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Abstract

A THEORY FOR HOW AQUAPORIN-1 AND TRANSMURAL PRESSURE
INFLUENCE THE MECHANICS OF AND THE TRANSPORT THROUGH THE
ARTERY WALL
By
Shripad D. Joshi

Advisor: Professor David Rumschitzki

Macromolecular transport across the vessel wall, the earliest pre-lesion event in atheroscle-
rosis, is known to occur due to advection by transmural pressure-driven plasma (water and small
solutes) transport. The wall’s hydraulic conductivity, (Lp), the ratio of water flux to the transmu-
ral pressure difference, characterize this flow. In the first part of Chapter 2, we improve on Huang
et al.’s (36) intimal compression theory by implementing the exact fenestral boundary conditions
in a finite difference method, rather than the approximate ones used previously due to computa-
tional restrictions, and use it to explain the experimentally observed variations (100, 2, 78, 62) in
hydraulic conductivities of intact rabbit and rat artery wall with transmural pressure. Our model
results explain the hydraulic conductivity data very well. It confirms that, as the transmural pres-
sure increases, the degree of intimal compression increases and the resulting fenestral blockage
significantly lowers Lp of the intact artery wall.

The discovery of the presence of Aquaporin-1 (AQP1) in rat aortic endothelial cells sug-
gests a new possibility: that transmural water transport occurs through (transcellularly) as well as
around (paracellularly) the endothelial cell. The second part of Chapter 2 proposes a new theory to
explain the pressure-dependent effect, observed experimentally by Nguyen et al. (62), of AQP1-
blocking on the Lp of rat aorta. Our hypothesis is that chemical blocking of AQP1s leads to a
decrease in the average pressure in the intima, resulting in a higher force/area on the endothelium.
This force compresses the intima and induces fenestra blockage at much lower overall transmural

pressures. To assess this new theory, we extend Huang et al.’s (36) filtration model to include
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transcellular water flow through AQP1s. The results agree well with Nguyen et al.’s (62) experi-
mental data and suggest that the L p of the intact artery wall indeed decreases with AQP1 blocking
(i.e., by decreasing transcellular water transport). This agreement corroborates the significance of
AQPIs in the overall water transport across the vessel wall. The model predicts that AQPs con-
tribute at least 30% to the phenomenological endothelial Lp at low transmural pressures and to
the intrinsic endothelial L p. Further, we found that the force acting on the endothelium with func-
tioning AQP1s at 60 mmHg, which gives a partially decompressed intima, is same as that acting
on endothelium at 43 mmHg with blocked AQPs. Predictions are also presented to show how the
increase in endothelial expression of AQP1s can increase the overall hydraulic conductivity of the
vessel wall and shift the dynamic range over which the Lp drops significantly with pressure to
higher transmural pressures. These findings suggest that AQP1 up-regulation, leading to higher
wall Lp, can increase low density lipoprotein’s (LDL) drainage from the sub-endothelial intima
(SI) and thus might be beneficial in inhibiting pre-atherosclerotic LDL binding to SI matrix.
However, given the isotonic lumen, this selective AQP1-mediated pure water inflow into
the arterial subendothelial intima (SI) should set up an oncotic pressure difference (Ar) that op-
poses the A P- driven transmural water flow. How then could trans-AQP1 flow persist for many
hours, as indicated by experiments that chemically block AQP1? To resolve this paradox, we have
extended our filtration theory to include the mass transfer of oncotically active small solutes like
albumin in Chapter 3. This addition nonlinearly couples the mass transfer, the fluid flow and the
wall mechanics. We employ finite difference methods to simultaneously solve the steady filtration
and mass-transfer problem as a long-time solution of a fictitious unsteady problem. The model
reveals the surprising finding that, due to media filtration, the steady albumin concentration in the
SI is in fact higher than in the glycocalyx (GX). This results in higher oncotic pressure in the SI
that sucks water from the lumen into, rather than pushing it out of the SI. We find that endothe-
lial AQP1 up-regulation increases the overall driving force across the EC and the total Lp of the
vessel wall than that predicted by our filtration based model. Surprisingly, the model predicts that

GX degrading enzymes cause a significant decrease in the overall driving force across the EC that



ultimately reduces the water flux across the vessel wall.

As noted earlier, the transmural flow plays an important role in determining LDL’s con-
centration inside the vessel wall. We hypothesize that an increase in transmural water flux can
lower the concentration of such macromolecules in the SI and flush them out of the wall by virtue
of increased advection. Chapter 4 investigates the effects of endothelial aquaporin-1 (AQP1) up-
regulation, and the resulting increase in transcellular and thus overall transmural water flux, on
the tracer concentration inside the arterial wall at various transmural pressures. We combine the
predictions from our earlier local filtration model with Zeng et al.’s (131) 2-D macromolecular
transport model and include the changes in macromolecular transport properties like the retarda-
tion coefficient (f), the available volume fraction (y) and the diffusion coefficient (D) with pressure
induced intimal deformation. Our findings suggest a pressure-dependent decrease in intimal tracer
concentration with increasing endothelial AQP1 expression, with the greatest effect observed at
higher transmural pressures. These predictions are amenable to experimental verification and sug-

gest AQP1 up-regulation as a potential route for mitigating pre-atherosclerotic lesion formation.
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scale, 1-D convection-diffusion model of the leaky cleft by Tzeghai et al. (107)
used for Eq. 4.13 which enters as a boundary condition at the EC (b). Idealized
mathematical diagram with dimensional variables (c). Note that the IEL shown
in Fig. 4.1(c) has a finite thickness (L7}). For the current level of modeling, we
assume the IEL as a boundary separating the SI and media, with an infinitesimal
thickness. However we use constitutive equations (quasi-steady, 1-D, advection-
diffusion model as in Ref. (107)) to estimate the solute flux across the IEL with
a finite thickness. EC, endothelial cell; SI, subendothelila intima; IEL, internal
elastic lamina; SMC, smooth muscle cell; EL, elastic lamellae. See Glossary for
definitions of parameters. . . . . . . . . . ... ..o 145

4.2 Non-dimensional pressure in the SI at z = 0 (Ps; - upper blue curves) and at the
interface of IEL and media ( Py, - lower red curves) as a function of radial distance
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junction is at 7*/R; = 1. Pressure is normalized by the transmural pressure drop
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Non-dimensional concentration distribution of HRP at 4-min circulation in the SI
at z = 0 (Csy, upper blue curves) and at the IEL-media interface (C7,,, lower
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Chapter 1. Introduction

1.1 Atherosclerosis

Atherosclerosis, a disease of large and medium-size arteries (viz., aorta, coronary, carotid and other
proximal arteries), is a chief cause of death in the United States and in most of the Western world
(69). Severe atherosclerosis interferes with blood flow and leads to potentially harmful disease
conditions such as myocardial infarction (heart attack) or cerebral ischemia (stroke). There exists
an important relationship between the characteristics of blood flow in the arteries and the disease
processes, not only in late/severe stages but also in the early stages of the disease. The initiation
of atherosclerosis, also known as atherogenesis, starts at an early age; the time scale of disease
development spans decades (59).

The earliest stages of atherosclerosis are thought to be the transport and accumulation of
macromolecules like low density lipoprotein (LDL) cholesterol from the blood across the endothe-
lium into the arterial sub-endothelial intima (SI) (71, 72). LDL is termed the “bad” cholesterol
because it is found in high concentrations in atherosclerotic lesions. An LDL particle contains
about 2000 cholesterol and cholesterol ester molecules and is approximately 22 nm in diameter.
A phospolipid coat that surrounds these cholesterol molecules make them water/blood plasma
soluble and thus make LDLs as the major carriers of cholesterol in the blood. The presence of
apoprotein-B on the surface of an LDL, shown in Fig. 1.1, makes it’s recognition possible by spe-
cific cell surface receptors. Cholesterol in moderate concentrations is needed by cells to produce
cell membranes (81).

Once inside the SI layer, these macromolecules react with the extracellular matrix (ECM)
that is mainly comprised of randomly-oriented proteoglycan (PG) and collagen (CG) fibers. It has
been suggested that (74, 128) these binding interactions result in the formation of lipid packets,

called liposomes (extracellular), that contain lipid from one or many LDL particles. The oxidation
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Figure 1.1: Low-density lipoprotein (LDL) molecule (~ 22 nm in diameter). Taken from

http://www.cholesterol-and-health.org.uk/hdl-1d1.html

of LDL, perhaps by the endothelium (86, 88) or by the presence of reactive oxygen species inside
the SI layer, initiates a cascade of inflammatory responses, including the adherence of blood borne
monocytes to the luminal surface of the endothelial cell (EC). Monocytes transmigrate, possibly
through endothelial junctions, into the SI region with high lipid concentration and become acti-
vated macrophages (10). The macrophage is a phagocytic scavenger and functions as an important
part of the immune response system. It is thought to secrete chemoattractant factors and partici-
pate in the generation of reactive oxygen species (59). The interactions between LDL and ECM
may increase the likelihood that the LDLs are chemically modified by oxidants within the arterial
wall. The macrophages engulf oxidized LDL, not the native form of LDL, by the scavenger recep-
tor pathway and result in the formation of lipid-laden macrophage foam cells (87). Though this
could be a normal, phagocytic role of a macrophage, it appears that at some point in the disease
process the macrophage/foam cells become overwhelmed and there is a breakdown that results in

an increased amount of extracellular lipid and subsequently, in the development of fatty streaks or
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Figure 1.2: Comparison of blood flow in a normal and diseased artery. The atherosclerotic lesion
that initially forms inside the artery wall infiltrates into the lumen and obstructs the blood flow as

shown. Taken from http://www.nucleusinc.com

lesions inside the artery wall (86, 81). It is thus important to note that the deposition and oxidation
of LDL particles in the SI trigger a complex cascade of biological interactions that eventually lead
to the thickening and hardening of the vessel wall, including the formation of fatty lesions that
slowly protrudes into the lumen and severely affects the blood flow to distant tissues. Furthermore,
if unstable, part of the lesion can break off and completely block a small artery downstream, caus-
ing ischemic heart attack or stroke. The schematic depicting the obstruction of an artery due to
atherosclerotic plaque formation and its contrast to a normal artery is shown in Fig. 1.2.

Many factors are known to influence atherogenesis, including food, a high cholesterol
diet, high blood pressure, diabetes, cigarette smoking etc. It has been shown that different risk
factors somehow lead to endothelial dysfunction (97) and thus increase its permeability to “bad”
LDL cholesterol. Elevated LDL and/or reduced high-density lipoprotein (HDL) levels are the
greatest risk factor for atherosclerosis. Although a number of risk factors, as mentioned above,

have been identified, the exact mechanism by which they lead to atherosclerotic lesion formation



remains less clear. Non-pharmaceutical means such as eating a healthy (low cholesterol) diet,
practicing regular exercise and not smoking are typically the first line of treatment used to slow-
down or stop the progression of atherosclerosis. Pharmaceutical medications like statins that lower
the blood concentration of LDL cholesterol and help slow, stop or even reverse the buildup of fatty
streaks are commonly prescribed to patients with severe atherosclerosis.

The vascular fluid mechanics or hemodynamics is known to play an important role in the
pathobiology of atherosclerosis. The nature of the blood flow in normal arteries, i.e., without any
modifications due to disease, is by and large laminar except in the aorta, where high flow rates
associated with exercise in adults can lead to turbulent conditions (59). It is known that atheroscle-
rosis tends to be localized in regions of curvature and branching in arteries. The flow patterns in
these regions are complex and the fluid shear stress differs from its normal spatial and temporal
distribution patterns in straight vessel (60). The association of atherosclerosis with regions of al-
tered fluid mechanics has motivated many investigations to explore the role of blood flow in the
localization of this disease (5, 25). It has been suggested that the sites of atherogenesis are the sites
of reduced wall shear stress (97). It is important to note that though the vascular fluid mechanics
governs the transport of macromolecules from the bulk fluid phase (blood) to the endothelial sur-
face, the accumulation of macromolecules takes place inside the arterial wall. Thus it also depends
on the hindrance to passage of materials out of the vessel wall that is offered by underlying layers
of the vessel wall (74, 97). This and the fact that initial lipid accumulation occurs in the SI suggest
that the SI and media could be important structures contributing to local macromolecular uptake
patterns and necessitates the consideration of arterial wall mechanics, along with the vascular fluid

mechanics, to better understand the process of lipid accumulation inside the vessel wall.

1.2 Structure of artery wall

The artery wall is a layered structure, composed of five distinct layers. Each of these has its
own unique function and characteristic transport properties. The innermost layer that is in direct

contact with the blood is a monolayer of ECs that are normally joined together by tight junctions.
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Figure 1.3: Structure of a normal large artery showing morphologically distinct layers, taken from

Ref. (55)

Interendothelial junctions are typically 20 nm in width in regions of undamaged endothelium (30,
97). Figure 1.3 shows a cartoon of the vessel wall with various layers. Due to its strategic location,
positioned between the flowing blood and the underlying vessel wall, ECs act as a barrier and limit
the filtration of blood constituents into the vessel wall. It is also known to mediate the effects of
circulating blood, including those due to hemodynamics, on vascular biology (59).

The plasma membrane of the ECs is covered by a thin layer of macromolecules known as
the surface glycocalyx (GX) layer (not shown in Fig. 1.3). The major constituents of this layer are
carbohydrates and glycoproteins, such as glycosaminoglycans (GAG), PGs and glycolipids (97).
The polyanionic nature of these constituents imparts a net negative charge to the GX layer. The
GX layer is postulated to play important roles in preventing interactions of red blood cells with the
endothelium (75) and in the transduction of mechanical forces applied by vascular fluid mechanics
to the surface of ECs (121, 111). Recent articles by Tarbell and Pahakis (99) and Weinbaum et
al. (122) have reviewed the structure and function of the endothelial GX layer in great detail. The

thickness of the GX layer has been controversial. Ex vivo electron microscopic studies in mouse
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carotid arteries (109), and in vivo studies in venules (83, 20) and capillaries (114, 113) estimate the
surface GX layer thickness of 0.5 ym to 1.0 um. Recent observations of Squire et al. (84) in frog
mesentery capillaries suggest a quasi-periodic bush-like structure of the GX layer with 10-12 nm
diameter fibers separated by a distance of ~ 20 nm in all directions. Using a structural model of
the GX derived from the observations of Squire et al. (84) , Weinbaum et al. (121) have shown that
the core proteins in the bush-like GX structure are sufficiently stiff and act as transmitters of fluid
shear stress without significant deflection (99). They predict that the fluid shear force imposes
a torque on stiff core proteins and suggest that the torque is transmitted to the underlying actin
cortical cytoskeleton via transmembrane domains. They suggest that the resulting displacement
of the actin filament can drive intracellular signaling. Hu and Weinbaum (32) have developed
a cellular-level microstructural model and proposed that the endothelial surface GX layer act as
a primary molecular filter for plasma proteins (e.g., oncatically active molecules like albumin ~
7 nm in diameter) and determine the effective oncotic force for water flow across the capillary
endothelium. The influence of the GX layer in the transport of albumin will be discussed further
in Chapter 3.

