHR, models for hypertension with risk for
developing heart failure and hypertension alone, respectively. First, vascular structure and
mechanics were characterized in hypertensive models vs. respective normotensive controls (SD or
WAKY rats). The microstructural basis for the mechanical properties of penetrating arterioles were
determined by quantifying constituents that made up the arteriolar wall. The functional properties

were then measured using acetylcholine, glutamate and D-serine, and sodium nitroprusside.

3.2.1 Body weight and BP

At 17 weeks of age, SHHF rats exhibited smaller mean body weights than SD rats (p<0.01; Figure
13A and Table 3). Mean body weights of SHR did not differ from WKY rats (p=0.3). Systolic BP
was significantly increased in SHHF (p<0.01 vs. SD) and SHR rats (p<0.01 vs. WKY rat; Figure
13B and Table 3). Other BP parameters including diastolic BP and mean arterial pressure were
also elevated in SHHF (p<0.01 and p<0.01 vs. SD, respectively) and SHR rats (p<0.01 and p<0.01
vs. WKY. respectively) (Table 3). However, pulse pressures of SHHF and SHR rats were similar

to respective normotensive controls.
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Figure 13. Mean body weights (g) and systolic BP in SHHF vs. SD rats and SHR vs. WKY
rats. (A) SHHF rats had significantly reduced mean body weights (g) compared to SD rats. There
was no difference in mean body weight between SHR and WKY rats (p=0.3). (B) Systolic BP was
significantly elevated in SHHF rats and SHR. Data shown as mean + SEM. **p<0.01 vs.

normotensive control. n=7-9.

Table 3. Summary of body weights and BP parameters in 17-week-old SD, SHHF, WKY,

and SHR rats

SD SHHF WKY SHR
Body weight, g 57914 406 = 9** 329+6 327 +£5
Systolic BP, mm Hg 121+4 169 + 5** 127. £ 4 161 £ 3**
Diastolic BP, mm Hg 71+ 6 108+ 7** 65+ 6 100+ 2**
Mean arterial pressure, mm Hg 88+ 5 128+ 6** 86+ 5 122+ 3**
Pulse pressure, mm Hg 50+ 4 61+ 4 62+ 4 65+ 2

Data represents mean + SEM. **p<0.01 vs. normotensive control (SD vs. SHHF; WKY vs. SHR).
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3.2.2 Structural modifications of penetrating arterioles

Avrteriolar structure was examined in terms of geometry and parameters are summarized in Table
4. Since SD rats were significantly larger in body weight compared to SHHF rats, geometric
parameters for SD were normalized as previously described to avoid confounding the comparisons
of arteriolar structure. Geometry was not corrected for body weight in WKY rats since body
weights were similar to SHR rats. In penetrating arterioles from SHHF rats, changes in external
diameter were negligible (p=0.2 vs. SD; Table 4) but there was a tendency towards decreasing
lumen diameter (p=0.08 vs. SD; Table 4).  M/L ratio was significantly increased in SHHF rat
vessels (p<0.01 vs. SD; Figure 14A) despite constant media width (p=0.4), suggesting a decreasing
trend in lumen diameter was sufficient to induce significant geometric changes. Since media CSA

remained unchanged, eutrophic remodeling predominates in penetrating arterioles of SHHF rats.

Table 4. Summary of geometrical parameters and indices for growth and remodeling of

penetrating arterioles

SD SHHF WKY SHR
External diameter, pm 714 +6 584 +6 71.0+£5 64.6 +6
Lumen diameter, um 56.3+5 413+5 56.0+4 459+5
Media width, um 152+1 171+2 1501 1771
Growth index, % -9 5
Remodeling index, % 121 96

Representative arterial parameters and indices are shown for intraluminal pressure of 60 mmHg. Data represents mean
+ SEM.
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In SHR arterioles, M/L ratio was increased (p<0.01 vs. WKY), but not media CSA (Figure 14B).
Wall thickness remained unchanged (Table 4), therefore increased M/L ratio was due to the
combined effects of external (p=0.5 vs. SD; Table 4) and lumen diameter (p=0.3 vs. SD; Table 4)
changes, despite individual insignificance. Vessels from SHR also underwent eutrophic
remodeling since M/L ratio was increased (p<0.01 vs. WKY), but not media CSA (Figure 14B).
SHHF rat arterioles exhibited 121 % remodeling and -9% growth, whereas those vessels from SHR

exhibited remodeling and growth indices of 96 % and 5 %, respectively (Table 4).
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Figure 14. MJ/L ratio and media CSA of penetrating arterioles from SHHF vs. SD rats and

SHR vs. WKY rats. (A) M/L ratio was increased in SHHF rat penetrating arterioles without

corresponding changes in media CSA (p=0.5). (B) A similar increase in M/L ratio and unchanged

media CSA (p=0.5) were observed in SHR vessels. Data shown as mean = SEM. **p<0.01 vs.

normotensive control (SD vs. SHHF; WKY vs. SHR). n =7-9.
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3.2.3 Mechanical behaviour of penetrating arterioles

Representative pressure myography traces used to measure vessel dimensions for calculating
mechanical parameters are provided in Appendix B: Figure 22. Wall stress was reduced in SHHF
rat and SHR penetrating arterioles. This was represented by a rightward shift in the stress —
pressure curve (Figure 15A and B, left) and reduced slope of stress vs. pressure curve (p<0.01
SHHF vs. SD rats; Figure 15A, right and p<0.01 SHR vs. WKY rats; Figure 15B, right). This
reduced media stress was a consequence of geometric remodeling (ie. increased M/L ratio) of the

arteriolar wall.
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Figure 15. Isobaric stress of penetrating arterioles in SHHF vs. SD rats and SHR vs. WKY
rats. Stress — pressure curve (left) in penetrating arterioles from SHHF rats (A) and SHR (B) are
shifted right compared to SD and WKY rats, respectively. The slopes of stress vs. pressure (right)
were significantly reduced. Data shown as mean £ SEM. **p<0.01 vs. normotensive control (SD

vs. SHHF; WKY vs. SHR). n=7-9.

Penetrating arterioles from SHHF rats exhibited reduced vascular compliance when
circumferential strain was plotted against media stress: the stress-strain curve shifted leftwards
(Figure 16A, left) and the k-value was significantly increased (p<0.01 vs. SD; Figure 16A, right).
For SHR, the k-values were significantly reduced (p<0.01 vs. WKY; Figure 16B, right),

suggesting penetrating arterioles were more compliant.
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The observation that penetrating arterioles were less compliant in SHHF rats was consistent with
changes in vascular stiffness. Both the geometry and the structural elements of the arteriolar wall
contribute to stiffening in penetrating arterioles in SHHF rats. This was demonstrated by a leftward
shift in the elastic modulus when plotted against pressure (Figure 17A, left) and stress (Figure
18A, left), which corresponded with greater slopes (p<0.05 vs. SD; Figure 17A right and p<0.01

vs. SD; Figure 18A, right).

In contrast, the isobaric elastic modulus curve shifted rightward in SHR vessels (Figure 17B, left)
and the slope was significantly reduced (p<0.05 vs. WKY:; Figure 17B, right), suggesting these
vessels are less stiff. When elastic modulus was plotted against stress, wall component stiffness
was similar between SHR and WKY rats (Figure 18B). Thus, increased compliance is controlled
by geometry, where increased M/L ratio but not components of the vascular wall contributes to a

reduction in stiffness of SHR penetrating arterioles.
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3.2.4 Wall composition

Transmission electron micrographs of penetrating arterioles from SHHF and SD rats are shown in
Figure 19. In general, vessels had mature amorphous elastic fibres composed of electron-dense
and compact elastin in healthy penetrating arterioles (Figure 19A). Ultimately these fibres
occupied most of the elastic lamina and were oriented longitudinally. Collagen fibrils had a
microtubular appearance packed mostly horizontally into straight segmented bundles, which were
typically deposited in the adventitial ECM (Figure 19A). In vessels from SHHF rat, elastin
accumulation and amorphous elastic fibres were scarce, and the elastic lamina was lost (Figure
19B) or showed varying degrees of fragmentation (Figure B.1 and B.2). The collagenic matrix
was rich with collagen fibrils seen as microtubular bundles in parallel (Figure B insert) or as
transverse cross-sections (Figure B insert). Taken collectively, this suggests that the elastic matrix
was less abundant and highly disorganized in SHHF rat penetrating arterioles, whereas the
collagenic matrix was associated with deposition of collagen fibres. The areas occupied by elastin
and collagen were measured and the collagen/elastin ratio of arterioles from SHHF rats were
significantly increased (p<0.05 vs. SD; Figure 19C). This was consistent with increased arterial
stiffness and wall component stiffness (Figures 17 and 18). There were no changes in VSMC
(Figure 19D) or ECM content (Figure 19E), which identifies an abundant collagenic matrix as the

major determinant of increased arteriolar stiffness in SHHF rats.

Penetrating arterioles from WKY rats had a matrix typified by mature elastic fibres mostly
associated with the elastic lamina and collagen fibrils predominating in the adventitia (Figure
20A). As seen in SD rat, elastic fibres were amorphous and composed of elastin that was electron-
dense and collagen fibres were microtubular and organized in horizontal bundles. We observed
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similar collagenic and elastic matrices in vessels from SHR (Figure 20B). This was confirmed by
a collagen/elastin ratio that was maintained in SHR arterioles (p=0.6 vs. WKY:; Figure 20C). Also,
areas occupied by VSMC and ECM remained unchanged (p>1 vs. WKY:; Figure 20D and E,
respectively). These data are consistent with the changes in elastic properties of SHR penetrating

arterioles, which we identified as having unchanged wall component stiffness.
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Figure 19. Quantification of wall components that contribute to stiffness in penetrating

arterioles from SD and SHHF rats. Transmission electron microscopy (25,000x magnification)

of penetrating vessels shows three distinct layers: the adventitia with ECM elements, VSMC of

67



CHAPTER 3

the medial layer, and the intima with the elastic lamina and associated endothelium. In SD rat
arterioles, electron-dense elastin formed mature elastic fibres of the elastic lamina (A, arrowhead)
and collagen fibres were mostly identified in the adventitial ECM (A, star). In SHHF rat arterioles,
only remnants of elastic fibres remained (B, arrowhead) or there were varying degrees of
fragmentation of the elastic lamina (B.1 and B.2, arrowhead), while the collagenic matrix was
abundant with collagen fibrils (B, star and asterisk). The collagen/elastin ratio was significantly
greater in SHHF rat penetrating arterioles (C). There were no changes related to VSMC (D) or
matrix (E) size.  EL, elastic lamina; ECM, extracellular matrix; VSMC, vascular smooth muscle
cells; EC, endothelial cell; N, nucleus. Arrowhead, mature elastic fibres of EL; star, longitudinal

collagen; asterisk, transverse collagen. Data shown as mean £ SEM. *p<0.05 vs. SD. n=7-11.
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magnification) of penetrating vessels in WKY rats (A, arrowhead) and SHR (B arrowhead) showed
deposition of elastin in the elastic lamina, while collagen fibres were mostly found in the
adventitial layer (A and B, star and asterisk). There was no difference in collagen/elastin ratio (C)
or size of areas occupied by VSMC (D) or matrix (E) between WKY rat and SHR (C). EL, elastic
lamina; ECM, extracellular matrix; VSMC, vascular smooth muscle cells; EC, endothelial cell; N,
nucleus. Arrowhead, mature elastic fibres of EL; star, longitudinal collagen; asterisk, transverse

collagen. Data shown as mean £ SEM. n = 8-9.
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3.2.5. Functional responses in penetrating arterioles — global vasomotor responses

To study global functional responses in SHHF rats and SHR, penetrating arterioles were
pressurized at 60 mm Hg and preconstricted with 10°°M [Arg®] vasopressin to increase the dynamic
range for vasomotor responses. Only vessels that preconstricted >15% of their baseline diameter
were used to study functional responses. Vasodilation to increasing doses of glutamate with D-
serine was significantly reduced in arterioles from SHHF rats (p<0.01 vs. SD; Figure 21A) and
these responses decayed with higher concentrations of glutamate. There were no differences in
vasodilatory responses to acetylcholine between SD and SHHF rat arterioles; initially low
concentrations (less than 10”M) induced vasoconstriction followed by vasodilation (Figure 21C).
Increasing concentrations of sodium nitroprusside induced vasoconstriction in arterioles from
SHHF rats, while concentrations 10”’M or greater resulted in increasing relaxation in SD rat vessels
(Figure 21E). Vasodilatory responses to glutamate with D-serine, were comparable between WKY
rats and SHR (Figure 21B). Vasomotor responses in WKY followed a trend similar to that
observed in SD and SHHF rats (initial vasoconstriction followed by vasodilation); however, it
induced relaxation in SHR vessels (p<0.05 vs. WKY:; Figure 21D). Vasomotor response to sodium

nitroprusside was significantly impaired in SHR (p<0.05 vs. WKY:; Figure 21F).
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Figure 21. Vasomotor responses of penetrating arterioles from SHHF rats and SHR. (A)
Relaxation of penetrating arterioles to glutamate/D-serine was reduced in SHHF vs. SD rats (non-
linear regression). (C) Acetylcholine induced similar patterns of relaxation in SD and SHHF rats

but (E) NO-donor sodium nitroprusside elicited constrictor responses in SHHF. (B) Vessels from
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SHR had normal responses to glutamate/D-serine, whereas (D) acetylcholine-induced relaxation
was increased and (F) responses to sodium nitroprusside lead to constriction. Data shown as mean

+ SEM. n=5-9.
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4 Discussion

4.1  Hypertensive vascular modifications in MCA from SHHF rats and the effect of

stilbenoid treatment

4.1.1. Vascular changes in untreated SHHF rats

There is limited information about the hypertensive vascular changes of cerebral arteries when
predisposed to developing heart failure. The most commonly used experimental models of
hypertension to study the brain vasculature are SHR and SHRSP, whereas the use of SHHF rats is
less widespread. The SHHF rat models human heart disease in that it superimposes risk of heart
failure upon hypertension,??* 22> which distinguishes it from other hypertensive models. Thus,
the SHHF rat is an ideal model to study the effects of hypertension with the added risk for heart
failure on the MCA — one of the best studied cerebral vessels. There are several reasons why
these vessels are often the focus of experimental studies. First, the MCA is easily accessible; being
a large superficial artery, it can be isolated from the base of the brain and then cannulated. Second,
these vessels are often the site of occlusions that lead to stroke, hence the use of SHRSP. Third,
they are important regulators of brain blood flow because they carry a substantial amount of the

total vascular resistance in the brain.

This study was the first, to our knowledge, to characterize the structural properties and mechanical
behavior of brain resistance arteries in SHHF rats ex vivo.  The effect of elevated BP on SHHF
rat cerebral arteries was geometric remodeling characterized by an increase in M/L ratio, which
was a consequence of thickening of the vessel wall. A negligible increase in media CSA indicates

structural changes should be attributed to eutrophic remodeling. However, growth and remodeling
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indices were 43.6% and 58.0%, respectively, suggesting the structural changes cannot be explained
by eutrophic remodeling alone but rather a combination of remodeling and hypertrophic growth
likely occurs in these vessels. Earlier reports have described eutrophic remodeling in SHRSP???
and young SHR (during early hypertension)?*® cerebral arteries (MCA and pial), which exhibited
smaller lumens.?** Similarly, MCA from adult SHR had greater MY/L ratios but no evidence of
arterial wall growth.?!® Thus, it is apparent that eutrophic remodeling of cerebral arteries is a
common adaptation to increasing BP in different hypertensive strains. However, hypertrophic
growth also contributes to vascular remodeling in SHHF rat cerebral vessels, which distinguishes

it from models of hypertension alone or those that are stroke-prone.

In effect, geometric remodeling reduced the stress experienced by the arterial wall due to the
circumferential distribution of strain across a thicker media. Thus, thickening of the wall allows
the vessel to withstand chronic elevations in BP by decreasing the mechanical load. Given that
the primary function of the MCA is to direct blood flow toward the microcirculation, remodeling
of these arteries might protect the distal cerebral vessels from the effects of hypertension and the
cardiac abnormalities preceding failure. By 3-5 months of age, SHHF rats develop cardiac
hypertrophy of the left ventricle.??® We confirmed this in a parallel study by demonstrating that 17

week old SHHF rats have left ventricular hypertrophy and diastolic dysfunction.??’