The thin ST layer (thickness less than 1 ym in healthy rats and rabbits) mainly comprises
PG and CG fibers and separates the endothelium from the internal elastic lamina (IEL). Ultrastruc-
ture studies of rabbit aorta (24) have shown thick CG fibers (~ 20 nm in radius) interspersed with
a mesh made of a large number of very thin (~ 2 nm in radius) PG fibers in the SI region. Huang et
al. (36, 37) proposed and subsequently confirmed that the sparse SI layer undergoes compression
with increasing lumen pressure. In rats, at low pressures, the thickness of the SI layer is found to
be ~ 1/2 pm (37). It should be noted that the SI layer shown in Fig. 1.3 is greatly exaggerated. The
IEL in the aorta and other large arteries is ~ 1 pm thick, continuous elastin sheet with numerous
fenestral holes (~ 1 um in radius (37)). Because of its structure, Huang et al. (36) propose that the
IEL is impermeable to fluid and macromolecular transport except for its fenestra.

Adjecent to the IEL is the media, the thickest layer of the vessel wall (~ 150 um in rat

(78)). The media consists of smooth muscle cells (SMCs), repeated sheets of elastin fibers, and



a complex interstitial matrix containing CG, PG core proteins and GAGs (125, 46, 45, 117). The
vascular SMCs, like all muscular cells, can contract and relax and thus provide contractile strength
to the artery wall. The aorta, which receives blood directly from the heart, has a thick, strong wall
to cope up with sudden high pressure produced during systole. The abundance of elastic material
in the media region stretches the aortic wall in order for the vessel lumen to accommodate the
change in blood volume during peak systole. The tensile strength of the collagenous connective
tissue that surrounds the media region prevents over-distention of the elastic tissue (97). During
diastole, the elastic recoil of these arteries maintains a continuous, though decreased, blood flow
to smaller vessels. An anisotropic elastic model for the media layer of the artery wall, developed
by Johnson and Tarbell (40), revealed that the volume of the media layer will not be significantly
altered as the pressure is increased.

The outer adventitia layer of the wall of a large artery consists mostly of loose connective
tissue that contains a drainage system of lymphatic vessels and a micro blood/nutrient supply
system called the vasa vasorum. Because of its loose structure, the adventitia layer offers very
little resistance to macromolecular and fluid transport through the vessel wall.

With the onset of atherosclerosis, there are some remarkable changes that take place
within the vessel wall. As noted earlier, the transport and accumulation of macromolecules like
LDLs in the ST and their subsequent interactions with the ECM can significantly alter the structural
properties of the intima region. The thickening of the intimal region, observed in lesion-prone ar-
eas, occurs due to the accumulation of monocyte-derived macrophages and the proliferation and
migration of vascular SMCs, emanating from the vessel media into the SI region, possibly through

the IEL fenestrae (59).

1.2.1 Function of ECs

ECs line the inner layers of blood vessels like arteries, veins, arterioles and capillaries and act as
a barrier between the blood and rest of the vessel wall. At the blood-artery wall interface, ECs

are acted on directly by the hemodynamic stress imposed by flowing blood. This stress has two



components, a normal component, pressure and any normal stresses, and a tangential component,
shear stress (59). ECs react to these fluid mechanical forces by releasing various substances that
change the tone or firmness of the artery and serve as a mediator of hemodynamic or fluid mechan-
ical effects. Endothelium-derived relaxing factor (EDRF), identified as Nitric oxide (NO), released
by the ECs, regulates the vascular tone by dilating blood vessels. It thus has a direct functional
influence on the vascular wall. It has been suggested that NO produced by ECs may scavenge oxy-
gen free radicals, in doing so providing protection to the vessel wall (59). Under atherosclerotic
condition, ECs cannot function properly, which results in reduced NO-induced vasodilation and

thus stiffening of arteries.

1.2.2  Fluid mechanical effects on ECs and SMCs

The wall shear stress associated with blood flow through the lumen is known to affect ECs and may
play an important role in arterial diseases. Specifically, the effects of shear stress on endothelial
transport properties, viz. its hydraulic conductivity and permeability to solutes, are reviewed by
Tarbell (97, 98). For a membrane (like the endothelium), one would normally think of its transport
properties as constant parameters. However a remarkable feature of the endothelium is that its
transport properties are sensitive to both the chemical and mechanical environment within which it
resides (98). Endothelial cells exposed to normal blood flow experience a shear stress on the order
of 10 dyne/cm? (96). Shear stress on ECs can stimulate the release of diffusive substances like
NO which, as noted earlier, causes SMC relaxation (59). The influence of shear stress on NO pro-
duction provides a link between hemodynamics and its effect on the vascular tone, both of which
are known to play important roles in disease progression. The influence of steady shear stress on
tight and adherens junctions that link neighboring ECs is demonstrated by transport experiments
on bovine aortic EC (BAEC) monolayers (21). These experiments showed a shear-induced reduc-
tion in occludin content (by ~ 50%) and a decrease in the resistance offered by junctional strands
or an increase in BAEC monolayer hydraulic conductivity (by 4.7 fold) after 3 hours of exposure

to 20 dyne/cm? shear stress. Other groups (39, 80) have also shown a shear-induced increase in



hydraulic conductivity (3 to 3.5-fold increase after 3 hours of exposure to steady shear stress of 20
dyne/cm?) of BAEC monolayers and in monolayer permeability to albumin . Though the majority
of studies that looked into the influence of shear stress on endothelial transport are in vitro studies,
the effect of shear stress in intact vessels (in vivo preparations) has also been observed. Lever et
al. (48) found a 30% increase in the endothelial hydraulic conductivity in excised rabbit carotid
arteries within 20 min of exposure to 1 dyne/cm? shear stress. Although the relative increase in
the hydraulic conductivity of whole vessels in response to shear stress is much less than above
mentioned increase observed in BAEC monolayers in vitro, it should be noted that the SI and me-
dia layer of the arterial wall (not present in the in vitro set-up) contribute more than 50% of the
overall resistance to water flux in an artery and thus the 30% increase observed by Lever et al. (48)
may not reflect the change in endothelial hydraulic conductivity.

SMCs are also exposed to transmural (across the vessel wall) pressure-driven flow and
its induced shear stress. Wang and Tarbell (117) have shown that, under physiological conditions,
even though the superficial velocity of interstitial flow is very low (on the order of 109 cm/sec), the
shear stress over the SMC surface is ~ 1 dyne/cm?, a level shown to affect SMC biology. Later,
Tada and Tarbell (95) developed a 2-dimensional model to describe the interstitial flow through
the media of an artery wall in the presence of the IEL. They modeled the IEL as an impermeable
barrier to water flux, except for the fenestral pores that are uniformly distributed over the IEL.
The media was modeled as a heterogeneous medium composed of a periodic array of cylindrical
SMCs embedded in a fiber matrix representing the interstitial PG and CG fibers. They employed
Brinkman equation to describe the porous media flow field and numerically solved the interstitial
flow problem. By varying the area fraction and diameter of fenestral pores from 0.001-0.036
and 0.4-4 pm, respectively, they predicted that the average shear stress on SMCs immediately
below the IEL could be 10-60 times higher than on the cells residing further away from the IEL.
They attributed this increase in the shear stress on SMCs residing in the proximity of the IEL
to a dramatic increase in flow (concentrated water flux) emerging from the IEL fenestrae. In a

subsequent study, Tada and Tarbell (96) found that the fluid shear stress on the bottom surface of



ECs, exerted by the lateral fluid flow in the SI between the basal endothelial surface and the IEL
towards fenestration in the IEL, is on the same order as that acting on its top surface (10 dyne/cm?).
Given the inhibitory effect of shear stress on vascular SMC proliferation (90, 108) and migration
(77), high levels of shear stress can suppress these processes, which might otherwise contribute to

atherosclerosis and intimal hyperplasia (82).

1.3 Transport across the endothelium

As noted earlier, the transport of LDL from the blood, across the endothelium, into the SI is an
important process in atherogenesis. However, given the tightness of endothelial junctions, it is
confounding how a large macromolecule like LDL (~ 22 nm in diameter) can penetrate the intact
endothelium. The two most commonly accepted pathways for the transendothelial transport of
macromolecules are through transcellular pathways by vesicular routes and transport across large
paracellular channels. The relative contribution of these two pathways has been highly debated
in the literature. Rosengren and coworkers (70) showed that impairing transcytosis, which in-
volves shuttling of macromolecules back and forth within the cell, by inducing hypothermia in
peritoneal microvessels of rats in vivo did not result in any appreciable decrease in overall LDL
transport. They concluded that paracellular route is the dominant pathway for LDL transport. Re-
cently, Cancel et al. (4) measured water, albumin and LDL fluxes across BAEC monolayers under
both diffusive and pressurized (convective) conditions and estimated the contribution of vesicles to
overall transendothelial LDL transport. They found that transcellular vesicular transport of LDL
contributes less than 10% to the total LDL uptake. These predictions are consistent with the in
vivo observations that LDL receptors (vesicular pathway) do not contribute significantly to LDL
uptake in pressurized arteries (124, 98).

Weinbaum et al. (119) postulated that the dominant pathway for LDL transport across
the endothelium is via rare “leaky junctions” associated with ECs in the state of cell turnover; i.e.,
either cell division (mitosis) or cell death (apoptosis) (118). These widened leaky junctions have

dimensions on the order of 30-1000 nm (8, 97) and the leakage is found to last on an average
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about one hour (in rats) before a well-formed new junction is established (11, 8). Tracer studies by
Stemerman et al. (89), using horseradish peroxidase (HRP) and LDL, have shown that the transport
of macromolecules across the endothelium of rabbit aortas occurred at focal leakage sites, rather
than uniformly. Although the occurrence of these focal leaky sites surrounding isolated ECs (~ 1
in 2000-6000 cells in rats (11)), that allow LDL to pass through, is very rare, they can significantly
increase the endothelial permeability to LDL.

Later on, Lin et al. (50, 51) substantiated Weinbaum et al.’s (119) leaky junction-cell
turnover hypothesis by injecting rats with Evans blue albumin (EBA ~7 nm in diameter) and
Lucifer-yellow LDL (LY-LDL) and viewing their thoracic aortas en face using fluorescent mi-
croscopy. They reported that more than 99% and 80% cells in mitotic phase were associated with
EBA and LY-LDL leakage, respectively. However, using quantitative autoradiography of the en-
dothelium, Truskey et al.(105) showed that leaky sites associated with mitotic ECs do not account
for all leaks. They found that such regions with higher permeabilities to ***I-LDL account for only
25% of the total leaks. Chen and coworkers (9) also studied the relation between cell turnover
and macromolecular leakage in rat thoracic aortas. They found the association of a great majority
(more than 90%) of mitotic and dying ECs with focal HRP uptake. They also reported that these
mitotic and dying ECs accounted for only 17% of the total leakage sites, indicating that significant
leakage of HRP may occur through normal ECs.

It is noteworthy that the leaky junctions, which constitute the principle pathway for trans-
port of LDL across the endothelial layer, are affected by local fluid mechanics. It is observed that
elevated steady shear stress tends to be associated with suppression of both mitosis and apoptosis,
whereas low shear stress and separated or disturbed flow are associated with an increase in the rate
of these processes (22, 12). Therefore, leaky junctions would be more prevalent in regions of low
shear stress and separated flow regions rather than in regions of higher, unidirectional shear stress.

Interestingly, these are the precise locations where atherosclerotic plaques tend to be localized.
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1.4 Transport models

In order to understand the transport characteristics of macromolecules through the vascular en-
dothelium of the rat aorta, Chuang et al. (13) and later Shou et al. (79) injected HRP through
femoral veins of the rat and allowed the tracer to circulate for various amounts of time before sac-
rificing the animal. Surprisingly, these experiments showed rapid early-time growth of the leakage
spot and a longer time asymptotic behavior in which the leakage spot appeared to approach an
equilibrium diameter. Specifically, the HRP tracer spots grew to 200 ym in diameter in the first
2 minutes of circulation time, reaching a value of ~ 250 um by four minutes that appeared to be
growing slowly enough to look like an approach to a steady spot diameter. Many investigators in
the past tried to explain the time dependent transport of tracer molecules with the help of math-
ematical models (104, 26, 27, 107, 119, 120, 123). Initial one-dimensional models, independent
of (i.e., uniform in) the directions parallel to the endothelium, for macromolecular transport in the
artery wall assumed that the primary transport in the SI is in a direction normal to the endothelial
surface. These include one dimensional diffusion-based models and diffusion coupled with con-
vection normal to the endothelium model (104, 26, 27). Clearly these models were not constructed
to explain focal leaks and the lateral subendothelial spread of macomolecules away from these
cellular level leakage sites. The two-dimensional time dependent models developed by Weinbaum
and co-workers (119, 120, 123) were based on pure diffusion and neglected the unique structure of
the IEL with its fenestra. Their inaccuracy in predicting the early rapid growth of the tracer spots
necessitated the consideration of convection with diffusion.

Yuan et. al. (129), for the first time, came up with a 2-D convection-diffusion model over
a periodic wall unit that considered the nonuniform subendothelial pressure field that arises from
the different hydraulic resistances of normal and leaky endothelial cells. They also considered the
unique structure of the internal elastic lamina (IEL), with its fenestrae, in modulating the horizon-
tal transport of macromolecules after they have entered the subendothelial region. They treated

the IEL as a discrete barrier for the trasmural flow and divided the arterial wall into four layers,
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namely, the endothelium, the SI, the IEL and the media. Though this model considered the SI and
media regions separately, it assigned the same transport parameters for these two regions. Due to
higher hydraulic conductivity of leaky junctions compared to normal/tight junctions, Yuan et al.
(129) postulated that the pressure drop across leaky junctions will be smaller than that across the
normal endothelium. Thus, at constant luminal pressure, large lateral pressure gradients will exist
in the SI between the exit of leaky junction and the remainder of periodic wall unit. The model
suggested that the water flow in the SI, after crossing the leaky cleft, will primarily be parallel
rather than normal to endothelial surface. Though this model did a slightly better job in qualita-
tively explaining the rapid early-time growth of HRP leakage spots (150-200 pm diameter after 1
min) observed in rabbit and rat aortas than earlier diffusion based models, it still under-predicted
the experimentally observed growth of the HRP spots by an order of magnitude from 30 seconds
to 4 minutes after injection.

The ultrastructure study of Frank and Fogelman (24), using an ultra-rapid freezing/ rotary
shadow etching electro microscopic technique, showed the presence of proteoglycan (PG) and col-
lagen (CG) fibers in the subendothelial region and revealed the unexpectedly far sparse structure of
the SI than the medial matrix. Moreover, immunolocalization studies with monoclonal antibodies
confirmed vastly different PG structures in the intima and media and evinced a continuation of the
intima’s PG matrix structure into the fenestral pores of the IEL (47). These inherent differences in
the structural properties of the intimal and medial layers suggested large difference in the transport
parameters, such as Darcy permeability A p and macromolecular diffusivity D, of these two layers.
Using these ultrastructural observations, Huang et al. (35) estimated that the SI is practically all
void with over 90% space for albumin and 50% for LDL; however, the media is only about 8%
void for albumin and less than 1% for LDL (35). Huang et al. (35) postulated that the intima
was much more porous than media and, thus, offered much less hydrodynamic resistance than
the media. They developed an ab initio theory to predict the permeability of the heterogeneous
PG and CG matrix of the intima and found that the hydraulic conductivity and Darcy permeabil-

ity of the intima (Kp,) is one to two orders of magnitude greater than that of the media (Kp,,).