Compliance of cerebral arteries was reduced in SHHF rats; however, structural remodeling did not
contribute to changes in elastic properties. Although wall component stiffness increased,
thickening of the wall counteracted this effect such that arterial stiffness due to geometry and wall
component stiffness remained the same. Therefore, reduced compliance was dictated by greater
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wall component stiffness, but not geometry. This suggests that stiffer structural elements
compensate for thickening of the arterial wall, so that normal brain perfusion is maintained in the
face of elevated BP. Similarly, peripheral resistance arteries stiffen,3% 32 and SHR mesenteric
resistance arteries have a greater ratio of collagen to elastin.®! MCA from SHR also show similar

reductions in compliance and distensibility.?®

Interestingly, there are bed-specific differences in arterial wall abnormalities in SHHF rats.
Recently we reported that while both mesenteric and cerebral beds exhibit increased M/L ratio,
mesenteric arteries only undergo eutrophic remodeling consistent with unchanged media CSA and
97% remodeling index.??®® There were also regional differences related to compliance and stiffness
between mesenteric and cerebral vessels. Eutrophic remodeling produced a trend in decreasing
compliance that approached statistical significance (p=0.07) in mesenteric arteries. Further, these
vessels had no changes in wall component stiffness. Therefore, in the mesenteric bed elevations
in BP lead to changes predominantly in geometric structure but not mechanical properties;

whereas, in MCA hypertensive changes occur at the level of structure and mechanics.

4.1.2. The effect of stilbenoid treatment on vascular changes in SHHF rats

The effects of stilbenoid treatment on hypertensive vascular changes of cerebral arteries in SHHF
rats are unknown. Previously, resveratrol was shown to attenuate remodeling and changes in
mechanical behaviour in mesenteric arteries in SHR.??* We hypothesized that resveratrol would
have similar effects in MCA from SHHF rats and that its analogues may possess similar, if not

improved, actions. In 17-week-old SHHF rats, stilbenoid treatment attenuated hypertrophic
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growth; resveratrol and pterostilbene reduced growth substantially (by 39.9% and 36.6%,
respectively), whereas gnetol completely prevented growth (-10%). In contrast, stilbenoid
treatment had little-to-modest effect on eutrophic remodeling, which was reduced by 9.4% with
pterostilbene and 19% with gnetol treatment, but only 3.5% with resveratrol. Since increased wall
thickness and M/L ratio were attenuated in stilbenoid-treated SHHF rats, these changes can be
mostly attributed to the anti-growth effect of stilbenoids. Because stilbenoids failed to lower
elevated BP in SHHF rats, this suggests that vascular wall structure was improved as a result of
the direct effects of stilbenoids on the arterial wall and not secondary to BP lowering. Clinical
reports have shown that changes in the M/L ratio predict cardiovascular events independent of BP
lowering.*% 22° Thus, stilbenoid treatment may offer benefits for the structural integrity of cerebral
arteries associated with better cardiovascular outcome, despite no effect on BP. This would
recommend stilbenoids as a useful complement to conventional antihypertensive medications.
However, the effect of resveratrol on BP should not be discounted altogether; a systematic review
and meta-analysis of clinical trials suggests higher doses of resveratrol (>300 mg/day) can lower
BP.2% In one clinical trial, 50 mg/day of resveratrol was sufficient to reduce BP when added to
standard antihypertensive treatment.?3! Thus, a higher dose of stilbenoids should be attempted in

SHHF rats.

While, increased M/L ratio in untreated SHHF rats was sufficient to reduce the circumferential
wall stress in cerebral arteries in the face of elevated BP, stilbenoid treatment reverses geometric
remodeling and nearly normalizes wall stress, although it never reaches the levels of untreated SD

rats. Stilbenoid treatment reduced wall component stiffness without augmenting compliance in
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SHHF rat arteries. This suggests that a reduction in M/L ratio countered the reduction in wall

component stiffness, such that compliance remained the same.

If structure and compliance are used as measures of treatment outcome, it is evident that
pterostilbene did not manifest an advantage over other stilbenoids. For instance, pterostilbene
showed similar effects on geometric remodeling and compliance to resveratrol and gnetol, despite
having the greatest bioavailability and prolonged half-life.1% 210. 211 = And yet, even with a >10-
fold difference in bioavailability, pterostilbene and gnetol similarly normalized wall component
stiffness. However, this effect was absent with resveratrol, which is more bioavailable than gnetol.
This suggests that affinity to receptor targets and potency should be investigated further.
Preliminary studies already reveal potential differences in stilbenoid interactions with targets.
Resveratrol is a non-selective inhibitor of enzymes cyclooxygenase (COX)-1 and COX-2,22 which
catalyze the biosynthesis of prostanoids. Angiotensin Il (Ang Il) plays a role in vascular
remodeling, VSMC growth, and collagen deposition.?3®* Exposure to ang Il induced vascular
changes dependent on the COX-1 pathway and COX-1 inhibition prevented alterations in
structure, stiffness, and ECM components of resistance arteries.?** The inhibitory activity of
resveratrol towards COX-1 (ICso = 2.6 uM; 22 0.8 uM?*) and COX-2 (ICso = 2.2 pM;?%2 1
1UMZ35) were shown to be comparable to pterostilbene (ICso = 4.8 uM;?%2 0.7 uM?® and 1.3 pM; %2
0.8 UM%, respectively). However, another study suggested resveratrol was a weak COX-2
inhibitor (ICso = 1 UM and selectivity index COX-1/COX-2 = 0.5 uM) and that hydroxylated but
not methoxylated analogues such as pterostilbene (ICso = 1.3 pM?%?) were more potent against
COX-2.2% In general, reported 1Cso values for pterostilbene are smaller than resveratrol suggesting
greater potency of this methoxylated analogue. The role of COX-2 in hypertension is unclear. In
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arteries, COX-2 derived products reduced vascular remodeling in response to haemodynamic
changes.?" 2% Yet, endothelin-1 was shown to induce the expression of remodeling genes via
pathways involving COX-2/prostacyclin.?*® Further, COX-2 derived mediators may contribute to
cardiac remodeling; treatment with a COX-2 inhibitor after myocardial infarction in mice

improved cardiac function, and reversed hypertrophy and interstitial collagen.?*

Another molecular target of stilbenoids are peroxisome proliferator-activated receptors (PPAR),
which are steroid hormone receptors involved in inflammation®** and oxidative stress.?*2
Pterostilbene activated PPARo in a concentration-dependent manner; at high concentrations it
induced greater PPARo activation than ciprofibrate, a known PPAR agonist.?*® However,
resveratrol failed to activate PPARa leading the authors to suggest pterostilbene is a more potent
activator of PPARa than resveratrol, at least in rat hepatic cells.?*® In the brain however,
resveratrol was a selective activator of PPARa (and PPARY) in mouse cortical cultures and bovine
brain microvessel EC.?* Yet another study suggested it may act as a PPAR antagonist due to its
ability to displace reference ligands from PPARa and PPARY (ICso 27 — 32 uM).2%® The binding
affinity of resveratrol to PPARa in that study was Ki = 2.7 uM,?* while gnetol was predicted to
have greater binding affinity (-8.4 kcal/mol) to PPARa in silico compared to a standard agonist (-
6.5 kcal/mol).?¢  However, it is difficult to make direct comparisons related to affinity and
potency based on the current literature, which warrants additional studies. Importantly, PPARa-
deficient mice had more pronounced pressure overload-induced cardiac hypertrophy and
dysfunction, which was associated with increased expression of inflammatory markers and ECM

remodeling.?*’
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Many of the effects of resveratrol have been shown to be mediated by adenosine monophosphate-
activated protein kinase (AMPK).?%® Resveratrol activates AMPK, which phosphorylates eNOS?4°
to enhance endothelial NO generation important for modulating VSMC function and growth.
AMPK activation by resveratrol reduces left ventricular hypertrophy in SHR and inhibits
hypertrophic signaling.'8: 250 251 In vitro, gnetol and pterostilbene prevented endothelin-1
mediated hypertrophy of cardiomyocytes via AMPK activation, but neither stilbenoid, including
resveratrol, reduced left ventricular hypertrophy or activated the AMPK pathway in SHHF rats.??’
Although, these stilbenoids were beneficial for diastolic dysfunction.??”  AMPK activation was
increased in mesenteric arteries from SHR?? and SHHF rats.??® In contrast, AMPK activation
remained unchanged in SHHF rat cerebral arteries even with stilbenoid treatment (not shown),??®
despite an antihypertrophic effect on vessels. This suggests that AMPK signaling does not mediate
the effects of resveratrol or its analogues on SHHF rat MCA. However, AMPK is not the only
molecular target of resveratrol. It can increase endothelial NO through various pathways?5®
including stimulating extracellular signal-regulated kinase (ERK) to likewise increase eNOS
activity. Activation of ERK was increased in SHR mesenteric arteries?®* and resveratrol attenuated
remodeling by blocking enhanced ERK signaling,?** whereas ERK activation was normal in
SHHF rat mesenteric arteries and MCA (not shown).??® We suggest stilbenoids act on cerebral
arteries via mechanisms independent of AMPK or ERK activation, including those involving anti-

inflammatory and antioxidant processes. 2125 2%

Some of the effects of resveratrol are mediated through sirtuin-1 (SIRT1), a class Il histone
deacetylase. Overexpression of SIRT1 in VSMC attenuated Ang ll-induced hypertension,
improved vascular remodeling, and inhibited reactive oxygen species (ROS) production, vascular
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inflammation, and collagen accumulation in mouse aorta.?>” 28 Resveratrol induced SIRT1-
mediated deacetylation of eNOS on lysine residues and enhanced endothelial NO production.?®®
Both VSMC SIRT1 overexpression and resveratrol prevented high fat high sucrose-induced
arterial stiffness.?®® This effect of SIRT1 was associated with anti-inflammatory and antioxidant
effects such as preventing nuclear factor-kappa B (NFxB) activation and vascular cell adhesion
molecule 1 (VCAMLI) inhibition.?%° Further, resveratrol attenuated high fat high sucrose- and high
glucose-induced ROS production in rat aorta and EC, respectively, by attenuating elevated
expression of NADPH oxidase, a ROS generator, and reversing SIRT1 downregulation.?s!
Importantly, oxidative stress plays an important role in hypertension as it stimulates different
redox-sensitive processes, including cellular proliferation/hypertrophy, ECM
degradation/deposition, and inflammation.?®> Indeed antioxidant treatment using vitamins

corrected vascular remodeling and endothelial function in mesenteric arteries from SHRSP.%52

The role of inflammation in hypertension has been well documented and is a component of the
disease process that is modulated by anti-inflammatory and immunomodulatory effects of
resveratrol. Indeed, resveratrol has been reported to be beneficial towards vascular remodeling
and reduced elasticity that underly hypertension by modulating inflammatory pathways. For
instance, resveratrol attenuated VSMC proliferation induced by pro-inflammatory cytokine, tumor
necrosis factor alpha (TNFo).2®* The anti-growth effect was attributed to cell-cycle arrest, which
was associated with a decrease in cyclins and cyclin-dependent kinases.?®* Resveratrol also
inhibited TNFa-induced expression of MMP, which play a critical role in vascular stiffening, via
NF«B inhibition.?®* During inflammation, recruitment and infiltration of inflammatory cells is
facilitated by cell adhesion molecules and chemokines. Resveratrol inhibits such molecules and
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can interfere with the recruitment of inflammatory cellular mediators.  Resveratrol reduced
intercellular adhesion molecule 1 (ICAM1) and VCAMI in TNFa- and lipopolysaccharide-
stimulated EC, and prevented monocyte and granulocyte adhesion to EC.2%> Further, resveratrol
reduced the binding activity and expression of chemokine receptors on monocytes,?®® which are
involved in immune cell-EC interactions that contribute to vascular inflammation. Similar anti-
inflammatory and immunomodulatory effects have been observed with pterostilbene. This
stilbenoid was shown to inhibit the expression of VCAM1 and ICAM1 in TNFa-stimulated VSMC

by suppressing NFkB and MAPK signaling.2®’

The modes of action of resveratrol, pterostilbene, and gnetol on cerebral vessels have yet to be
fully elucidated. However, these previous studies support already described anti-inflammatory
and antioxidant processes as potential mechanisms by which these stilbenoids might exert their
effects on vascular structure and compliance. To confirm this would require additional studies.
However, it is also important to consider that these stilbenoids stimulate different pathways to
exert their effects even though they are structurally analogous. In a model of brain aging and
dementia (senescence accelerated mice P8),%® the expression of mitochondrial manganese
superoxide dismutase (MnSOD), which is important for breaking down free radicals, was reduced
and was rescued by pterostilbene but not resveratrol.?® However, pretreatment of cardiomyocytes
with resveratrol showed it increased MnSOD activity without altering protein expression?’® and
likely involves the FOXO pathway.?’* In contrast, upregulation of MnSOD by pterostilbene was
unaccompanied by SIRT1 expression changes, ?%° suggesting modulation of antioxidant enzymes

by stilbenoids occurs, at least in part, through divergent mechanisms.
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There is a scarcity of information related to the mechanism(s) by which gnetol acts. Interestingly,
we showed that gnetol reduced wall stress in healthy cerebral arteries. We propose an enhanced
antioxidant potential of gnetol as a possible explanation. With a greater number of hydroxyl
substituents compared to resveratrol and pterostilbene, gnetol may be a more potent antioxidant
due to a greater capacity for scavenging radicals. A comparison of six stilbenes, including
resveratrol, showed that a greater number of hydroxyl groups was associated with enhanced
antioxidant activity.2’? The location of hydroxyl groups is also important; resveratrol analogues
with 3,4-dihydroxyl groups or those possessing ortho- or para-dihydroxyl were the most potent
antioxidants.?’>2® Other polyphenols such as flavonoids with more phenolic hydroxyl groups also
have greater antioxidant activities.?’® More studies are required to compare the antioxidant
activities of the stilbenoids in this study. However, stronger antioxidant effects may be sufficient
to reduce normal levels of oxidative stress in healthy vessels, thereby resulting in structural
changes that would reduce wall stress. Interestingly, vascular remodeling was absent in healthy
vessels treated with gnetol; however, one can observe a negligible decrease in media CSA (Figure
8B). This might explain the reduction in stress given that this was not observed with resveratrol
or pterostilbene treatment. It is unclear whether a reduction in wall stress in healthy vessels is

maladaptive, but the absence of remodeling suggests this is unlikely in these arteries.
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4.2  Hypertensive vascular modifications in penetrating arterioles from SHHF rats and

SHR

Most of the extant knowledge of the brain microvasculature is derived from studies on superficial
resistance arteries, yet penetrating arterioles are one of the most important regulators of vascular
resistance and blood flow in the brain. Given this, the brain is an important target organ for
hypertension, which is a leading risk factor for stroke,?’"- 2’8 cognitive decline, and dementia.!? 278
In addition, heart failure potentiates the risk for cognitive decline!® and promotes the progression
to dementia or Alzheimer disease.!” This study describes for the first time the structural properties,
mechanical behaviour, and functional responses in penetrating arterioles from SHHF rats and SHR

ex Vvivo.

4.2.1. Structure

Structural changes in penetrating arterioles from SHR and SHHF rats were assessed in terms of
geometry. Vessels from both hypertensive strains showed similar structural changes. There was
an increase in M/L ratio, despite only a decreasing trend in external and lumen diameters (not
significant) and unchanged wall thickness. Constant media CSA suggests these arterioles
underwent eutrophic remodeling. This was confirmed by remodeling indices of 124% in SHHF
rats and 96% in SHR. Remodeling is probably inward, due to the tendency towards a smaller
lumen. Inward eutrophic remodeling is the predominant structural change in resistance arteries
during essential hypertension.!® 2" Previously, pial arterioles from SHRSP were shown to possess
smaller diameters.>> However, in contrast to the findings of this study, hypertrophic growth was

described in pial vessels from SHRSP and SHR.?'> 22l Thus, there are regional differences in
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remodeling of vessels (eg. hypertrophy of surface arterioles vs. eutrophic remodeling of
penetrating arterioles in SHR; combination remodeling of MCA — see previous section Vvs.
eutrophic remodeling of penetrating arterioles in SHHF rat). Differential remodeling may also be
due to the size of the vessels (MCA <250 um vs. penetrating arterioles <100 pum, in this study). A
gradient of vascular remodeling was discussed previously by Allen et. al., suggesting that

hypertrophic response decreases with decreasing vessel size.?°

Limited studies have investigated the structure of penetrating arterioles in hypertensive models.
One study observed hypertrophic growth of these arterioles in SHRSP, where remodeling was
most pronounced in vessels <35 um in diameter.??®  Recently, penetrating arterioles from SHRSP
were described as having smaller external and lumen diameters.’'® Remodeling was described as
inward hypertrophic growth due to increased media thickness and increased M/L ratio; however,
they failed to report the media CSA.1*® Thus, SHR with higher incidence of cerebrovascular
disease (ie. stroke) have distinct differences in remodeling of penetrating vessels vs. SHHF rats or
SHR. Similar geometric remodeling in SHHF rat and SHR suggests the added risk for heart failure
does not induce structural changes in penetrating arterioles different from those in hypertension
alone. This is interesting given that left ventricular hypertrophy develops earlier in the heart
failure-prone strain (3-5 months vs. 5 months SHR),?%6 281 where earlier onset of cardiac

abnormalities might be expected to influence the progression of remodeling.