13



Using these different transport parameters, Huang et al.’s (35) theory predicted that, due to the
difference between SI and media flow resistance and between leaky and normal junction hydraulic
conductivity, macromolecules crossing the endothelium would have the tendency, in the vicinity
of the leaky cell, to be transported extremely rapidly in the intima in a direction parallel to the
endothelium away from the leak, instead of predominantly directly across the thickness of the ves-
sel. Moreover, their predictions of the growth and concentration of HRP leakage spots showed
excellent agreement with experimental values. The close agreement between the theoretical and
experimental results for the growth of HRP and LDL leakage spots strongly supported the idea that
the transport across the arterial wall is indeed convection driven and, in the SI near macromolecular
leakage sites, predominantly in the direction parallel to the endothelium.

Zeng et al. (131) developed a detailed 2-D, wall structure-based filtration and macro-
molecular transport model, structurally similar to those proposed by Yuan et al. (129) and Hunag
et al. (35), but with improved parameters that, due to the paucity of data available at the time,
had to be guesstimated in earlier studies (129, 35). In addition to this, neither of the earlier studies
(129, 35) had directly solved the equations of continuity and of solute conservation in the SI region.
Owing to a very small ratio of SI thickness (0.2 - 1 um (35)) to the mean distance between leaky
cells (670 pum (35)), they replaced these equations by their integrals (normal to the endothelium)
across the SI and thus transformed the boundary value (BV) problem in the SI simply into bound-
ary conditions for the media BV problem. Zeng et al. (131) showed that, although this assumption
holds in regions far from the leaky site, it introduces significant errors near the leak. Since all
tracer enters via leaky junction in this model, even small error in advection and concentration near
the leak can lead to inaccuracies in the larger solution. Zeng et al. (131) directly solved the SI and
media problems with the appropriate parameters and without these and other simplifications and
found a very good agreement with both Chuang et al.’s (13) and Shou et al.’s (79) HRP spot size
data. Sun et al. (93) investigated the effects of transmural pressure and shear-dependent hydraulic
conductivity of the endothelium on the arterial mass transport of LDL using a multilayered, cou-

pled lumen-wall model. They showed that low wall shear stress weakens the convective clearance
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effect of transmural flow and leads to focal LDL accumulation. Moreover, they found that there is
a global LDL accumulation in the SI and inner media at high transmural pressure, associated with

hypertension, due to a significant increase in LDL transendothelial flux.

1.5 Hydraulic conductivity

The above-mentioned transport studies strongly suggest that advection, by transmural pressure-
driven water transport through leaky endothelial junctions, is responsible for the focal transport and
subsequent spreading of macromolecules in the SI. Uniform transmural water transport through the
normal endothelium augments this lateral spreading by dilution and flushing tracer that has entered
the SI via the leaky junction pathway. That is, water is known to cross the normal endothelium
uniformly e.g., through normal tight junctions. Thus water transport, together with the diffusion,
can further transport lipoproteins that have already entered the vessel’s intima. Hence, the total
transmural water transport, and not just the portion through leaky junctions, appears to play a cen-
tral role in delivering LDL cholesterol to and flush it from the subendothelial space. The water
flow carries soluble tracers such as lipid into the arterial subendothelial intima and spreads it there,
thereby giving it the chance to bind to extracellular matrix. Such binding might lead to, and pos-
sibly trigger, the start of lesion formation. The transmural flow dilutes LDL’s local concentration,
thereby likely slowing these binding reaction’s kinetic rates, and flushes unbound LDL from the SI,
and ultimately from the wall. Thus, it is critical to understand the nature and control of transmural
plasma (i.e., water and small solutes) flow and its influence on the lipid transport in the vessel wall.

One indirect way of studying water flow through an arterial wall, and its pressure de-
pendence, is by measuring an important transport property of the artery wall, called the hydraulic
conductivity (Lp). The Lp is an experimentally measurable quantity and a constant of proportion-
ality that relates the water flux to the driving force A P (a difference between lumen and adventitia
pressure) for convection. Many researchers (110, 100, 3, 2, 78, 62) have employed various ex-
perimental methods to measure the Lp of aortas from various animal species as a function of

transmural pressure ex vivo. Tedgui & Lever (100) and Baldwin & Wilson (2) have studied the ef-

15



fect of pressure on fluid filtration through the intact and denuded (de-endothelialized) whole rabbit
aortic wall, while Shou et al. (78) and Nguyen (62) did analogous experiments on intact and de-
nuded whole rat aortic wall. Comparison of the intact and the denuded vessel experimental results
allows one to infer the contribution of the endothelium to the overall Lp of the vessel wall. Figure

1.4 plots the L p results obtained by these researchers (100, 2, 78, 62).
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Figure 1.4: Hydraulic conductivity (Lp) as a function of transmural pressure. Reported above are
results obtained by Tedgui & Lever (100) and Baldwin & Wilson (2) for rabbit aorta and by Shou
et al. (78) and Nguyen et al. (62) for rat aorta, [ for intact and A for denuded endotheliums. Error

bars represent standard deviations.

Tedgui & Lever (100) found higher Lp at lower transmural pressure (70 mmHg) and
lower Lp at higher pressure (180 mmHg). Their de-endothelialized arteries not only had higher

Lp values (approximately double) than those of the intact vessels, but exhibited no significant dif-
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ference at low and high pressures. Baldwin & Wilson (2) used Tedgui & Lever’s (100) technique
and repeated intact and denuded L p measurements on same rabbit aortas (as opposed to Tedgui
& Lever who used different portions of the same vessels to measure denuded L p) at five different
pressures. Baldwin and Wilson (2) found uniformly double L p results compared to those obtained
by Tedgui & Lever (100), but both results showed qualitatively similar trends. In this study as well,
the L p for an intact wall was found to be higher at lower pressures, but the increased pressure reso-
lution showed that it decreased by ~ 40% from 50 to 75 mmHg and remained relatively constant at
higher pressures. However, given these datas large experimental variation at 50 mmHg, one could
not unambiguously infer a significant change in Lp upon endothelium removal at this pressure.
Shou et al. (78) and Nguyen et al. (62) repeated these Lp measurements on the much smaller
rat model and found Lp trends, both with and without endothelium, that agree quantitatively with
Tedgui & Lever (100) and qualitatively with Baldwin & Wilson (2), suggesting that there is little
species variation in L p-trends in large arteries. They also had much lower error bars and therefore
could indeed evince a measurable increase in Lp at 60 mmHg.

Due to the vast difference in tissue density, or its dual, tissue void space, between the
sparse SI and the dense media, Huang et al. (36) postulated that the SI is very compressible and
the media is relatively incompressible under physiological transmural pressures. They invoked this
notion to explain the variation in Lp with increasing transmural pressure by attributing it to intimal
compaction upon pressure loading. They postulated that initially at lower pressures the intima is
not compressed, and hence allows a higher transmural water flux. However, an increasing pressure
compresses the PG matrix in the SI, thereby decreasing the void space between the fibers and in-
creasing its resistance for flow. Moreover, the compressed SI forces the endothelium to block flow
into the IEL’s fenestrae, which inhibits some of the flow through them. This inhibition drastically
reduces the overall Lp of the vessel wall. The intima can achieve a maximum compression at
which the PG matrix is maximally compressed and the much stiffer collagen fibers inhibit further
compression. Beyond this maximum compression one expects very little change SI structure and

thus in filtration properties; thus wall L p remains constant at higher pressures. Endothelial removal
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eliminates both a layer of resistance, and thus fenestral blocking potential, thereby increasing L p
and explaining the denuded vessel hydraulic conductivity’s pressure insensitivity. Again, the me-
dia is assumed to be very dense compared with the intima and, therefore, the degree to which this
layer compresses with increasing pressure within the physiological range is minimal.

Thus, in order to quantitatively explain the observed trends in hydraulic conductivity of
an intact artery wall with transmural pressure, Huang et. al. (36) proposed a local (on the scale
of single endothelial cell) two dimensional model for the filtration through fenestral pores in a
compressible intima and included the variation of the SI’s Darcy permeability K p as a function
of intimal compaction. They indeed found a dominant role for fenestral blockage upon pressure-
induced intimal compaction and successfully explained the Lp variation observed by Tedgui &
Lever (100) and Baldwin & Wilson (2). Later on, Huang et al. (37) experimentally confirmed
their predicted intimal compression behavior with increasing pressure. Among other things, by
improving the solution method, specifically by employing exact boundary conditions in the IEL
fenestral hole as opposed to the approximate ones used by Huang et al. (36), we have explained all
of the Lp results shown in Fig. 1.4 (see chapter 2).

Huang et al. (36) also predicted the effective Lp of the endothelium and SI (Lp, ;)
as a function of AP, and used these predictions from the local filtration theory in their earlier
convective-diffusive transport model (35) to investigate the change in the time-dependent HRP
concentration profiles and thus, leakage spot sizes with transmural pressure. They found that, due
to pressure induced intima compaction and the resulting change in its transport properties, the
long-time asymptotic spot size decreased by ~ 50% when the transmural pressure was increased
from 50 to 100 mmHg (36). Moreover, the rise time required to achieve the asymptotic spot size
was much shorter at 100 mmHg than that required at 50 mmHg.

Y. Sun (94) then combined Zeng et al.’s (131) corrected theory with appropriate rat pa-
rameters with Huang et al.’s (36) intima compression theory and predicted the effect of initma
compression on HRP spot growth as a function of transmural pressure (AP). These predictions

both qualitatively and quantitatively matched with those obtained by Huang et al. (36) previously
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and suggested that the rise time and the asymptotic size of HRP spot growth in the intima de-
crease with increasing A P. They subsequently measured HRP spot growth in rat aorta at different
acute transmural pressures and found good agreement between experimental observations and the
predictions of the theory that incorporates intimal compaction under A P.

Dabagh and coworkers (18) constructed a multilayer model that took into account the
presence of leaky and normal endothelial junctions and studied the effects of the increase in cell
turnover and the compaction of the arterial wall layers on the transport of LDL with changes in
pressure. They predicted that hypertension increases the endothelial permeability to LDL through

its influence on cell turnover and results in the accumulation of LDL in the SI.

1.6 Aquaporin-1 and transcellular water transport

The transmural transport of blood plasma (which we refer to as water, since plasma is ~ 95%
water) discussed in earlier sections assumes water flow through leaky and normal/tight junctions
surrounding leaky and the far more numerous normal ECs, respectively. A membrane protein
molecule called aquaporin-1 (AQP1), discovered by Agre and coworkers (67), acts a specific wa-
ter channel and is found to be expressed in a variety of endothelial and epithelial cells (63, 102), as
well as in red blood cells (56, 115) and plants (64). These highly selective passive water channels
allow high throughputs of water (~ 3 x 10 molecules/sec) in response to, e.g., osmotic gradients,
at little or no cost in ATP (58). In humans, AQP1 and AQP2 are abundant in the kidney, where
150-200 liters of water resorb from the primary urine per day. J. Toussaint of our group, using an
immunohistochemical technique, has established that rat aortic endothelial cells (RAECs) avidly
express AQP1 ex vivo (103), while Nguyen (62) and Xue (126) have identified the presence of
AQPIs in BAEC and RAEC cultured monolayers, respectively. This discovery suggests the new
possibility of transcellular water flow through AQP1s, alongside the generally accepted paracellu-
lar route. Furthermore, J. Toussaint (103) found that whole rat aortas upregulate the numbers of
AQP1s that they express in response to a chronic increase in A P. More recently, C. Raval (68) has

found that certain cAMP agonists upregulate endothelial AQP1 expression in BAEC monolayers
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and whole rat aorta ex vivo.

Our group is interested in investigating the potential role of AQP1 in water transport across
the endothelium and through the artery wall. T. Nguyen (62), S. Russell (73) and Y. Xue (126)
showed that chemical blocking of AQP1 or knocking down AQP1 expression (using siRNA against
AQP1) significantly reduces BAEC and RAEC monolayer hydraulic conductivities. Nguyen’s (62)
in vitro experiments showed an average 22.1% decrease in water flux for HgCl, treated (AQP1-
blocked) BAEC monolayers compared to controls (without HgCl,), whereas the siRNA studies
showed ~ 60% and 62.4% drop in BAEC and RAEC monolayers relative to controls. Subsequent
studies with tracer molecules that only cross the endothelium paracellularly (through junctions)
showed no change in junctional transport, implying that the observed drop in Lp is primarily due
to reduction in transcellular water transport.

Nguyen and Xue carried out ex vivo studies to measure the hydraulic conductivity of an
excised vessel as a function of pressure, first with functioning AQP1s and then with chemically
blocked AQPs1 (62), using HgCl, as a blocker (or with AQP1s knocked down (126)), on the same
vessel. The statistically significant decreases of ~ 32%,11% & 5% in intact vessels’ hydraulic
conductivity, observed experimentally in case of blocked AQP1s (62), at 60,100,140 mmHg re-
spectively, indicate that AQP1s seem to play an important role in transendothelial water transport.
Since the wall’s total resistance to flow, 1/Lp , is the sum of the resistance of the endothelium plus
SI and that of the media plus IEL, resistance in series, one finds that the endothelial Lp drops by
56%, 21% and 11%, respectively, at these pressures. AQP1 knockdown studies, which require a
much more challenging experimental setup, showed a nearly identical drop in Lp at 60 mmHg
in whole rat aortas ex vivo (126). The results of both of these experiments suggest a significant
contribution of AQP1-mediated transcellular flow to overall water transport across the vessel wall.
However, a strong pressure dependence of the decrease in Lp of the vessel wall suggests that the
effect of AQP1 blocking on total Lp is not simply due to lower hydraulic conductivity of the en-
dothelium (L p, ), but something more subtle. Recall Huang et al.’s (36) intimal compression theory

(without blocker) argued that at higher transmural pressures (beyond ~ 80-90 mmHg) the intima
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remains fully compressed and therefore Lp becomes A P-independent. Note that, in the case of
blocked AQPs, Nguyen (62) showed nearly A P-independent values of Lp that extend to much
lower pressures ( ~ 60 mmHg), where the unblocked intima is not compressed. This suggests that

AQP-blocking may lead to premature intima compaction at a lower overall AP.

1.7 Objectives of the study

Motivated by Nguyen’s (62) intriguing experimental findings, the second chapter of this thesis
seeks to theoretically explore the influence of blocking of AQP1s on the total hydraulic conduc-
tivity and the overall wall mechanics. Here we extend Huang et al.’s (36) local filtration model
(that models only paracellular water transport) and include the effects of trancellular water flow
through AQP1 water channels. We also include the effect of the GX layer that covers the luminal
side of the EC on transport across the artery wall. The reason for this is that we believe this layer
may play an important role in transport of oncotically active solutes like albumin from the blood
into and through the vessel wall, something that Huang et al. (36) did not consider in their model.
Chapter 3 extends the models from Chapter 2 to concentrate on oncotic issues, and therefore the
earlier model sets the stage for this by including the surface GX layer.