85



CHAPTER 4

4.2.2. Mechanical behaviour

Eutrophic remodeling leads to a reduction in wall stress in SHHF rats and SHR penetrating
arterioles. Hypertrophic growth that gives rise to a smaller lumen has also been shown to reduce
media stress®” 215 and is thought to protect downstream arterioles, capillaries, and venules from
increases in BP.%: 150.221.282 Tq ynderstand this, recall that blood flow and media stress are largely
influenced by the lumen radius, according to the laws of Laplace and Poiseuille. Failure to remodel
has been shown to cause blood-brain barrier breakdown, cerebral edema, and cerebrovascular
pathology.'>® 282 This suggests that target organs are more vulnerable to pressure-induced damage
if remodeling of supplying vessels does not result in a smaller lumen and/or thicker wall in
response to increasing BP. Thus, we might expect a greater M/L ratio in SHHF rat and SHR
penetrating arterioles to also be protective. It is important to note however, that while remodeling
may be adaptive initially, long-term it is invariably detrimental because it increases vascular
resistance, which can lead to cerebral hypoperfusion and the development of ischemic lesions®®
132,150, 28 and increases the incidence of life-threatening cardiovascular events.*® 22 For this
reason, vascular remodeling in the brain has been identified as a potential risk factor for

cerebrovascular disease.%® 132

Penetrating arterioles from SHR and SHHF rats exhibit differences in compliance; it was reduced
in SHHF rats, but increased in SHR. Thus, the same structural modifications due to eutrophic
remodeling influences mechanical properties of penetrating arterioles differently in these
hypertensive strains. Decreased compliance would reduce buffering capacity by limiting arteriolar

wall distension with increasing intraluminal pressure. Thus, while penetrating arterioles may
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structurally adapt in the face of increasing BP to reduce the amount of wall stress, these same
modifications likely contribute to the pathogenesis and maintenance of hypertension in the brain
by reducing vascular compliance. Further, isobaric stiffness, which is related to geometry and
stiffness of structural elements, and wall component stiffness were increased. Therefore, reduced
compliance can be ascribed not only to increased M/L ratio, but to stiffer elements that make up
the vessel wall. Vascular thickening can result from VSMC hypertrophy and hyperplasia,® 3!
endothelial dysfunction,” and deposition of matrix elements.®” Quantification of collagenic and
elastic matrices in cross-sections of penetrating arterioles from SHHF rats revealed a greater
fraction of collagen to elastin. There was no evidence for enlargement of the matrix or growth of
VSMC, suggesting enhanced stiffness was likely due to matrix restructuring resulting from

collagen/elastin imbalance but not enlargement of the ECM or cellular hypertrophy.

Since the elastic lamina was scarce or highly disorganized, elastin degradation likely contributes
to matrix dysregulation. ECM remodeling is modulated by MMP and tissue inhibitors of
metalloproteinases (TIMP), and pathological changes can result in an imbalance leading to
abnormal expression of MMP and their inhibitors that contribute to increased elastin degradation
and collagen deposition.”* Various MMP are known elastases (MMP2, MMP7, MMP9, and
MMP12) and collagenases (MMP1 MMP2, MMP3, and MMP9), which digest elastin and
collagen, respectively.®® ™t Changes in haemodynamics, vascular inflammation, and ROS can
regulate the activities of MMP.24 25 |n hypertensive patients, serum MMP9 was elevated,
whereas TIMP1 was reduced,?® suggesting increased elastin degradation by MMP9 due to reduced
inhibition by TIMP1. Increased MMP9 expression correlated with increased systolic BP in
essential hypertension and increased MMP2 and MMP10 predominated in end-organ damage once
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hypertension was established.?®” However, increased TIMP1 has also been associated with
elevated MMP9 expression.?®® These changes were significantly correlated with arterial stiffness
in hypertensive patients,?® likely owing to TIMP1 inhibition of collagen degradation by MMPS.
Elevated serum MMP3 expression was also strongly associated with arterial stiffness.?® Increased
MMP9 and TIMP1 levels correlated with greater left ventricular mass and diastolic dysfunction in
hypertension.?® In SHHF rats, left ventricular collagen was increased at 13 months of age and
changes in MMP and TIMP were observed during compensatory hypertrophy and heart failure;
MMP2, MMP9, and MMP3 expression were increased, whereas TIMP4 was decreased.”®* A
collective glance at these studies emphasize the dynamic turnover of matrix components regulated
by MMP that contribute to abnormal collagen/elastin expression that underpin arterial stiffening.
In general, abnormal MMP and TIMP expression is expected to bias the ECM architecture towards
more fragmentation of elastin than collagen, leading to excessive collagen deposition. Because
collagen is a non-distensible material, the stiffening of penetrating arterioles from SHHF rats can
be attributed to the accumulation of collagenic material. This may be perpetuated by enhanced
collagen synthesis by various cells of the arteriolar wall. Ang Il stimulates VSMC collagen
production in SHR, which is mediated by AT: receptors via MAP/ERK signaling.>” Endothelium-
derived NO modulates collagen metabolism in VSMC?? and EC may also produce collagenic
products. Aged EC undergo morphological changes when stimulated with TNFa resulting in a
VSMC-like phenotype and increased collagen expression.?®® Collagen production has also been

demonstrated in fibroblasts in response to Ang ll-induced endothelin-1 expression.?% 29

SHR penetrating arterioles were less stiff and more compliant in spite of constant wall component
stiffness. This was represented by a rightward shift of the elastic modulus vs. pressure curve. This

88



CHAPTER 4

was confirmed by quantifying the collagenic and elastic matrices, which were similar in terms of
abundance and organization in WKY rats and SHR. Thus, geometric changes but not wall
component stiffness contributes to improved compliance. Because wall stiffness (collagen/elastin
ratio) was unchanged, this suggests that the elastic range of these vessels increased; elastin
continue to function at higher pressures rather than shifting the mechanical load to collagen. The
redistribution of mechanical load within the ECM may be attributed to matrix interactions with
adhesion proteins like transmembrane integrin receptors. Integrins regulate MMP expression by
promoting synthesis at the transcriptional level and converting inactive pro-MMP to active
proteases.?®® Mesenteric resistance arteries from SHR exhibited elevated expression of ovBs and
asP1 integrins and collagen.®® Integrins like asp: interact with ECM adhesion protein, fibronectin?®’
to form complexes that serve as anchorage sites to matrix and cytoskeletal elements. Fibronectin,
asf1, and the number of focal VSMC-elastic lamina adhesion complexes were increased in SHR
arteries.?®® 2°  Thus, a greater number of fibronectin-asp: sites might contribute to increased
VSMC-elastic lamina connections, thereby transferring the mechanical load to elastic
components.”® This might provide a mechanism to explain the absence of changes in
elastin/collagen content or mechanical behaviour in SHR arteries?®® or unchanged wall component
stiffness despite improved compliance in SHR penetrating arterioles reported here. Therefore, this
may represent a mechanical adaptation to increasing BP. In SHRSP, pial arterioles were also
observed to be less stiff and more compliant; however, this change in mechanics was attributed to

an increase in elastin content, 24 215,220, 221

Because integrins are connected directly to the ECM, changes in the anchoring of cells to matrix
materials would reorganize the vascular architecture.!® In turn, extracellular signals may be

89



CHAPTER 4

transduced to cytoskeletal elements to promote VSMC restructuring.’®® Despite increased M/L
ratio in SHR arterioles, there were no quantitative changes related to VSMC or the matrix. The
number of fibronectin-integrin complexes that might suggest topographical restructuring of VSMC

should be a future line of research.

Taken together, an upward shift in elasticity suggests penetrating arterioles undergo mechanical
adaptations during elevations in BP but not when there is greater risk for heart failure. Thus, SHHF

rats may be more prone to cerebrovascular damage than SHR.

4.2.3. Vascular function

Endothelium-dependent and independent vasomotor responses were investigated in penetrating
arterioles from SHHF rats and SHR to determine functional abnormalities. Glutamate/D-serine,
acetylcholine, and sodium nitroprusside elicited concentration-dependent relaxation of penetrating
arterioles from normotensive animals. In SHHF rats, endothelium-dependent relaxation to
glutamate/D-serine was completely abolished in penetrating arterioles and high concentrations
induced constriction. Glutamate-induced vascular relaxation in the brain is mediated by N-methyl-
D-aspartate receptors (NMDAR) which leads to the production of NO,*® which diffuses to
underlying VSMC. NO stimulates soluble guanylyl cyclase (SGC) and produces a rise in cyclic
GMP (cGMP) levels,*t 302 thereby causing dilation. NMDAR are present in cerebral arteries;
coactivation by glutamate/D-serine dilated MCA from mice in an endothelial and eNOS-dependent
manner.3®®  They are also present in VSMC.>** Previously, agonist-mediated endothelium-

dependent vasodilation was reduced in SHR arterioles and this was attributed to impaired NO
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synthesis or action.”® However, impaired NO synthesis by the endothelium is not the most
probable explanation for the abnormal vasomotor responses in SHR and SHHF rats in this study,
since the NO donor, sodium nitroprusside, failed to relax vessels causing constriction instead.
Rather this suggests a decreased responsiveness of VSMC to NO. This may be due to reduced
sGC expression or activity. Changes in the redox state of sGC can render it insensitive to NO. 3%
Indeed, oxidative stress in mesenteric arteries from SHR was associated with reduced sGC
expression and activity, and impaired cGMP-dependent relaxation.®® In young SHR aorta,
expression of a1 and B1 subunits of sSGC, cGMP and its receptor were reduced by 6 weeks of age,
307 suggesting the sGC/cGMP pathway becomes impaired early during disease progression and
may contribute to the pathogenesis of hypertension. Thus, in SHHF rats, attenuated glutamate-
induced relaxation of penetrating arterioles is likely due to VSMC dysfunction, whereas in SHR

adaptive responses maintain normal relaxation to glutamate, at least in the brain.

Metabotropic glutamate receptors (mGIuR) have been identified in parenchymal vessels and are
present in both EC and VSMC.3® mGIuR activation dilates cerebral vessels in vivo and relies on
products of the arachidonic acid cascade, including epoxyeicosatrienoic acids (EET) and COX-2
metabolites.3® A similar mechanism via mGIuR activation may exist for glutamate-induced
relaxation in penetrating arterioles observed in SHR. However, it was shown previously that
isolated MCA did not change their diameter to mGIuR agonist (S)-3,5-dihydroxyphenylglycine,
yet relaxed to direct application of EET.2® Stimulation of another glutamate receptor, alpha-
amino-3-hydroxy-5-methylisoxazole-4-propionate receptors (AMPAR) also induces dilation of
cerebral arterioles in vivo.3!® Although, AMPAR was shown to be present in primary cultures of
cerebral microvascular EC,*'* AMPAR-mediated relaxation of cerebral arterioles does not require
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eNOS, COX-2, and cytochrome P-450 epoxygenase but depends on adenosine receptor
activation.?'° Thus there are possible pathways that may mediate glutamate-induced vasodilation

in SHR but more studies are required to confirm this.

In SHHF rat arterioles, constriction to high concentrations of glutamate and sodium nitroprusside
suggests reduced VSMC responsiveness to NO coincides with the release of endothelium-derived
constricting factors, such as endothelin-1, Ang 1l, COX products, and hydroxyeicosatetraenoic
acids.®'? We propose that the mechanism by which SNP induces constriction is via the activation
of Gg-protein coupled receptors (GPCR) on VSMC by endothelium-derived constricting factors.
This would lead to the transduction of the phospholipase C pathway forming inositol triphosphate
(IP3) and diacylglycerol (DAG). IPs activates sarcoplasmic reticulum IPs.activated Ca?* channels
to stimulate the release of Ca?" to initiate VSMC contraction. IP3 receptor-mediated Ca?* influx
may contribute to agonist-induced contraction of VSMC and myogenic behaviour.3!®
Alternatively, DAG activates protein kinase C (PKC) which may also play a role in VSMC
contraction.3** In addition, extracellular Ca?* influx via voltage-dependent L-type Ca?* channels
may contribute to an increase in intracellular Ca%*.3®® Normal or potentiated endothelium-
dependent relaxation to acetylcholine in SHHF rat and SHR arterioles, respectively, also suggests
vascular adaptations that involve endothelium-derived relaxing or hyperpolarizing factors, that are
products of the arachidonic acid cascade®'? and may involve gap junction communication between
EC and VSMC.%'® However, it should be noted that acetylcholine has been shown to act directly
on venous SMC; therefore, acetylcholine might also induce dilation via an endothelium-

independent manner.3Y
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It must be noted that response to acetylcholine varied with concentration in healthy vessels, with
vasoconstriction occurring at low concentrations and vasodilation occurring with high dose
acetylcholine. The constriction response is not without precedent having been reported previously
in the literature. Notably, topically applied acetylcholine (1077 and 10° M) to pial arterioles in
newborn piglets elicited vasoconstriction. This response was blocked by indomethacin but L-
nitroarginine (an NO synthase inhibitor) had no effect on constriction in the presence or absence
of indomethacin. However, the effects of acetylcholine can vary depending on age, species,
vascular bed and concentration used.®8319 319 |n juvenile pigs, acetylcholine relaxed pial arterioles
which was inhibited by L-nitroarginine with or without indomethacin and was associated with
increased cyclic GMP.%° In coronary arteries of baboons, acetylcholine elicits a biphasic response
at high doses (constriction followed by dilation), while it induces only relaxation at low
concentrations.®!® In iliac arteries of baboon and coronary arteries of dogs, acetylcholine resulted
in only vasodilation at all doses, whereas a biphasic response was observed in coronary arteries
from calves at high doses.3®  Vasoconstriction may result from the direct activation of VSMC
muscarinic receptors and is likely mediated by prostanoids. In newborn pig, acetylcholine-induced
arteriolar constriction was associated with increased prostanoid levels and was blocked by
muscarinic (M1) antagonists.®?° In baboon coronary arteries, vasoconstriction and vasodilation

responses were blocked by atropine, a nonselective muscarinic receptor antagonist.>!8

The results of this study have not been consistent with findings in other vascular beds and are
therefore novel. Whereas acetylcholine-induced relaxation was maintained (SHHF rats) or
enhanced (SHR) in penetrating arterioles, these responses were impaired in mesenteric arteries
from SHR3?! 322 and SHRSP.32 324 In mesenteric arteries from SHRSP, the release of NO and
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endothelium-derived hyperpolarizing factor were reduced.3?® However, it has also been suggested
that impaired endothelium-dependent relaxation to acetylcholine in mesenteric resistance arteries
from SHRSP does not involve a reduced endothelium-derived relaxing factor or responsiveness to

it, but rather some substance that interferes with the release and/or action of that factor.?*

Because SHR exhibit learning and memory impairments,32 32 our findings identify the potential
vascular contributions to cognitive decline and dementia related to hypertension and heart failure.
Cognitive impairment occurs with aging in various rat strains (eg. SD, WKY, Long-Evans, Fisher-
344, and Emd:Wi-AF/Han) and can be detected as early as 14 weeks depending on the behavioural
test employed®?’ but this is aggravated by hypertension. At 12 months of age, these animals take
longer and make more errors in radial maze tests than normotensive SD rats.3?® SHR, SD, and
WKY rats all exhibit age-related decreases in spatial learning and memory but SHR were more
impaired than the other strains at the same age (12 months), while SD performed the best.3?°
Spatial learning and memory deficits in aged rats corresponded with abnormal hippocampal
activity®*° and decreased mGIuR5 expression in the dendrites of the CA1 region.®! Age-related
cognitive decline was also associated with decreases in brain volume®®? and neuronal atrophy.3%

Similar brain-related changes are also observed in SHR; by 4-7 months of age these animals begin

exhibiting brain atrophy,* including neuronal loss in the hippocampus, and astrocytic reaction.>*®

43  Summary

The key findings of this study are summarized in Appendix C: Table 6. We demonstrate that

predisposition for heart failure superimposed upon hypertension induces regional differences in
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remodeling within the cerebrovascular bed; combined hypertrophic and eutrophic remodeling of
MCA vs. purely eutrophic remodeling of penetrating arterioles. MCA from SHRSP undergo
eutrophic remodeling®?? before pial arteries,?®? suggesting the effects of hypertension present first
in large cerebral arteries and that remodeling of these vessels may protect distal vessels. However,
the present study showed that despite lowered wall stress in MCA, remodeling was insufficient to
protect downstream vessels in SHHF rats, which underwent eutrophic remodeling. Remodeling
of MCA was attenuated with stilbenoids due to their anti-growth properties, despite no effect on
BP. Eutrophic remodeling was similarly observed in penetrating arterioles of SHR, which suggests

the added risk for heart failure does not influence the remodeling phenotype.

There were no regional differences in compliance in SHHF rats; however, the determinants of
compliance differed. Reduced compliance was controlled by geometric changes and increased
collagen deposition in penetrating arterioles, whereas compliance of MCA was determined by only
increased wall component stiffness. The latter was improved by stilbenoids in SHHF rat cerebral
arteries but was insufficient to normalize compliance. The mechanics of penetrating arterioles
were different in SHR; the elastic range was increased such that vessels were less stiff and more
compliant. We suggest that predisposition for developing heart failure induces changes in
mechanical behavior that might predict a greater risk for cerebral hypoperfusion, which may
contribute to the development of cognitive decline and dementia. Mechanical changes of SHR

penetrating arterioles are probably an adaptive response to normalize CBF.