Specifically, Chapter 2 proposes a new theory to explain the perplexing experimentally-
observed (62) pressure-dependent effect of AQP-blocking on the Lp of whole rat aorta. One
mystery that our theory addresses is why the drop in Lp is pressure dependent. It also extracts the
percentage of the intrinsic endothelial Lp due to AQP1s. The idea behind the new model is that
blocking the endothelial AQP1s will decrease the number of available pathways for water transport,
thus increasing the resistance of endothelium, i.e., decreasing its intrinsic hydraulic conductivity
(Lp,). This will result in a decrease in intimal pressure (P) at a fixed AP. Thus there is a larger
endothelial force per unit area (P; — P;), which can compress the intima and lead to IEL fenestral
blockage at lower overall A P. In other words we speculate that, at low transmural pressures where
the intima is normally uncompressed, blocking EC AQP1s can shift a larger portion of the overall

AP from the media to the endothelium and thereby compress the intima without changing A P. We
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characterize the transcellular water transport by attributing a fraction of the intrinsic Lp, to AQP1s
on an EC, denoted by Lp, . and see if this model quantitatively explains Nguyen’s experimental
data (62). If so, we would have both experimental and theoretical evidence of the effect of AQP1s
or transcellular water transport on overall water flux across the artery wall. Once we successfully
establish the mechanism of AQP1’s action on the wall’s mechanics, we would test the theory for an
inverse effect i.e., instead of blocking, we will mimic the experimental effect of AQP1 upregulation
by increasing L p, . and see if the model provides us some interesting predictions and insights into
such experiments. We anticipate that higher Lp, ., or more AQP1s, will increase the overall Lp
of the vessel wall. In addition, we anticipate that AQP1 upregulation will shift the dynamic range
of intima compaction, i.e, the pressure range over which the SI goes form its uncompressed to its
fully compressed state, to higher overall transmural pressures. We shall seek to identify a range
of transmural pressures where an increase in the number of AQP1s would significantly raise the
total wall Lp by a value that is greater than typical experimental variations observed in ex vivo
set-up (see error bars in Figs. 1.4 and 1.5). Should we find such a pressure range, we shall make
predictions for such new experiments. The reasons why we are interested in increasing the total Lp
are: (a) increased transmural water flux that results from higher L ps has the potential to dilute and
thus lower LDL’s local concentration inside the artery’s SI region; and (b) the enhanced convective
water flux can flush unbound lipid or LDL from the SI deeper into the vessel wall, where it is
unlikely to adhere, and possibly entirely out of the vessel wall. Both of these related processes
can potentially lower the rates of LDL- SI ECM binding kinetics, a critical and possibly triggering
event in lesion formation.

The first part of Chapter 2 explains the filtration model proposed by Huang et al. (36)
with, as mentioned earlier, the addition of the GX layer and with the use of exact, rather than ap-
proximate, boundary conditions. We first present and solve the governing set of coupled partial
differential equations (PDEs) both analytically (by using approximate boundary conditions instead
of the pressure and velocity continuity in the fenestral hole, as in Huang et al. (36)) and by nu-

merical finite difference and find the pressure distributions in both the subendothelial intima and
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media. The numerical solution uses a finite difference method with a numerical implementation of
the exact boundary conditions. This solution is new, and using it we can evaluate the quality of
Huang et al.’s (36) approximate solution, which we have reproduced. Using this method, we will
explain all of the experimental L p results, cited earlier. Section 2.3 then extends Huang et al.’s (36)
model by incorporating transcellular flow and estimates AQP1’s contribution in overall transmural
transport by comparing predictions of hydraulic conductivities for the case of blocked AQP1s with
corresponding experimental observations of Nguyen et al. (62). Section 2.3.3 makes predictions
for new experiments and section 3.3.12 compares the model’s predicted hydraulic conductivities
with the results of experiments that were designed to test these predictions and carried out (by C.
Raval, Ph.D.) in our group.

The effect of osmotic pressure differences on the flow across the capillary endothelium
has been well known for many years. However, in large blood vessels, due to higher hydrostatic
pressures and the fact that the lumen and the vaso vasorum are both isotonic, the contribution of
osmotic gradients in the wall is generally considered negligible (100, 38); thus the transmural water
flux is thought to be controlled by only the hydrostatic pressure difference (A P) between the inside
and the outside of the artery wall. Though we neglect the effect of osmotic pressure gradients in the
transport models discussed in Chapter 2, the transmural pressure-driven trans-AQP1 mediated wa-
ter flow presents an oncotic paradox, explained as follows. Normal EC junctions transport isotonic
fluid, i.e., water and small solutes (e.g. albumin) responsible for osmotic pressure. In contrast,
AQP1Is specifically transport pure (hypotonic) water, excluding nearly everything else. This pure
water trans-endothelial flow should both raise the albumin concentration on the lumen side and
lower it on the SI side of the EC, thereby setting up an osmotic pressure difference (A) that acts
against the A P-driven flow through the cell and prevents the SI from getting more hypotonic. One
would expect this adverse Ax to oppose and eventually even halt the A P-driven trans-endothelial
flow. If so, why are the L p values in Fig. 1.5 steady for hours, rather than decaying to zero? Since
A is acting against AP, wouldn’t it grow to balance AP and turn off the transmural water flow

completely? This is the focus of Chapter 3, where we investigate the effects of osmotic pressure
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differences on the overall transport across the endothelium and through the entire vessel wall.

A number of theoretical and experimental studies on micro vessels have shown the sig-
nificance of the surface GX layer in determining the effective oncotic force that drives water flow
across the capillary endothelium (32, 33, 1, 132). Specifically, it has been suggested that the lo-
cal hydrostatic and osmotic pressure differences across the surface GX layer, and not the global
hydrostatic and osmotic pressure differences across the entire capillary wall between the plasma
and tissue, determine the relevant Starling forces that drive water flow across the capillary en-
dothelium. This led us to believe that the GX layer, which acts as a primary filter for oncotically
active molecules like albumin, could have an impact on the transport of albumin across the arterial
endothelium (or on A7) and through the artery wall. To unravel the significance of such oncotic
differences, we extend our transcellular filtration theory (discussed in section 2.3) and develop a
model for water and small solute transport across the GX layer, across the endothelial interface
and through the entire wall. This addition non-linearly couples the mass transfer, the fluid flow
and the wall mechanics. The flow advects tracer into the wall while albumin differences across the
endothelium set up a A that sucks fluid back across the endothelium towards the lumen. Clearly
the coupling of equations governing the water velocity with those governing species concentration
makes calculations more complex. To circumvent this complexity and assuming minor contribu-
tion of osmotic effects, many researchers (93, 112, 18) have neglected the contribution of A7 in
their transport studies. To our knowledge, this is the first study that attempts to explore the effects
of both the hydrostatic and osmotic pressure differences on the transport across the walls of larger
blood vessels. Our approach is to solve the combined steady state filtration and mass transfer prob-
lem as the long-time solution of a fictitious unsteady problem that we attack with finite difference
methods. Note that Hu and Weinbaum (32) have also considered the effects of both of these pres-
sures and have done similar calculations to describe the transport across microvessel walls, which
have a very different structure than bigger blood vessels.

One might speculate that the surface GX layer, that acts as a filter for albumin, could

drastically lower the oncotic pressure that can build up adjacent to the lumen side of the EC.
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Moreover, much of the isotonic fluid crossing the endothelium enters via the EC junction, and this
fluid flows parallel to the endothelium in the ultra-thin, sparse SI until it finds the IEL fenestral
hole to enter the dense media. From typical radial fluid velocities in the SI (~ 107°-10~7 cm/s)
and the EC radius (~ 10-15 pm), one can estimate that the solute entering the SI from its junction
spends >100s in the SI. However, since the diffusive mixing (normal to the endothelium) time in
the SI is much smaller (on the order or milliseconds for typical diffusivities of 10~7 cm?/s), one
might expect the diffusive mixing to elevate the albumin concentration and the 7 adjacent to the
abluminal EC membrane. The solution of the combined filtration and mass transfer model will
show us if/how oncotic gradients across an EC are reduced to a level consistent with observed
transendothelial flows and if the model is able to resolve the above-mentioned oncotic paradox.
This model will help us estimate the true hydraulic conductivity of the endothelium by including
the effects of both AP and Ax. Using the combined model, we will predict the variation in the Lp
of the vessel wall with transmural pressure and compare it with the predictions from our previous
filtration model that neglected the oncotic effects. This comparison will tell us to what extent
oncotic gradients affect the total Lp of the vessel wall. If the effect of oncotic gradients turns out
to be significant, we will further explore what happens to the concentration of albumin or to A7
with AQP1 upregulation. We shall also examine the relative importance of the GX layer on the
overall transport by theoretically removing it from the model and comparing the resulting water
flux with that estimated in the presence of the GX. If we find appreciable change, we shall again
make predictions for new experiments.

Chapter 4 of this thesis focuses on theoretically exploring AQP1’s role on tracer (e.g.,
HRP, LDL) transport across the arterial wall. We believe that endothelial AQP up-regulation, and
the resulting increase in overall transmural flow, can not only decrease tracer’s local concentration
in the SI region (by dilution) but also flush out unbound tracer from the SI further into the media
region. Since early lesion formation is known to occur in the SI, it would be particularly interesting
to see if increased water flux can indeed lower LDL’s concentration in the SI region. If the theory

predicts a decrease in LDL concentration upon AQP up-regulation, for the reasons mentioned
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before, it would suggest a potential route to lower the progression of pre-atherosclerotic events.
To investigate the effect of intima compression (or decompression upon AQP up-regulation)

on tracer transport inside the arterial wall, we will combine our local filtration theory with Zeng et
al.’s (131) 2-D, wall-structure based convection-diffusion model. Zeng et al. (131) made a num-
ber of improvements over earlier mathematical studies (129, 35) that investigated macromolecu-
lar transport through an artery wall and, as mentioned earlier, successfully explained a range of
available tracer transport data (13, 79). For these reasons we have employed Zeng et al.’s (131)
convection-diffusion model in our study. Our approach is similar but not identical to Y. Sun’s (94)
in combining our local filtration and Zeng et al.’s (131) convection-diffusion model. Unlike Y. Sun
(94), for a given transmural pressure and intima compression (L), we do not use the predicted
Lp, ., from the local filtration model into Zeng et al.’s (131) convection-diffusion model. Note that
Zeng et al. (131) combined the effects of intima compression and fenestra blockage in a lumped
parameter Lp, ;, similar but not identical to the Lp,_; obtained from local model. Since Lp, , is
a phenomenological and not a physical parameter, we first match the water flux calculated from
both models and use the corresponding value of Ly, (as Lp,;) in Zeng et al.’s (131) tracer trans-
port model. In addition, we use fiber matrix theory to adjust tracer transport properties, like the
diffusivity (D), retardation coefficient (f) and the available solute volume fraction () with intima
compression, something which Y. Sun (94) did not consider. Using the two models, we should
see how the tracer transport and its concentration inside the artery wall, specifically in the SI, vary
with transmural pressure. More importantly, we shall test the combined theory for the effect of
AQPI expression on overall macromolecular transport at different transmural pressures and see if
we find interesting outcomes that can suggest possible strategies to help lower the progression of

early pre-atherosclerotic events.
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Chapter 2. Aquaporin-1 affects transmural pressure-induced aortic intima compression: Mathe-

matical models

2.1 Introduction

Atherosclerosis, a disease of large blood vessels, is believed to be responsible for more than 50% of
all deaths in the United States and in most Western countries (69). Its earliest stages are thought to
be the transport and accumulation of macromolecules, like low-density lipoprotein (LDL) choles-
terol, from the lumen into the subendothelial intimal (SI) region of the vessel wall, where it reacts
with the collagen and/or proteoglycan fibers present in the SI extracellular matrix (ECM). Lodged
lipid oxidizes and appears to cause endothelial cells to recruit blood-borne monocytes that trans-
form into macrophages (10). These macrophages can engulf oxidized LDL and, when overloaded,
can become necrotic foam cells (87), the earliest observable pre-lesion event. Atherosclerotic
plaque can grow to a size where it can block the entire cross-section available for blood flow or,
if it is of the vulnerable variety, it can rupture; the resulting lesion debris can block smaller blood
vessels downstream, causing ischemic stroke or heart attack.

Macromolecules cross the endothelial layer at specific leakage sites that correspond to
rare endothelial cells (~1 in 2000-6000 cells in rat (50, 51, 52)) with junctions wide enough for
an LDL particle (~ 20-25 nm) to transport through it (119). Our group has shown (129, 35) that
transmural pressure-driven water flow advects macromolecules through these focal leaks into the
SI and subsequently spreads them radially from the leakage site in the SI. There they have the
opportunity to bind to SI ECM, which might trigger lesion formation. On the other hand, since
water, plasma’s major constituent, can easily pass through the tight junctions between the normal
endothelial cells, which vastly outnumber the leaky ones, the transmural pressure (across the vessel
wall) drives far more water flow, albeit absent macromolecules, through the normal endothelium

than through the leaky junction. This pressure driven water transport together with diffusion can
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further transport LDL macromolecules that have already entered the vessel wall through leaky
junctions; it can dilute the local LDL concentration in the SI, thereby slowing the ECM binding
reactions’ kinetic rates and flushing unbound LDL from SI, and ultimately from the wall. Clearly
it is critical to understand the nature of the total transmural water transport, and not just the portion
through leaky junctions.

Starling’s law gives the overall water flux across the vessel wall as (85): J, = Lp(AP —
oAm), where Lp is the hydraulic conductivity of the vessel wall, o is the osmotic reflection coef-
ficient, and AP & A are the hydrostatic and osmotic pressure differences across the vessel wall.
Neglecting the osmotic forces (since large blood vessels are universally considered isotonic (38)),
J, = Lp x AP. Many research groups in the past (100, 2), including ours (78, 62), have measured
the hydraulic conductivities of rabbit and rat aorta ex vivo over a range of transmural pressures.
In all of these studies, Lp was found to be higher at low transmural pressures, it decreased with
increasing transmural pressure and then, beyond a certain AP, remained practically constant to
within experimental error to very high pressures for a vessel with intact endothelium. When one
de-endothelializes the same vessel, Lp doubles, but remains pressure-insensitive to within exper-
imental error over the entire pressure range. Ultrastructure studies (24) of the arterial wall show
stark differences in structure between the SI and the media. Most importantly they indicate the far
sparser intima relative to the media ECM: the media is less than 50% void, whereas Huang et al.
(36) calculate a SI void space of 95%. This extreme sparseness of the SI suggests the possibility
of structural SI variation in response to changes in the transmural pressure, i.e., Huang et al. (36)
hypothesized that increasing transmural pressure compresses the sparse SI, leading to markedly
different responses, as codified by L p, to transmural pressure. This theory posits that at low trans-
mural pressures the SI is relatively uncompressed and allows high throughputs of water. They
proposed a local model for the filtration through the fenestral pores that predicted, and their ex-
perimental work subsequently proved (37), that an increased transmural pressure indeed compacts
the SI proteoglycans (PGs). SI compaction reduces the ECM’s inter-fiber distances, which lowers

the SI’s Darcy permeability (K p). More critically, in the region near the IEL fenestral pores, SI
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compression leads to partial or total fenestral blockage. According to their theory, this inhibition
of water flow through the IEL is responsible for the major portion of the observed reduction in
wall hydraulic conductivity with pressure. Once the PGs are fully compressed, the stiffer collagen
(CQG) fibers resist any further compression and there is little variation in Lp with further increase
in pressure, which explains its pressure-insensitivity there. Endothelial removal eliminates both
a layer of resistance and the potential for fenestral blockage and thus explains the higher Lps of
denuded vessels and their pressure insensitivity. Huang et al. (36) also considered the variation of
Darcy permeability (K p) with SI compaction. Their model predictions for the variation of intact
vessel wall Lp agreed very well with the experimental observations of Tedgui & Lever (100) and
of Baldwin & Wilson (2).

Up to this point we have focused exclusively on plasma (which we refer to as water)
transport around the normal and leaky endothelial cells (paracellular flow) via normal/tight or
leaky junctions, respectively. Huang et al.’s (36) SI compaction theory calculated flows and resis-
tance based on the premise that transmural water transport occurred only through leaky and nor-
mal/tight junctions between the ECs. We now consider the possibility of another route potentially
available for water transport. A membrane protein called Aquaporin-1 (AQP1), a highly water-
specific channel membrane protein in otherwise hydrophobic membranes, has caused tremendous
excitement in the scientific community over the last twenty years. These water channels, found
in variety of endothelial, epithelial and other cells (63), allow high throughputs of water (3x10°
molecules/sec/channel) in response to osmotic gradients at little or no cost in ATP (58). Using
immunohistochemical techniques, our group has successfully shown the presence and distribution
of AQP1 in rat and bovine aortic endothelial cells both in cultured monolayers (62) and in whole
rat aortas ex vivo (103). This discovery suggests the new possibility of water transport through the
endothelial cell via AQP1s (transcellular flow), alongside the generally accepted paracellular route.
Our group has studied the effect of AQP1s on the transport properties of the vessel wall using both
in vitro and ex vivo techniques (62). Very low exposures to HgCly, known to chemically block

AQPIs and titrated to a level that is reversible and causes no observable artifacts, is used to block
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transcellular water flow, thereby assessing the relative contribution of the transcellular route to the
overall water transport. Our group has repeated these experiments, both in vitro (73) and on whole
rat aortas ex vivo, using siRNA against AQP1 (126), a much more challenging procedure, partic-
ularly in the ex vivo setting, and found nearly identical result. Both studies showed a significant
decrease in the hydraulic conductivity for the blocked-AQP case. The water flux across the HgCl,
treated BAEC monolayers (blocked-AQPs) showed an average 22.1+6% decrease (62) compared
to controls (without HgCl,); the siRNA numbers showed a 62.441.7% drop (126) relative to con-
trol. Studies with tracers that only cross the endothelium paracellularly show that these treatments
do not impede junctional transport to within measurement accuracy.

These ex vivo studies were carried out to measure the hydraulic conductivity of an excised
vessel as a function of pressure, first with functioning AQP1s and then with chemically blocked
AQP1s, using HgCl; as a blocker (or with AQP1s knocked down), on the same vessel. The major
contribution of AQP1s in the transmural water transport is clearly evident from the statistically sig-
nificant decreases in the intact vessel’s Lp of ~ 32+4%, 11+2% & 54+3%, for blocked AQP1s, at
60,100,140 mmHg respectively (62), with very similar results for the siRNA studies (126). Since
the wall’s total resistance to flow, 1/ L p, is the sum of the resistance of the endothelium plus ST and
that of the media plus IEL, resistance in series, one can calculate that these percentage decreases in
total wall Lp correspond to drops in the endothelial Lp of 56+4%, 21+£2% and 11+3%, respec-
tively, at these three pressures. Clearly AQP1-mediated transcellular flow contributes significantly
to endothelial L. However it is confounding that this percentage decrease is apparently strongly
pressure-dependent, which would not be the case for a simple material. In particular, whereas Lp
in the absence of blocker is, as noted, pressure dependent at low pressures, when the AQP1s are
blocked, the hydraulic conductivity turns out to be pressure independent at these lower pressures.
Reasoning from the theory of Huang et al.’s (36), one is tempted to guess that, whereas in the
absence of blocker, the SI reaches full compression somewhere between 80 and 100 mmHg, in the
presence of blocker, the SI might fully compress at the lower pressure of 60 mmHg. That is, we

might guess that AQP1-blocking or knockdown may lead to premature SI compaction at a lower
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overall AP.

This Chapter proposes to extend Huang et al.s (36) local filtration theory by including
transcellular flow, in order to test the possibility that AQP1 blocking or knockdown can indeed
compact the SI at a lower AP. Specifically, we hypothesize that decreasing the number of func-
tioning EC AQP1s will decrease the number of available pathways for water transport, thereby
decreasing the intrinsic endothelial hydraulic conductivity Lp, and SI pressure (F;") at fixed AP.
A Lower Lp, increases the force per unit area (P; — P}) acting on the endothelium, which com-
presses the SI and leads to IEL fenestral blockage at lower overall A P. This scenario would explain
the observed pressure-dependent effect of AQP blocking on vessel wall £.p. We shall compare the
results of this theory with Nguyen’s (62) experimental data.

Section 2.2 explains the filtration model proposed by Huang et al. (36). We first present
and solve the governing set of coupled partial differential equations both analytically (in an ap-
proximate sense as explained by Huang et al. (36)) and with a full numerical finite difference
implementation of the exact problem and find the pressure distributions in both the SI and media.
In the former, we obtain analytical infinite sum solutions of the filtration problem in each region
and, because of the complexity of the exact pressure and velocity continuity matching conditions
in the fenestral hole, we match these solutions using approximate fenestral boundary conditions.
In contrast, the new numerical finite difference solution implements the exact fenestral boundary
conditions. With it we evaluate the quality of Huang et al.’s (36) approximate solutions, which we
have reproduced. Section 2.3 then extends Huang et al.’s (36) model by incorporating transcellu-
lar flow. It compares the model’s predicted hydraulic conductivities with experimentally observed

data from our group and makes other predictions for future experiments.

Glossary:
a* Effective radius of proteoglycan aggregates
h; Ratio of thickness of region j to radius of fenestral pore
] Region of artery wall (j = g, 7, m for GX, SI and Media respectively)
Jo Water flux
k Elastic coefficient of SI
Kp, Darcy permeability of region j

32



FFFIETFIFC
S F T Qa
5

D S S S S

bS]
<

I

* ¥

Lc

Thickness of SI at zero luminal pressure

Critical thickness of SI layer

Thickness of region j

Hydraulic conductivity

Intrinsic hydraulic conductivity of the endothelium
Hydraulic conductivity of the endothelium attributed to its AQPs
Hydraulic conductivity of the endothelium + SI
Hydraulic conductivity of SI

Hydraulic conductivity of IEL

Hydraulic conductivity of media

Hydraulic conductivity of IEL + media

Hydraulic conductivity of normal junction surrounding an EC
Total hydraulic conductivity of the vessel wall
Dimensional pressure in region j

Dimensionless pressure in region j

Dimensional average pressure in region j
Dimensionless average pressure in region j

Lumen pressure

Dimensional critical pressure

Dimensionless radial coordinate

Dimensional radial coordinate

Radius of fenestra

Dimensional lateral velocity in region j
Dimensionless lateral velocity in region j
Dimensional radius of EC

Dimensionless radius of EC

Velocity vector

Dimensional water velocity through fenestra
Dimensionless normal velocity in region j
Dimensionless normal coordinate

Dimensional normal coordinate

Dimensional width of normal junction
Dimensionless width of normal junction
Dimensionless pressure drop across a membrane
Dimensionless osmotic pressure difference across a membrane
Viscosity of fluid

Dimensional radius of periodic wall unit
Dimensionless radius of periodic wall unit
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Table 2.1: Measured hydraulic conductivity with and without endothelium in rabbit and rat aortas

Pressure Hydraulic Conductivity x 10® (cm/s-mmHg)

bata (mmHg) Intact endothelium Denuded endothelium
70 4.00+1.31 5.36+1.62
Tedgui & Lever (100)
180 2.4440.80 5.2740.84
50 7.42+4.00 7.41£4.08
75 4.14+1.67 10.194+1.91
Baldwin & Wilson (2) 100 4.544+0.89 10.00+2.20
125 4.26+0.51 9.66+2.20
150 5.0040.66 10.53+2.83
60 4.69+1.2 5.354+1.46
80 3.02+1.34 5.01£2.05
Shou et. al. (78) 100 2.79+0.72 4.89+1.01
120 2.6+0.73 4.76+1.46
140 2.6840.49 5.054+1.22
60 2.547+0.361 4.055+0.277
T. Nguyen (62) 100 1.842+0.142 3.4440.757
140 2.1024+0.23 3.86440.371

values are mean = SD
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Table 2.2: Nguyen’s data (62): Effect of AQP blocking on hydraulic conductivity of intact artery

wall
Hydraulic Conductivity, Lp, x10® (cm/s-mmHg)
Pressure
(mmHg) Unblocked AQPs Blocked AQPs
60 2.547+0.36 1.736+0.35
100 1.8424+0.14 1.6440.16
140 2.1024+0.23 1.99540.28

values are mean = SD

2.2 Filtration model: Paracellular flow

2.2.1 Model Description

Since the transport of macromolecules across the arterial wall is convection dominated, it is critical
to understand the transmural water flow in detail. As noted in the previous section, water can enter
the SI via the paracellular pathway, through both the tight and the far more numerous normal
junctions and, due to the evidence noted above, through the transcellular pathway via AQPIs, as
well. In this section we shall consider only the paracellular route. In the next section we will
extend this model to include the transcellular pathway as well.

The transmural pressure, defined as the pressure difference between inside (lumen) and
outside (adventitia) of the vessel, drives water through the glycocalyx (GX) layer on the luminal
surface of the ECs into the SI through the intercellular junctions along the EC’s perimeter. It then
flows laterally (i.e., parallel to the endothelium) in the SI and enters the media through the fenestral
openings in the IEL. ST compression at increased pressure narrows the cross-section for this lateral
SI flow and causes the endothelium to partially or totally block the IEL fenestral entrance. The
decreasing SI Kp and this alteration in flow, might lead to significant pressure gradients in the
SI that can radically change the head losses incurred in traversing the SI and the IEL fenestrae.

Thus, in order to understand the effect of SI compaction on the SI and fenestral flow, we consider

35



a local (on the scale of a single EC) model for SI flow into and through the fenestral hole. The
model considered in this section is exactly that considered by Huang et al. (36) except for the
consideration of the EC surface GX layer.

Figure 2.1 shows a representative local periodic wall unit of a circular cylinder of radius
&7=(R* + AR*/2), where R* is the radius of an assumed round EC and AR* is the width of nor-
mal intercellular junction or cleft. A round fenestral pore of radius 77} is ideally placed at the unit’s
center and a fluid source along the wall unit’s perimeter represents the normal endothelial cell junc-
tion. This model considers a cell having normal tight junctions with its neighbors and the problem
of water flow entering the SI through these normal clefts, as normal junctions vastly outnumber
the leaky clefts by a factor of 2000-6000 and thus account for the overwhelming majority of water
flow across the endothelium. Figure 2.1 greatly exaggerates the vertical scale of the SI, which is
of the order of 0.2-0.5 um in healthy rat aorta and the placement of fenestra beneath the center of
the cell is also an obvious idealization. Note that experimental data (66) indicate that the number
of fenestrae is between 0.1 and 10 times the number of ECs; we take an average number of one
fenestra per EC (as in (36)), and locate it concentrically with the EC, which keeps the problem
axisymmetric. The intima under the assumed non-deformable endothelium can be compressed
upon pressure loading from L, (initial thickness at zero transmural pressure) to L;. The IEL is
treated as an impenetrable barrier of zero thickness except for its fenestral openings and any non-
uniform deformation of the endothelium due to spatial differences in the transendothelial pressure
is neglected. Due to the high density of the media, our model presumes that it does not undergo
any compression upon pressure loadings and its filtration properties (e.g., Darcy permeability) are

assumed to be uniform.

2.2.2 Mathematical formulation

Let j be a dummy index that takes values g for GX, ¢ for SI and m for media, respectively. Let
U, W? be the dimensional lateral and normal velocities in the r and z directions of cylindrical

coordinates and P}, Kp, be the pressure and Darcy permeability, respectively, in region j of thick-
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Lumen . Endothelium initially

Compressed

Fenestra

L* Media w* U:;

Figure 2.1: Schematic of periodic local wall unit around a fenestral pore. Intima under non-
deformable endothelium is compressible; L7,, intima thickness at zero transmural pressure, L7,
compressed intima thickness; water enters intima through clefts surrounding EC; see Glossary for

definition of other abbreviations.
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ness L. We neglect pressure pulsatility; thus let the time-invariant lumen pressure be P;. We

introduce the following non-dimensional (without superscript *) variables and parameters:

T:T_*u 5]25_17 R:_*7 AR: % ) Zj:_]*
T Ty T} r} L;
p_ 5 L/ S L/
A " K P
BTy po L

The continuity equations, in non-dimensional form, for the three regions are:

ou; U oW,
B2 i Y A C— 2.1
J(ar + ’I">+ 82’] (J g)lam) ( )
where h; = —j are the ratios of the thicknesses of the three regions to the radius of a fenestral
r
f

pore. The water flow across the arterial wall through the SI, made up of ECM of PG and CG
fibers, and the media which consists of smooth muscle cells (SMC), ECM and elastic layers, can
be modeled as porous media flows governed by Darcy’s law: V = _TKPVP with an effective
Darcy permeability for each region. We choose to use Darcy, rather than Brinkman’s equation
because it does not seem consistent to explicitly enforce no slip on the region boundaries when

simultaneously lumping the no-slip on the far more ubiquitous fibers, elastic layers and cells into

the bulk parameters K P Thus, Eq. 2.1 become:

2P, 1 0P 2P,
h?(a z —aj) OF _y (j=g,i,m) (2.2)

or? + r or 0z32

The boundary conditions (in non-dimensional form) for this system of coupled PDEs are:

(a) The axisymmetry at » = 0 and periodicity at r = &; require:

dP,

d—:Oatr:()andr:§] (j=g,i,m) (2.3)
r
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(b) The pressure at the top of the GX layer equals the lumen pressure:

Py=1latz, =1 (2.4)
(c) The adventitia is assumed to be at the reference pressure, thus

P,=0atz, =-1 (2.5)

(d) Mixed boundary conditions at the GX/EC boundary (z; = 1): The endothelium is assumed
to be impermeable to water (this assumption is relaxed in the next section). The amount of water
entering the SI through normal junctions is governed by the hydraulic conductivity of the normal

junction (Lp, ;) and the pressure difference across it.