In the present study, endothelium-mediated relaxant responses were attenuated in SHHF rat
penetrating arterioles to glutamate, but not to acetylcholine. In contrast, SHR penetrating arterioles
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maintained normal glutamate-induced relaxations but exhibited a potentiated relaxant response to
acetylcholine. Relaxations to NO donor sodium nitroprusside in both strains resulted in
constriction, suggesting reduced vasodilatory responsiveness of VSMC to NO, which may
coincide with the release of constricting factors. Functional adaptations were evident in SHR
(glutamate/D-serine) and SHHF rats (acetylcholine), which may involve activation of alternate
receptors or release of endothelium-derived relaxing factors or an NO/endothelium-independent
mechanism. However, in the case of SHR, adaptations lead to enhanced relaxation responses.

The dissimilar vascular properties in SHHF rats and SHR reported here may be due to strain-
specific differences in humoral activity, inflammation, and oxidative status, despite a similar
genetic background. This may be extrapolated, in part, from studies investigating sex differences
in BP and response to pharmacotherapy. For instance, mean arterial pressure was shown to be
higher in male SHR compared to females.33 Ang Il type 1 receptor antagonists such as losartan
and irbesartan can be effective treatments in SHR*¥" 3% and SHHF rats.*® However, endothelial
dysfunction improved better with losartan in female SHR than males,** while female SHHF rats
were resistant to the antihypertensive effects of irbesartan observed in males, even with successful
receptor antagonism.®*® Sex-specific response to pharmacotherapy in SHR were related to
increased ang Il AT receptors but not eNOS,3® whereas differences in humoral activity (ie.
plasma renin activity and urinary endothelin excretion) may explain differences in SHHF rats.34°
Levels of EET were greater in female vs. male SHR but blocking epoxide hydroxylase had no
effect on mean arterial pressures, suggesting EET does not play a role in sex differences related to
BP in SHR.3¥ Studies directly comparing SHHF rats and SHR also provide clues that may explain
differences. For example, these strains have been shown to respond differently to doxorubicin
(DOX) treatment, where SHHF rats surprisingly exhibited less cardiotoxic effects to DOX than
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SHR.3*' This was attributed to differences in arachidonic acid metabolism; DOX increased EET
in both strains but only leukotriene D4 was elevated in SHR.*** SHHF rats also exhibited more
pulmonary oxidative stress (reduced ascorbate and heme oxygenase-1), inflammation (increased
macrophage activation, neutrophils, and TNFa), and impaired iron homeostasis (increased ferritin
and reduced iron-binding capacity) than SHR.3*? Left ventricular mass was increased over time in
both strains, but changes in BP correlated with alterations in ventricular Ca?*-dependent NOS
activity, eNOS expression, and plasma NO levels only in SHHF rats.3*® Compared to male SHR,
SHHEF rats exhibited elevated levels of aldosterone, atrial natriuretic peptide, and greater plasma
renin activity; the latter was also increased in female SHHF rats but was temporally delayed
compared to males.®** Thus, vascular processes sensitive to oxidative, inflammatory, and humoral
influences may provide a mechanism explaining strain-specific differences related to mechanical

behaviour and function in cerebral vessels from SHHF rats vs. SHR.

Improved mechanical behavior and functional adaptations in SHR arterioles suggest outcomes
related to hypertension, such as the risk of cerebral hypoperfusion, might be reduced in SHR. An
increased M/L ratio without a corresponding increase in media CSA implies a smaller vessel
diameter in both SHHF rats and SHR, which in turn suggests a decrease in resting cerebral
perfusion. However, greater compliance and reduced stiffness exhibited by vessels in SHR would
increase the capacity to accommodate changes in blood flow despite a smaller diameter. Whereas,
reduced compliance and increased stiffness in SHHF rats would further promote a reduction in
CBF. Further, relaxation response when challenged with acetylcholine was increased in SHR.
Taken together, this suggests maximal flow capacity might be maintained in SHR through
mechanisms involving acetylcholine. Although relaxation to acetylcholine was normal in SHHF
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rats, dynamic responses to another dilatory stimulus, glutamate/D-serine, was entirely abnormal.
Therefore, likely both resting CBF and the maximal flow capacity are reduced in SHHF rats, which
may accelerate the development of cognitive decline in these animals. However, SHR can develop
cognitive impairment and cerebral damage relatively early in their lifetime. Therefore, it is unclear
how improved vascular mechanics and enhanced function benefit SHR, but it may represent a
delay in the onset of hypertension-induced cognitive decline compared to SHHF rats. While
cognitive function and microanatomical changes in the brain of SHR have been well characterized

there is still a need to further elucidate potential differences in SHHF rats.
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5 Conclusion

The findings of the present study provide new insight into the vascular abnormalities of superficial
cerebral arteries and penetrating arterioles in SHHF rats and SHR.  There were regional
differences in geometric remodeling and determinants of compliance in the cerebrovasculature of
SHHF rats. Stilbenoids attenuated vascular abnormalities, but there was no difference in the
effectiveness of treatment between resveratrol, pterostilbene, and gnetol. Despite similar
remodeling in SHHF rat and SHR arterioles, vascular adaptations improved stiffness/compliance
and enhanced function in hypertension, but not when there was a propensity for heart failure. Thus,
resting CBF and maximal flow capacity might be maintained in SHR but reduced in SHHF rats,
which may accelerate the development of cognitive impairment in these animals. This implicates
differential vascular abnormalities that might influence the development and progression of

cognitive decline in hypertension alone vs. with the risk for heart failure.
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6 Future directions

6.1  Conducted vasomotor responses

Vasomotor responses initiated from local sites can spread over multiple vascular branches,
coordinating local vascular resistance with vascular responses across the arterial network to
effectively regulate changes in CBF.3* Due to the paucity of information related to the conduction
of vasomotor responses in penetrating arterioles, we attempted preliminary studies related to

conducted vascular function.

6.1.1 Methodology development

To study conducted vasomotor responses, conventional pressure myography was combined with
microejection methods. This is distinct from bath application of an agonist in that the agonist is
applied locally (Appendix D: Figure 23). Thus, local responses initiated at the site of
administration and responses that travel to a secondary site along the length of the vessel can be
measured. Penetrating arterioles from SD and SHHF rat were isolated and cannulated as described
in section 2 of this thesis. Glass microcannulae (<3 um diameter tip) were backfilled with agonist,
mounted to a micromanipulator, and connected to a picospritzer (10-15 psi). Different pulse
durations (length of time agonist is administered; 450 msec, 1s, 5s, and 10s), pressures (30, 45,
and 60 mm Hg), and concentrations of acetylcholine (1M, 0.5M, 0.25M, 0.1 pM, 1uM, and 10
MM) were attempted. During initial stages of method development, water was tested as a vehicle
control in MCA and a cannula position of ~50 um from the vessel wall was chosen by utilizing a

blue dye to determine the distance with minimal agonist spread. Testing vasomotor responses
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involved the following steps: 1) measurement of local response to agonist at zone 2 and 2)
measurement of conducted response at zone 1 (~500 um downstream of zone 2) while applying

agonist at zone 2 (Appendix D: Figure 23).

6.1.2 Preliminary findings

Acetylcholine produced the best response at 1M concentration when administered at 5s duration
at 60 mm Hg. The majority of healthy vessels tested exhibited a biphasic response to acetylcholine
(ie. constriction proceeded by relaxation; Appendix E: Figure 24A) similar to global responses to
increasing concentrations of acetylcholine (Figure 21C and E). However, the degree of
constriction seems to be greater than dilation (Appendix E: Figure 24B and C, respectively).
Penetrating arterioles from SHHF rats also exhibited a biphasic response to acetylcholine. In one
vessel tested, the predominant conducted response was relaxation. When different parameters
including (Appendix E: Figure 24B) percent constriction, (2C) percent dilation, (2D) rate of
response, and (2E) rate of recovery were compared there was a trend in decreasing rates of
response and recovery, as well as, a tendency towards enhanced constriction and reduced
relaxation to acetylcholine. We suggest further studies to increase the value of n to improve
statistical power and to test these responses in SHR. In addition, since the present study revealed
global response to glutamate/D-serine was reduced in SHHF rat arterioles, conducted responses to

glutamate should also be investigated in penetrating vessels from SHHF rats and in SHR.
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6.2  Effects of mechanical strain on cultured VSMC from penetrating arterioles

Blood vessels express most predominantly connexin (Cx) 37, Cx40, Cx43, and Cx45.3% which
make up gap junctions considered to be important for conducted vasomotor responses. Studies
suggest that mice with Cx40-deficiency or with mutant Cx40 exhibit elevated arterial pressures
and the amplitude and duration of conducted vasodilation (but not conducted vasoconstriction) are
attenuated in arterioles.®*" 3 In SHR, Cx37 expression, is significantly reduced in the
endothelium of mesenteric arteries.®*® Since preliminary conducted functional studies represent
potential abnormalities related to conducted vasomotor responses, the effects of mechanical strain

were tested.