(d1) On the EC: (0 < r < R)

P, S
_— = 0 = 2-6
i, (J =9,19) (2.6)
(d2) Inside the normal junction: (R < r < &)

W, = W, 2.7)
Lp,,pL;(Py — F)
Kp,

[3

—W; = (2.8)

Note that, in previous studies (131), Lp,; is used to describe the area averaged hydraulic conduc-
tivity of the endothelium, equivalent to our Lp, in this local model. Here we allow only junctional
water transport, and so our Lp, and Lp, . are related by the ratio of junctional to total endothelial
areas; the next section includes a separate transcellular contribution, and both will contribute to an

area averaged Lp, .
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(e) Mixed boundary conditions at the SI/media boundary (z; = 0): The IEL is assumed to be an
impenetrable barrier except for its fenestral openings. Thus, water enters the media only through

the fenestra where pressures and velocities are continues. This requires

(el) In the fenstral hole: (0 < r < 1)

P =P, (2.9)

W, =W, (2.10)

(el) Outside the fenstral hole: (1 < r < &;)

ap; _

F

0 (j=1,m) (2.11)

The model developed by Huang et al. (36) did not consider the effect of GX that ideally covers
the luminal side of EC. Also, instead of periodicity at » = &; in the SI region (Eq. 2.3), they had
assumed a ring source trough an endothelial cleft and the unknown pressure Py at r = &; was
obtained by imposing the incompressibility of flow. So neglecting the GX region and reducing the
model to exactly that given in Huang et al. (36), one can obtain the analytical solution of Eq. 3.2
in terms of infinite sums of zero order Bessel functions (.Jy). The general solutions for pressure in

the SI and media region are:

B - cosh[h; vV, (2 — 1)] ‘
P(rz) =P+ P Yy (An cosh (/) Jo(V A 7")) (2.12)

n=1

. = (o shlh VA, (a4 1)]
Po(r,zm) = Po(zm +1)Cy + Py Z <Cp Sinh(hm\/xp) JU(\/XP 7“)) (2.13)

p=1

where, )\, and ), are the roots of the eigen value equations JO(\/Xn ¢r) =0(m=1,2,3,.,00) and

Jl(\/X,, &) = 0(p=1,2,3,.,00). The constants A, and C, in above solutions depend on the
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boundary condition used in the fenestra. Huang et al. (36) employed following three approximate
boundary conditions (in non-dimensional form) inside the fenestra region and Fig. 2.2 shows their

effect on the pressure distribution.

(i) The z- velocity, (W), in the fenestra is constant and the pressures in the SI and media match

only at the centerline i.e., P, = P, at (r, z = 0)

(ii) W} is constant and only the average pressure, (P, = 2 fol P(r)rdr), across the fenestra matches

in the fenestral holeie., P, = P,at0<r <1,2=0

(iii) At z = 0, Wy(r) fits a cubic polynomial that satisfies dW;/dr=0 at r=0 and the pressure is

continuous at =0, 0.5, 0.9 1.e.,

W; = (ag + cor* + dor*) Py and P, = P,,, atr = 0,0.5,0.9; 2 = 0

2.2.3 Exact numerical solution of the boundary value problem:

We adopt a direct-discretization finite difference approach to solve the system of coupled PDEs
(Eq. 3.2). Though the governing equations for the filtration problem are simple Laplace equations,
the mixed boundary conditions (Eqgs. 2.3-2.11) make it very difficult to obtain an exact analytical
solution. This numerical method, in principle, allows us to use the exact boundary conditions as
opposed to the approximate ones employed by Huang et al. (36). Since the thickness of the SI
region (L;) and the radius of the fenestral hole (r}) are both small compared to both the radius
of wall unit (£7) and the length of media region (L ), we use non-uniform grids in the » and z
directions. We expect a steep pressure gradient near the fenestral hole and thus form a very dense
grid near the hole with the smallest non-dimensional grid size (r*/ r}) of 0.0005 (non-dimensional
T, Zg, 2z and zp, vary from 0 to 15.0125, 0 to 1, O to 1 and O to -1, respectively) in the fenestral

hole. Moreover, in order to resolve the pressure variations in the normal junction (width = 20
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nm), we use extremely small grid near the junction with the smallest grid size being 8x 1071,
Since the coefficients (L}, L* , Kp, Kp, ) in the velocity matching condition (Eq. 2.10) differ by
several orders of magnitude between regions being matched (see Sec. 2.2), one has to be very
careful in selecting the mesh sizes in the z-directions near the fenestral hole. If the mesh size is not
sufficiently small, the finite difference approximations used for the derivative dP/dz might lead
to significant errors there. We chose the smallest grid size near the hole in SI and media to be
0.0005 and 0.000001 respectively. Similarly, the smallest grid sizes used in the z-directions close
to the endothelial cell boundary are 0.0005 and 0.00006 in the SI and GX regions. The governing

equations are discretized using following central difference formulae for non-uniform meshing:

af _ Jiv1 — fica

or li T, + 11

ﬁ _ Tt fiy1; — (@i +xi0) fij +vific
87"2 %, %xixi,l(xi + (’Eifl)

Pf _yiafig — Wty fig +yifigo
022 lij 3Y5%i-1(y; + Y1)

where, Ti =Tiy1 — Ty Yj = Zj+1 — Zj

The boundary conditions are discretized using second order difference formulae. This
discretization procedure leads to a linear system of algebraic equations whose number equals the
total number of mesh points. We solve the set of equations representing the three domains simul-
taneously using Matlab (Mathworks Inc). In order to test the accuracy of the solution, we adopt a
successive mesh-refinement procedure until the difference between two consecutive computations

is in the fourth significant digit.
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Table 2.3: Parameters and constants used in the model

Constant/Paramteter Value Reference
a®, nm 2.37 a
Ly, nm 200 (132)
L}, nm 500 (36)
L, pm 141(rat), 125(rabbit) (36, 78)
R*, pm 12 (123)
Tp, I 0.8 (36)
AR*, nm 20 (123)
Kp,, cm? 4.08x 1071 b
Kp, cm? 2.20x10712 (36),c
dca, NN 170.35 d
dpg, NI 40 (36)
€CGo 0.95 (35)
€PGO 0.9883 a

i, kg/m - sec 7.2x1074 (31

a: calculated using the fiber matrix theory and as explained in (35)

b: estimated as explained in the text

c: uncompressed SI value at zero transmural pressure, corresponding values for

compressed SI (L) are calculated as explained in the text and in Ref. (36)
d: calculated by assuming hexagonally packed collagen fibers of radius 20 nm (35)

with initial volume fraction of 5% (35)

2.2.4 Constants and Parameters

Geometric parameters:

Most of the parameters used in this study are adopted from Huang et al. (36) and are given in table
2.3. Huang et al. (35) extracted from Frank and Fogelman’s (24) freeze etchings that the average
spacing, d pg, between PG fibers is approximately 30-40 nm. We use 6 po = 40 nm for the relaxed
intima. Huang et al. (35) developed a fiber matrix theory to calculate the effective radius (a*)
of the PGs and the initial (at zero transmural pressure) void fraction (epgo) for the PGs. We use

Huang et al.’s (35) theory and estimate a* and € p;o to be 2.37 nm and 98.83%, respectively. Using
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these estimated numbers, one can calculate the Darcy permeability of a fiber matrix of PGs in the

SI using the Carman-Kozeny expression (15, 16, 17) as:

%2 3
@ €pao

Kppe = P80
*0 = TG (1= y)

where G (the Kozeny constant) is obtained as explained in Ref. (29). The spacing dcqo between
collagen fibers of radius 20 nm (35), assumed to form a parallel, triangular array of fibers with an
initial volume fraction (ecqo) of 5% (35), is calculated to be 170.35 nm. Tsay and Weinbaum’s
correlation (106) gives the Darcy permeability of collagen matrix Kp, in terms of fiber radius

and the average fiber spacing as:

0.377 2.377
KP(CG) a* 5C’G0 — 2TE'G

We assume that the resistances due to the PG and collagen fiber populations act as resistors con-

nected in series and thus compute the overall Darcy permeability of the SI region (Kp,) as (49):

1 1 1

= +
Kp, KP(PG) KP(CG)

At zero transmural pressure, we calculate Kp, as 2.20x 10712 cm?, in agreement with Huang et al.
(36). Since the SI undergoes compression upon pressure loadings, as evidenced by Huang et al.
(37), the void fractions of PG (ep¢) and CG fibers (ec¢) are functions of transmural pressure via

the intima thickness (L) as:

*

epe=1— Li: (1 — epco) (2.14)
ccg=1-— Lﬂ? (1 — ecao) (2.15)

At a given compression, one can calculate the PG and CG void fractions and estimate the average

spacing between these fibers, assuming they form a parallel, triangular array. Using these estimated
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spacing, we compute K p of the compressed intima as explained above. As shown by Huang et al.
(36), we found that Kp, decreases rapidly as the intima starts compressing with pressure loading.
Kp at LY = 0.2L}, and L} = 0.1L}, are one (2.06x 10~'3 cm?) and approximately two orders of
magnitude (4.7 x 10~'* cm?) lower than it’s uncompressed value, respectively. This drastic change
in Kp significantly affects the pressure and velocity distributions in the vicinity of the fenestra, as
explained in the results section.

The major constituents of the GX layer that covers the luminal side of the EC are PGs
with their glycosaminoglycan side chains and glycoproteins (97). Recent observations of Squire et
al. (84) and Weinbaum et al. (122) suggested a bush-like structure for the GX layer with clusters
of core proteins projecting normally from the EC surface. We model the GX layer as a fiber matrix

with a Darcy permeability (K'p,) defined as (106):

A 2.377
Kp, = 0.0572a} (—)
af

where a; is the fiber radius (6 nm, (84)) and A is the open spacing between fibers (8 nm, (84)).
Using these parameters, we compute Kp, as 4.08X 10~ ¢cm?. Using A =20 nm, Dabagh and
coworkers (18) calculated Kp, as 3.6x107'* cm®. Assuming a regular 2-D hexagonal arrange-
ment, we can compute the fiber volume fraction to be 0.326 and thus a void fraction of 0.674. With
this void fraction and using Zhang et al.’s (133) relation between fiber radius, void fraction and the
radius of fluid annulus, Liu et al. (53) estimated K p, as 6.04x107'* cm?. Seki and coworkers (92)
calculated the Darcy permeability of the GX layer considering a flow perpendicular and parallel
to the hexagonal array of cylindrical fibers as 3.16x 107! cm? and 6.10x 1071* cm?, respectively.
Our value for Kp,, mentioned above, lies in this range. Further, we assume that, since the GX
lies between the lumen and the EC, increasing lumen pressure does not affect the GX layer and its

structural properties are presumed to remain constant at all pressures.
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Hydraulic conductivities:

As described in section 2.1, the hydraulic conductivity (Lp) is a crude, unit operations level linear
proportionality that relates the driving pressure difference to the fluid velocity response that is con-
stant for simple materials. In this problem we are concerned with the Lp’s of the endothelium, the
normal junction, SI, IEL, media, endothelium + SI, IEL + media, and total arterial wall, denoted as:

Lp. Lp,. e, Lpy, Lp,. L

nj e+

Lp, . ,» Lp,respectively. Lp , is the hydraulic conductivity of

e
the denuded vessel representing the contributions of the IEL and the media. Tedgui & Lever (100)
and Baldwin & Wilson (2) experimentally measured intact and denuded vessel hydraulic conduc-
tivities for rabbit aorta over a range of transmural pressure, while Shou et al. (78) and Nguyen et
al. (62) did the analogous set of experiments on rat aortas. The latter three groups did measure-
ments at all pressures and for the intact and denuded vessel, all on each vessel. These experimental
measurements give us the values for Lp, and corresponding Lp,, .. Lp, ., is a phenomenological
value derived from experiment: Just as for electrical resistances, we can consider the inverse of

hydraulic conductivity (1/Lp) as a form of a specific resistance offered by each layer of an arterial

wall and assuming that the resistances of adjacent layer add as resistors connected in series, we

have:
1 1 1
—_— = + (2.16a)
Lp, LPeJri LPm-H
1 1 1
= — 4+ — 2.16b
L e+i LPe + LP1 ( )
1 1 1
= + (2.16¢)
Lp,, Lp, Lp

Note that Kp, = Lp, X X L} , where y is the viscosity of water and L], is the thickness
of media, which is 125 ym and 141 pm for rabbit and rat aorta respectively. Note that the rat
aorta’s media is the thicker one. This is because Shou et al. (78) measured the rat aortic thickness

from vessels fixed after excision rather than measuring it by in situ fixation. In case of in situ
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Table 2.4: Converged Lp, values

Data Lp, x10% (cm/s-mmHg)
Tedgui & Lever (100) 11.00
Baldwin & Wilson (2) 19.87
Shou et. al. (78) 10.37
T. Nguyen (62) 7.50

fixation the vessel is still tethered and is in a stretched state inside the animal. Once excised, this
stretching is released, the vessel retracts and, by mass conservation, becomes thicker. At steady
state the water flow across each arterial layer must be the same. Thus, as explained by Huang et
al. (36), by matching water fluxes across the IEL and using Eqgs. 20 and 21 from Ref. (36) with
the average Lp, ., , for each data set given in table 2.1, we obtain Lp,, = 11x107® cm/sec - mmHg
for Tedgui & Lever’s data (100). This gives us Kp, as 8.38x1071% cm?, which is very close to
6.09x10~'° cm? used by Tada et al. (96). The calculated values of Lp_ for other data sets are
listed in table 2.4.

The pressure-independent intrinsic hydraulic conductivity of the endothelium L p, is also
an unknown quantity. We assume that at very low pressures the intima is fully expanded and there
is no fenestral blocking. As a result the combination of SI Kp and the squeezing flow into the
IEL fenestra should yield only a negligible resistance. Thus, one can fix an estimate of the value
of Lp by using the least compressed intima configuration for which experimental Lp, data is

available. One then calculates its L p

... by employing flow incompressibility, i.e., the overall water

flow across the vessel wall must match the water flow across the endothelium as well as across the

IEL, as:

LPe+i (pg‘zg=0 - pi‘zi:O) Wf% =

rdr 2.17)

2;=0

21K p, /1 dp;
pli Jo o dz

where,

rdr (2.18)

z;=0

~ 92 [ 3 2 [
Pyl.,—0 = 5—%/0 Pg|zg:0rdr and P, = 5—%/0 P,
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Table 2.5: Converged Lp, values

Data Lp, x10® (cm/s-mmHg)
Tedgui & Lever (100) 16.41
Baldwin & Wilson (2) 35.80
Shou et. al. (78) 16.52
T. Nguyen (62) 8.29

Therefore, using Eqs. 2.16b and 2.17, one can obtain Lp, > Lp

et | AP (min)* This approach is in

the same spirit as that in (36), but is slightly more complicated because of the presence here of the

GX layer.

To begin this calculation, we assume a value of the hydraulic conductivity of the normal
junction Lp, ., solve the whole system numerically using boundary conditions (Egs. 2.3-2.11) and
compare the calculated Lp, , from Eq. 2.17 with the corresponding experimental value obtained
using Eq. 2.16a and the data listed in Table 2.1. This procedure is repeated until the numbers
from both experimental and model calculations match. Lp, . is nothing but the measured Lp,,

area-corrected to the junctions and can be expressed as:

Lp,, 2nR* (AR*/2)
Lp, =

: e

Table 2.5 give the converged results for Lp for available experimental data. We use these con-
verged values of Lp, or (Lp,;) for all our further calculations and predictions.

One test of the model it to use it to compute the total hydraulic conductivity (Lp,) of
the vessel wall and to compare these model predictions with experimental Lp data. An obvious
way to find (Lp,) is to use Lp,,, from Eq. 2.17 and to insert it into Eq. 2.16a with an averaged

value of Lp

....r from the corresponding experimental data, as done in (36). The problem with this

method is that Lp,, ., does not enter into the calculation directly (other than in determining the bulk
parameter K p ). The calculation yields a media pressure field from which one can use a balance

to calculate a phenomenological Lp, ., needed for Eq. 2.16a at each AP, which neither needs to
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be equal the averaged experimental value used to calculate K p nor even to be A P-independent.

In fact, Lp

... calculated directly from the model turns out to be nearly constant at lower pressures,

but it decreases significantly at higher transmural pressures. A better method for finding the fully
model-generated value for Lp, is to again appeal to incompressibility by equating the calculated

velocities with the L p, expression for the total flow across the wall, i.e.,

Lp, m&8 = rdr (2.19)

2z;=0

27K p, /1 dP;
pli Jo dz

2.2.5 Results and discussion
Pressure drop across IEL:

Figures 2.2 and 2.3 depict the pressures, non-dimensionalized by the luminal pressure P; (the ad-
ventitial pressure is taken to be zero), as a function of r*/ 1’ for various given intimal compressions.
They predict the pressure distributions above and below the IEL obtained using both the analytical
series solution (Fig. 2.2) with Huang et al.’s (36) approximate boundary conditions described in
section 2.2.2 and the finite difference solution that employs the exact boundary conditions (Fig.
2.3). These figures neglect the GX layer so as to facilitate comparison with Huang et al.’s (36) GX-
free model. For the predictions shown in Fig. 2.3, we use the ring source at the normal junction
instead of Egs. 2.7 and 2.8, exactly as in Hunag et al. (36). Clearly, the finite difference solution
gives us proper pressure (and flow rate) matching in the fenestral hole (r*/r} < 1) region. Both
figures show that the pressure decreases from the edge of wall unit to the center on the intimal side
as the fluid approaches the fenestral hole and then decreases as r increases on the media side as the
fluid exiting the fenestra spreads in the media. Both sets of curves display a qualitative change in
the behavior of the pressure as the thickness of the intima decreases in response to an increasing
transmural pressure. For L} >200 nm, the pressure profile in the intima is almost flat and most of
the pressure drop occurs in media. However, as the intima thins with increasing transmural pres-
sure, say at L; = 50 nm, most of the pressure drop shifts to the intima in a region of several pore

radii from the fenestral opening. Thus the flow resistance shifts with pressure from the spreading
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Figure 2.2: Local pressure distributions on the intimal side (F;: the upper curve of a given color)
and the medial side (F,,: the lower curve of a given color) of IEL for different intima thicknesses
using Tedgui and Lever’s (100) data with Huang et al.’s (36) approximate boundary conditions.
Lp and Lp are given in tables 2.4 and 2.5, respectively; see Glossary for definition of other

abbreviations.
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Figure 2.3: Local pressure distributions on the intimal side (F;: the upper curve of a given color)
and the medial side (F,,: the lower curve of a given color) of IEL for different intima thicknesses
using Tedgui and Lever’s (100) data with exact boundary conditions. Lp, and Lp, are given in

tables 2.4 and 2.5, respectively; see Glossary for definition of other abbreviations.
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flow in the media to the entrance flow into a partially blocked IEL fenestra. In other words, at 50
nm, the SI is fully compressed and the endothelial cell partially blocks the fenestra; water incurs a
sharp pressure drop (red curve in Fig. 2.3) in traversing the SI.

Our calculations using Huang et al.’s (36) approximate boundary conditions resulted in
very small differences from their predictions, which are likely due to different numbers of terms
retained and different matrix inversion tool used. Figures 2.2 and 2.3 show very good qualitative
agreement between the two solutions. However, in and near the fenestral hole and especially for
compressed intimae, the predictions are off by approximately 10%. Also, the pressures at the edge
of wall unit (junctional region) differ roughly by 3%. These two regions are where the pressures
vary significantly in both the z direction and, for thinner SI, in the radial direction across the fenes-
tra. It is worth noting that the separation of scales in most of the SI (i.e., the characteristic z-scale,
Lo, is far smaller than the characteristic r-scale, &;, in the SI, except in these regions where the r-
scale is the far smaller region width) means the 2 variation of the dynamic variables should be very
small (i.e., not of leading order in the small ratio of these scales). This separation of scales is not
valid in these two regions, and so z-variation becomes significant there. A comparison between the
two solutions suggests that Huang et al.’s (36) third, three-point-matching approximation clearly
performs the best, as anticipated. We have not yet predicted the intima compression for a given P,
and so cannot yet calculate the dimensional pressures. We will use Huang et al.’s (36) theory that
relates intimal compression (L} /L%,) to the applied transmural pressure gradient, P}, to calculate
the dimensional pressure profiles.

We did not find any significant change in these pressure profiles with inclusion of the
GX layer. The pressure distribution within the GX region (not shown) is uniform in both r and
z directions at a value nearly equal to the lumen pressure except near the junction region, where
one finds a small decrease (< 1%) in pressure. This drop causes the average pressure in the
SI to be ~4% lower at large intima thicknesses (>100 nm) and at least 2-3% lower when the
intima is relatively compressed (<100 nm) compared with Fig. 2.3. Interestingly, we find a non-

negligible variation in the SI pressure in z-direction near the junctional region and it propagates
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a short distance (~ 10AR) inside the intima, consistent with the separation of scales argument
mentioned above. These calculations suggest that the surface GX layer provides little resistance to
water flow; this result agrees well with the theoretical predictions of Seki and coworkers (92) who
showed negligible resistance from the GX for flow though micro vessel walls. We anticipate that
the GX layer may play a major role in transport of small oncotically-active protein molecules like
albumin into and through the vessel wall; such effects are the subject of the next chapter. In the

results that follow, we have included the GX layer and the model used is as shown in Fig. 2.1.

Hydraulic conductivity of the endothelium plus SI:

Figure 2.4 plots the model predictions for the variation of the hydraulic conductivity of the endothe-
lium plus SI (Lp, ,,) calculated using Eq. 2.17 as a function of intimal compression. Thick intimae
have a high Lp, ,, that remains almost constant for (L} /L3, > 0.4), since for such thicknesses there
is no fenestral blockage and Lp,_,, ~ Lp,, the intrinsic endothelial conductivity. Compressed inti-
mas with (L}/L}, < 0.4), on the other hand, decrease K p and obstruct fenestral openings. These
factors rapidly increase Sl resistance, i.e., decrease its conductivity, e.g., Lp, ,, decreases by ~28%

from L}/L}; = 0.4to Lf/L}, = 0.15.

Pressure dependent hydraulic conductivity:

In order to compare the predicted variation of the hydraulic conductivity of an intact arterial wall
with the experimental L p measurements from various groups, we model the SI matrix as a Hookean
spring. The spring responds (with spring constant k) to the force per unit area (Pg* — P7) on the
endothelium to get an implicit relation between intimal compression (L}/L%,) and the applied

pressure difference (P;) as:

_ _ L*
PPy —P)=k (1 - L,Z ) (2.20)
70
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Figure 2.4: Predicted variation of the hydraulic conductivity of the endothelium plus intima as a
function of intimal compression using Tedgui and Lever’s data (100). L},= 500 nm. Lp,, and Lp,

are given in tables 2.4 and 2.5, respectively; see Glossary for definition of other abbreviations.
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Figure 2.5: Nonlinear relationship between intimal thickness and transmural pressure and compar-
ison with Huang et al.’s (37) experimental measurements of thickness of the SI of rat aorta. Error
bars represent standard deviations. Lp_and Lp, for corresponding data sets are given in tables 2.4

and 2.5, respectively; see Glossary for definition of other abbreviations.
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where, k is the transmural-pressure-independent intimal elastic coefficient [mmHg]. Using Egs.
2.19 and 2.18, we calculate Lp, and P;* at different intimal thicknesses (L}). We also have experi-
mental data for Lp, at various lumen pressures P;. We choose a measured L p, corresponding to a
particular pressure from the experimental data. We then try to find an intima thickness that predicts
the same L p, from our model calculations. Using the values of Lp,, P; and L that correspond to
the various experimental transmural pressures, we can plot the transendothelial pressure (Eq. 2.20)
vs the endothelial displacement and use the best-fit value for its slope as the spring constant k.
Figure 2.5 plots the variation of the intimal thickness with increasing luminal pressure for
four different data sets and compares them with the experimental data of Huang et al. (37), who
measured the intimal thickness of rat aorta fixed at four different transmural pressures. J. Abrams
(pending) did similar direct SI thickness measurements (with an improved procedure to find the
region of interest in electron micrographs of sections of rat aorta using Matlab’s image processing
tool) at 50, 100 and 150 mmHg and found similar results with much better standard deviations
than Huang et al.’s (37) measurements. The theory predicts the experimental data fairly well at 50
mmHg (see predictions for Shou et al.’s (78) and Nguyen et al’s (62) Lp data for rat aorta). Even
though at 100 mmHg, the predictions appear lower than the data, this difference is not significant
and agreement with the data at 150 mmHg is very good. Given the complexity associated with
measuring the thickness of the extremely irregular intima layer and the simplicity of our model, our
model appears to capture the important physiological conditions that govern intima compression.
The results show a nearly linear decrease in the intimal thickness for the lower range of transmural
pressures (~ up to 60 mmHg for Baldwin & Wilson’s (2) and Nguyen et al.’s (62) data and ~up to
80 mmHg for Tedgui & Lever’s (100) and Shou et al.’s (78) data, respectively). Further increase
in luminal pressure causes a nonlinear flattening of the intimal thickness vs pressure until a critical
pressure that corresponds to maximal compression, after which we allow no further compaction.
Our model predicts the critical thickness L;, (that corresponds to the critical pressure) to be ~ 14%
and 16% of its unstressed value (L},), compared to Huang et al.’s (36) 13% and 16% for Tedgui &

Lever (100) and Baldwin and Wilson’s (2) data, respectively. For Shou et al. (78) and Nguyen et
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al.’s (62) data, the corresponding numbers are 16% and 15% respectively.

Using Eq. 16, Figures 2.6 - 2.9 plot the calculated variation of Lp for the intact vessels,
(Lp,) and for denuded vessels, (Lp, ), as functions of the transmural pressure and compares
model predictions for each of the four different experimental data sets. We assume same L, (500
nm) for rabbit and rat data. Recall that Huang et al. (36) estimated Lp, , (see Eq. 10 in Ref.
(36)) and used Eq. 2.16a with a constant, data set-specific value of Lp ., for an intact vessel
to predict the variation of Lp, with transmural pressure. We found that (results not shown) this
method of calculating Lp, slightly under-predicts Lp, (by 2%) at lower intima compressions, but
leads to significant over-predictions (by as much as 8-20% between L;/L}, ~0.2-0.15) of Lp, at
higher compressions. The spring constants obtained from these data sets are 32.7, 23.68, 27.66,
30.6 mmHg, respectively. Note that the low k value corresponds to Baldwin and Wilson’s (2)
data on rabbits, which are uniformly about double the Lp values of the other three data sets,
two for rats and one for rabbits. With these results, one can calculate the mean value of k for a
sub-endothelial matrix as 28.7 + 3.9 (SD) mmHg. The elastic modulus of the PG and CG fiber
matrix in the alveolar walls of lung tissue has been reported to be 5 kPa (6) (or ~ 35 mmHg),
which is very close to our prediction (28.7 mmHg) noted above. Compared to Huang et al.’s 22
and 16 mmHg, for Tedgui & Lever (100) and Baldwin & Wilson’s data (2), these numbers are
significantly higher. This difference is likely due to different method used for the estimation of Lp,
(as mentioned earlier) and the implementation of fenestral boundary conditions. Higher value of &
means, for the same level of compression, greater force/area on the endothelium. Since the critical
thicknesses predicted by both models are about the same (see above), our predictions with higher
k would correspond to lower pressure required to achieve the level of maximal SI compression.
Consistently, the predicted critical pressures for Tedgui & Lever’s (100) and Baldwin & Wilson’s
data (2), as Figs. 2.6 and 2.7 show, are 124 and 96 mmHg, which are lower than Huang et al.’s
(36) corresponding predictions - 135 and 82 mmHg, respectively. Our calculations predict critical
pressure of 100 mmHg for Shou et al.’s (78) and 90 mmHg for Nguyen et al.’s (62) data.

Overall we find a good agreement between the experimental results and the model pre-

57



() Exerimental data — Denuded EC
0 Exerimental data — Intact EC
i — — — Model predictions — Denuded EC
7 Model predictions - Intact EC
6 - .
2 5 :
E
=
@
5 4F —H .
[ee]
o
X
o 3[ T
-
2 - .
1 - .
k =32.7 mmHg
0 1 1 1

0 20 40 60 80 100 120 140 160 180 200
Transmural Pressure (mmHgQ)

Figure 2.6: Comparison of the model’s pressure-dependent hydraulic conductivity in the intact
artery wall and pressure-independent hydraulic conductivity in the denuded artery wall with ex-
perimental measurements from Tedgui and Lever (100) on rabbit aortas. Ly and Lp, are given in

tables 2.4 and 2.5, respectively; see Glossary for definition of other abbreviations.
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Figure 2.7: Comparison of the model’s pressure-dependent hydraulic conductivity in the intact
artery wall and pressure-independent hydraulic conductivity in the denuded artery wall with the
experimental measurements from Baldwin and Wilson (2) on rabbit aortas. Note the relatively
lower value of k corresponds to the uniformly higher Lp values in this relative to the other three
sets of data. Lp and Lp, are given in tables 2.4 and 2.5, respectively; see Glossary for definition

of other abbreviations.
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Figure 2.8: Comparison of the model’s pressure-dependent hydraulic conductivity in the intact
artery wall and pressure-independent hydraulic conductivity in the denuded artery wall with ex-
perimental measurements from Shou et al. (78) on rat aortas. Lp,, and Lp, are given in tables 2.4

and 2.5, respectively; see Glossary for definition of other abbreviations.
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Figure 2.9: Comparison of the model’s pressure-dependent hydraulic conductivity in the intact
artery wall and pressure-independent hydraulic conductivity in the denuded artery wall with ex-
perimental measurements from Nguyen et al. (62) on rat aortas. Lp, and Lp, are given in tables

2.4 and 2.5, respectively; see Glossary for definition of other abbreviations.
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dictions for each of the four data sets. As the figures display, Lp ., of the denuded vessel is

+T
independent of transmural pressure, since there is nothing in the denuded vessel that compresses
with pressure. However, when the vessel is intact, Lp, appears to be constant until ~ 60 mmHg,
after which it drops by ~ 40% in a non-linear fashion until the transmural pressure (or the force
acting on the endothelium) reaches a critical limit - and the SI a limiting compression - after which
our model does not allow any further SI compression. This renders Lp, constant at higher pres-
sures (beyond ~ 100 mmHg). Thus, as per Huang et al.’s (36) theory, the compression of the SI

and subsequent blockage of IEL fenestra indeed explains the experimentally observed marked drop

in Lp, with pressure and the 60-110 mmHg dynamic range over which L p, changes.
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2.3 Filtration model: Transcellular flow

The experimental observations of Nguyen et al. (62), showing a marked decrease in Lp, upon
blocking of AQP1s, suggest a significant functional role of AQP1s or transcellular flow in deter-
mining and controlling the transmural water transport through rat arterial walls. What is disturbing
here is the fact that the drops in Lp,, as observed by Nguyen et al. (62), differ significantly at
different transmural pressures. Huang et al.’s (36) SI compaction theory and section 2.2 calculate

a critical average force per unit area (P; — P7) on the endothelium to compress the SI which,
under normal circumstances, occurs over a dynamic range of ~60-100 mmHg. We propose that,
by blocking the AQP1 channels, the available pathways for water transport across the endothelium
are decreased, thereby decreasing Lp, and consequently F;. This increases the average force per
unit area (139* — P¥) acting on the endothelium and shifts a larger fraction of AP from the media to
the endothelium. As a result, the critical force per unit area acting on the endothelium obtains at a
lower transmural pressure, which should shift the dynamic range of SI compression to lower over-
all transmural pressures. At higher luminal pressures, where partial/full fenestral blocking takes
place even without reduction in functioning AQP1s, such a reduction should not lead to any sig-
nificant additional compression, but rather would simply reflect a change in L p_ . Thus we expect a
much smaller variation in Lp at higher pressures upon AQP1 blocking, as observed by Nguyen et
al. (62). In order to test the feasibility of our hypothesis, we incorporate transcellular flow into our

earlier model and attempt to quantitatively explain the contribution of AQPIs to the vessel wall

endothelium’s hydraulic conductivity (Lp,) and its AP-dependence.