6.2.1 Methodology development

For these initial studies we employed a FlexCell® tension system (FlexCell International,
Burlington, NC, USA), which is a computer-controlled bioreactor that uses vacuum pressure to
apply cyclical strain to cells cultured on flexible bottom plates. Upon application of the vacuum
the flexible bottom deforms, and the overlying cells are stretched. This was used to simulate the
mechanical forces exerted under physiological and hypertensive states. First, VSMC were isolated
from SD and SHHF rat arterioles (<70 um) by modifying protocols described previously in
mouse.*% %1 VVSMC were cultured on elastin-coated flexible bottom plates and were verified by
immunocytochemistry using a-SMC actin (Sigma Aldrich, St. Louis, MO, USA) as a cellular
marker for VSMC and RECA-1 (Abcam, Cambridge, UK) for EC. Cyclical mechanical strain was
applied to VSMC to achieve ~20% maximal distension on the culture surface,*? to replicate the

mechanical forces due to hypertension. For physiological stretch, ~5% distension was applied.3®
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33 Both protocols were performed over the course of 12 hours at a cyclical frequency of 0.25 hz.
Afterward, VSMC protein lysates were prepared in RIPA buffer and Cx37 (Abcam, Cambridge,
UK), Cx40 (Millipore, Burlington, MA, USA), and Cx43 (Millipore, Burlington, MA, USA)
expression were detected by conventional western blotting, where B-actin was used as a loading

control.

6.2.2 Preliminary findings

Cultured VSMC isolated from rat arterioles were confirmed by immunofluorescence of a-SMC
(representative image shown in Appendix D: Figure 24A) and absence of RECA-1 staining.
Preliminary quantification of Cx37 and Cx40 were inconclusive (not shown). Cx43 was
upregulated in SD rat VSMC subjected to hypertensive stretch (Appendix F: Figure 25B). Levels
of Cx43 were lower in VSMC isolated from SHHF rats during physiological stretch and were
likewise increased during hypertensive stretch; however, Cx43 levels remained lower than in SD
rats. We recommend pursuing a more comprehensive analysis of Cx expression in association
with conducted functional studies in SHHF rat and SHR arterioles, especially with regards to
Cx43. Although, our preliminary findings were inconclusive for other Cx mentioned herein, it

would be premature to exclude them from future investigations.

6.3  Vascular properties of penetrating arterioles in brain slices

The penetrating arterioles used in the present study are divorced from their microenvironment and

lack the sympathetic and parasympathetic innervations, as well as, cellular interactions in situ.
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Therefore, we attempted integrating conventional pressure myography with 2-photon imaging to

develop a modified ex vivo technique3** to study penetrating arterioles in brain slices.

6.3.1 Methodology development

Cortical brain slices (~250 um thick) were prepared from intact brain by vibratome in cold,
oxygenated artificial cerebrospinal fluid (aCSF; pH 7.4). Pressure myography of penetrating
arterioles were attempted in slices using glass microcannulae (<3 um diameter tip) mounted to a
micromanipulator and connected to a pressure transducer. Vessels were continuously bath

perfused with aCSF at 37°C.

6.3.2 Experimental observations

The cannulation of vessels in brain slices has been successfully implemented by the Filosa
group.®* However, several obstacles arose while attempting to adapt the technique. Manual
cannulation of brain slices is technically challenging, and successful cannulations were rare.
Difficulty cannulating can be ascribed in part to intact meninges, which acted as a physical barrier
to a vessel “opening.” To work around this, two different methods were employed. First, the
cannula was used to “pierce” through the meninges; however, due to the “stickiness” and flexibility
of the brain slices attempts were usually unsuccessful. Second, the meninges were removed, either
by stripping the brain of this layer prior to slicing or by cutting the outer edge of the brain slice.
This often resulted in the loss of vessels. When a vessel was successfully cannulated (Appendix
G: Figure 26) other obstacles were noted. First, it was difficult to confirm the cannula was indeed

in the vessel and not below or above the plane of the arteriole. Second, not all cannulations resulted
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in successful pressurization of the vessel. Indeed, even when pressurization was reached
incrementally increasing intraluminal pressure failed to change the vessel diameter; sometimes
this was unexplainable and other times it was due to a blocked cannula. Due to the very small

diameter of the cannula tip, blocked cannulas were very common.

Despite these challenges, the use of this innovative technique would be most ideal for studying

penetrating arterioles under conditions that mimic the brain environment and could offer valuable

insight not possible with isolated vessels.
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Table 5. Formulae to calculate seven parameters of vessel mechanics??*

Vessel Mechanics Formula Legend
Parameter
P — intraluminal pressure

. (converted to mmHg, where
Media stress (3) 0=— 1mmHg = 1.334x10° dyn/cm2)

2WT .

D — lumen diameter
WT — media thickness
) ) _ (D-Do) D — observed lumen diameter

Media strain (¢) & Do Do — baseline diameter at 3 mmHg

Elastic modulus (o)

(y = ae™): § = e

Exponential curve of the stress-
strain data

Jo — stress at baseline diameter
S — a constant related to the rate of
increase in the stress-strain curve

Media CSA

2_p2
CSA = P20

De — external diameter
Di — lumen diameter

Remodeling index®®

Remodeling index =
(Di)n_ (Di)remodel
100x (Didn— Dn

(Di)remodel =
c54,\05
(@ = 4% 522)

(Di)n — mean lumen diameter of
normotensive rats

(Di)h — mean lumen diameter of
hypertensive rats

(D,);, — mean external diameter of
hypertensive rats
CSA,,— CSA of normotensive
vessels

Growth index®

Growth index =
CSAp

_ (CSAp— CSAp)

CSA;,— mean media CSA of
hypertensive vessels
CSA,,— mean media CSA of
normotensive vessels
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Figure 22. Representative pressure myography traces. Incremental increase in diameter of
penetrating arteriole from SD (A) and SHHF (B) with step-wise increase in pressure. Pressures

indicated in green.
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Penetrating arterioles

Eutrophic Eutrophic

-

I stilbenoid treatment

Table 6. Summary of vascular changes observed in MCA and penetrating arterioles during

hypertension alone and with risk for heart failure.
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Figure 23. Global vs. local application of agonist to cannulated penetrating arterioles. Area
in pink shows global application of an agonist via bath perfusion. In contrast, local application to
study conducted functional responses are focally applied (blue area). Arteriole segments are first
tested for functional viability by focal application of agonist at zones 1 and 2. Afterwards, agonist

is applied at zone 2, but diameter is measured at zone 1 to quantify conducted responses.
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Figure 24. Conducted vasomotor responses to acetylcholine in penetrating arterioles from

SHHF rats. (A) Mean diameter changes over time 400-500 um downstream from site of local

application of 1M acetylcholine. Vertical dotted line represents time at which acetylcholine was
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administered. Percent constriction (B), percent dilation (C), rate of response (D), and rate of

recovery (E) (to acetylcholine is similar in SD and SHHF. n = 4-6. Error bars represent SEM.

Appendix F
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Figure 25. Effects of mechanical strain on brain VSMC isolated from SD and SHHF rats.
(A) Cultured VSMC isolated from brain vessels. Red: a actin. Blue: Hoescht nucleic acid stain.
(B) Cx43 was upregulated in SD rat VSMC subjected to ~20% strain (hypertensive state) vs. ~5%
strain (physiological stretch). Cx43 expression was lower in SHHF rat during physiological stretch
compared to SD rat. Levels of Cx43 increased during hypertensive stretch but remained lower

than SD rat. n = 2-3. Error bars represent SEM.

111



APPENDIX

Appendix G

penetrating arterioles /

red blood cells

Figure 26. Observation of penetrating arterioles in brain slices under 2-Photon microscopy.
(A) A brain slice showing penetrating vessels coming off a pial vessel. (B) Penetrating arteriole
with visible lumen and wall. (C) Lumen of cannulated arteriole can be measured, (D) which is

facilitated by isolectin B4 (1B4) labelling of the endothelium.
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