2.3.1 Mathematical formulation

To account for the transcellular water flow, we extend our filtration model explained in section 2 by
changing the boundary condition at the endothelium (z; = 1). The earlier model assumes that the
endothelium is impermeable except for the junctional region. Here we allow a transcellular water

flow, characterized by a hydraulic conductivity Lp,,,, of the endothelial cell due to its AQP1s in
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addition to the water entering the SI through normal junction. The two of these together account
for or add up to the endothelium’s intrinsic hydraulic conductivity Lp . The boundary condition
at z; = 1 inside the normal junction is the same as given in Egs. 2.7 and 2.8, however on the
endothelium (0 < r < R), water flux is governed by Lp, ¢ as:

_ LPEC“L:(PQ — Pl)
Kp

K3

—W; atz; =1 (j=g,i) (2.21)

We express Lp,, which is in principle an experimentally measured quantity, as a combination of

Lp,. and Lp,; as:

Lp, 7&;* = Lp,. R + Lp,, 2n R*(AR" /2) (2.22)

Note we have attributed half of the junctional area to the cell in question; the other half
is, by symmetry, attributed to the neighboring cells. After replacing Eq. 2.6 by 2.21, we proceed
to solve the Eq. 3.2 with the numerical implementation of the exact boundary conditions in the

fenestral hole, as done previously. We use the same finite difference method as in section 2.2.

2.3.2 Constants and parameters

The parameters used for this model are same as those used in section 2.2, except L p, ., which does
not appear in earlier model. Since we do not know the exact fraction of Lp due to AQPls, we
assume Lp, ., to be various fractions of the experimentally-determined L p,, whose intrinsic value
we have already calculated from our earlier model. Thus, using Eq. 2.22, one can find the (now

lower) Lp,; corresponding to each assumed fraction.
2.3.3 Results and discussion

Pressure dependent hydraulic conductivity for unblocked AQP1s:

Functioning, unblocked AQP1s serve as available pathways for a substantial transendothelial water

flow in addition to the intercellular junctions. We now use this new model to predict the variation
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Figure 2.10: Effect of various AQP1 fractions (open or functioning) on the pressure dependent
hydraulic conductivity of an intact artery wall and comparison with Nguyen et al.’s (62) experi-
mental data. Symbols: experimental data, Lines: model predictions. Note that Lp, in all of the
four assumed fractions is the same, 8.29x 10~ cm/sec - mmHg; L ppc and Lp, ; are varied based

on assumed AQPI1 fraction and Eq. 2.22
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Table 2.6: The effect of increasing AQP1s on water flux across the EC and normal junction

AQP1 expression Qrc (%) Qn;j (%)
Baseline 30.21 69.79
25% more 35.11 64.89
50% more 39.37 60.63
100% more 46.41 53.59

Baseline assumes that AQPTs contribute 30% to Lp,. (Jpc - water flux across the
EC and Q) g¢ - water flux across the normal junction

of Lp, with AP. We begin by assuming Lp, . as various fractions of Lp, and predict the total L p,
of the vessel wall at various SI thicknesses. For each fraction, we then scale the model to, e.g.,
Nguyen’s (62) unblocked data (as explained in section 2.2.5), by finding the average compression
that gives the Lp, equal to the measured value at that transmural pressure. The slope of the resulting
compressions vs the transendothelial force/area curve is the effective SI ECM spring constant (k)
for each assumed AQP fraction of Lp . That is, since we are interpreting the experimental data
based on an assumed fraction, each assumed fraction will give us a different value of this spring
constant, i.e. a different SI spring. Knowing the spring constants and using Eq. 2.19 which
predicts Lp, for a given SI thickness and Eq. 2.20, we can find the variation of Lp, vs AP and
calculate/predict Lp, at any AP.

Figure 2.10 depicts the variation in Lp, with transmural pressure for various assumed
fractions of Lp, contributed by AQP1s. Note that the curve for 0% AQP1s i.e., no transcellular
flow, is the same as that obtained in earlier model (see Fig. 2.9). The calculation assumes that
all of these AQP1s are open and contribute to transcellular water flow. Since all of these curves
have the same Lp, , they are nearly identical. Notice though that as one increases the fraction of
AQP1s from 0 to 40% at fixed Lp,, the Lp(AP) curve does become slightly flatter in the dynamic
pressure range of 60-100 mmHg. This is due to the fact that increasing L p, lowers the pressure
difference across the EC slightly for a given AP, and one needs a slightly higher AP to achieve
the same trans-EC force/area. Viewed slightly differently, the increased flatness with increasing

AQPI fraction is the result of the shorter flow path traversed by the transcelluar, rather than the
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junctional, portion of the water flow in the thinning intima, meaning less head loss and therefore
less reduction in Lp,. As expected, since Lp, is the same for all of the assumed AQP1 fractions
(see caption below Fig. 2.10), all of these curves result in roughly the same critical pressure (90
mmHg) after which no further compression is allowed. It is no surprise that one finds a different
spring constant for each assumed AQP1 fraction (see Fig. 2.10); again, more AQPls means a
higher trans-EC flow, which reduces the pressure difference across the EC at a given AP. Since the
matching to data occurs via A P, the system accomplishes the same compression at a lower trans-
EC pressure, yielding a lower k£ with more AQP1s. Our calculations, incorporating transcellular
flow, predict the spring constants for the four data sets given in Figs. 2.6-2.9 as 27.98, 19.17, 23.84
and 27.9 mmHg, respectively. Note that these numbers are smaller than those reported in Figs. 2.6

- 2.9, which do not include transcellular water flow.

Pressure dependent hydraulic conductivity for blocked AQP1s:

The hydraulic conductivities reported for blocked AQP1s (Nguyen et al. (62)) were measured
using 5 uM HgCls. The inhibition of AQP1s by submillimolar concentrations of HgCl; had been
amply demonstrated in red blood cells (RBC) (115). Titration curves taken on RBCs suggests that
5 M would block less than 100%, and possibly as low as 1/3 of AQP1s (127). However, since a
single molecular transcellular pathway may consist of more than one functioning AQP1 in series,
it is possible that the number of molecular transcellular pathways blocked exceeds the number
of functioning AQP1s blocked. Thus since we do not know the exact percentage contribution of
AQP1s to the Lp_ , we choose a lower bound on it by assuming that 5 ;1M blocks all (100%) AQP1
pathways, and see how the model predictions for various assumed fractions compare with Nguyen
et al.’s (62) blocked data. Given an assumed Lp,. (and corresponding Lp, . from Eq. 2.22), if
the model predicts L p, values for maximum AQP1 blocking (by setting Lp, ., =0, corresponding
to 100% blocking) that are higher than the blocked experimental data, this would mean that we
should have assumed a higher Lp, .. Clearly blocking less than 100% of the AQP1s would result

in higher Lp, than 100% blockage. On the other hand, if for an assumed Lp, ., we maximize
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Figure 2.11: Effect of various AQP1 fractions and whether they are open or blocked on the pressure
dependent hydraulic conductivity of an intact artery wall and comparison with Nguyen et al.’s (62)
experimental data. Symbols: experimental data, Lines: model predictions. Note that blocking
AQPIs (solid lines) for a given AQP1 fraction leaves Lp, . unchanged, but shuts off Lp,c (i.e., sets
it to zero) and thus lowers Lp,. Lp,; for each assumed fraction is the same as that used in Fig.

2.10; dashed blue curve is the same as 40% AQP1s curve in Fig. 2.9
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blocking by setting Lp, .= 0 and the model predicts Lp, lower than experiment, we decrease the
percentage of AQP1s blocked until we get a reasonable agreement with the experimental data. It is
important to note that, in order to predict the hydraulic conductivity at the different pressures, we
must retain the same spring constants obtained for the unblocked AQP1s.

Figure 2.11 compares the hydraulic conductivities in the presence of HgCl, at various
Lp,. with Nguyen’s (62) blocked data. For reference the figure also includes both the intact-
unblocked and denuded vessel data and the corresponding theoretical curves, with the intact un-
blocked vessel theory computed for an AQP1 fraction of 40% of Lp, from Fig. 2.10. The predic-
tions in Fig. 2.11 clearly show a significant decrease in the hydraulic conductivity of the vessel
wall with increased fraction of blocked AQP1s. As shown, for the case of 20% and 30% AQP1s,
100% of which are blocked, the model predictions for hydraulic conductivities are quite high while
those for 40% AQP1s, 100% of which are blocked, are very close to experimental data. We now
use these results to calculate the force acting on the endothelium. Note that the curves in Fig.
2.11 retain their shape, but shift to left as one blocks more AQP1s, meaning that the SI attains the
maximum compression limit at much lower transmural pressures. Recall that Nguyen’s (62) in
vitro measurements showed that AQP1 blocking reduces water flux across BAECs by ~22.1+6%,
which reasonably agrees with our model’s prediction that AQP1s likely account for more than 30%
of Lp . Recall that Yan et al. (126) found that AQP1 knockdown lowers RAEC monolayer Lp,
by 62.4%, but that her tracer studies indicate that a portion of this drop appears to be due to a

reduction in junctional transport with AQP1 knockdown. See Yan et al. (126) for details.

Experimental predictions: According to our theory, in the presence of HgCly, the SI is fully
compressed at 60 mmHg, whereas it is only partially compressed, and not to an extent that causes
fenestral blockage, in its absence. Thus we predict that direct measurement of SI thicknesses
for vessels fixed under pressure, either with or without HgCl,, should show this difference. The
experimental measurements of J. Abrams (in preparation for a separate publication) showing ~

21% decrease in the SI thickness of rat aortas fixed at 50 mmHg with HgCl, (or blocked AQP1s)
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and very small decrease in its thickness at 100 and 150 mmHg, are consistent with our hypothesis.
We find that the force/area acting on the endothelium at 60 mmHg in the case of functioning AQPs
is the same as that acting at 43 mmHg for the blocked case. That is, the theory predicts that, even
with HgCl, treatment, the SI at 43 mmHg transmural pressure should experience the same level
of compression and fenestral blockage as the untreated SI at 60 mmHg. HgCl, treatment will
however still lower Lp, , and thus the predicted Lp, at 43 mmHg with HgCl, would be 2.11 x 108
cm/sec - mmHg, much higher than its value with blocker at 60 mmHg, but still less than the
blocker-free 60 mmHg value of 2.58 x 1078 ¢cm /sec - mmHg.

A second prediction, is that, if one lowers the transmural pressure sufficiently, one should
be able to decompress the SI and to raise Lp, even in the presence of HgCl,. The model predicts
that the Lp, in the presence of HgCl, increases from 1.75x1078 t0 2.18 x 1078 cm/sec - mmHg as
the transmural pressure is reduced from 60 to 20 mmHg. Nguyen (62) carried out pilot measure-
ment of Lp, with HgCl, at 20 mmHg and found a value of 1.9x 10~ cm/sec - mmHg, which is
greater than their Lp, value at 60 mmHg (1.74x 1078 cm/sec - mmHg) and is quite consistent with
our prediction.

We note also that Nguyen et al. (62) found an Lp, value at a transmural pressure of 140
mmHg to be 1.995x107® cm/sec - mmHg that was higher than the values at 60 and 100 mmHg,
which showed no statistically significant difference. They carried out their controls for reversing
the effects of HgCl, with 2-mercaptoethanol only at the two lower pressures and recovered L p val-
ues within an average 5% of baseline values, suggesting negligible change in paracellular pathway
upon HgCl, treatment. One reason for this discrepancy is the possibility that at this elevated pres-
sure, the HgCl, was forced into the cells and caused some cellular damage. J. Abrams has found
clear artifacts in ECs from rat aortas fixed at 150 mmHg and exposed to HgCl, for longer time
(more than 30 mins), which were absent in ECs from the rat aortas fixed at 50 and 100 mmHg.
Another possibility is that, since in the presence of HgCl; the force/area on the endothelium at
fixed transmural pressure is far higher than in its absence, maybe this force at 140 mmHg was

large enough to cause a slight stretching of the endothelium and therefore of all of the EC junc-
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tions, thereby slightly elevating the junctional contribution to Lp, and therefore to Lp,. We find
that, in order to exert the same force on endothelium as that exerted in case of blocked AQPs at
140 mmHg, one has to increase the transmural pressure to ~ 200 mmHg. The forces acting at such
high transmural pressures might cause some mechanical damage to the endothelium and can lead
to the higher Lps, as seen by Nguyen (62). This calculation suggests that one should measure L p,

without blocker at 200 mmHg and compare it to the L p, with blocker at 140 mmHg.

Effect of AQP1 up-regulation on force/area on EC:

Since decreasing functioning AQP1s decreases the critical AP for SI compression, could increasing
functioning AQP1s increase this value, say, into the physiological range? This would increase L p,
significantly there. Figure 2.12 shows the predicted effect of up-regulating AQP1s or, equivalently,
of increasing the transcellular transport on the force acting on a unit area of endothelium. Note
that each curve in figure 2.12 starts out almost linear, then flattens and finally climbs linearly
again. The initial near-linearity reflects the fact that L p, remains fixed for each curve and the initial
compression causes no fenestral blockage; thus the transendothelial pressure drop (or force/area)
scales almost linearly with the transmural pressure. Beyond a certain point, the increased pressure
compresses the SI, causing fenestral blockage, which lowers L p,. The higher driving pressure and
the lower L p, nearly balance, meaning the trans-wall - equal to the trans-endothelial - flow hardly
changes with increasing transmural pressure in this region. Since Lp, is an intrinsic property that
does not change with compression, this means that the transendothelial force/area hardly changes
in this region. However, once full SI compression is reached, the geometry remains fixed and
the transendothelial pressure drop (which is proportional to the transendothelial flow, equal to
the transmural flow) simply scales exactly linearly with the transmural pressure. An increase in
functioning AQP1s shifts the transendothelial force/area curves in Fig. 2.12 down. As above, this
means that the more functioning AQP1s or the more transcellular transport pathways, the lower the
force/area across the EC at each transmural pressure, as originally suspected. Phrased differently,

as we block the AQP1s, there is more pressure drop and thus more force on the endothelium that
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Figure 2.12: Effect of increasing the number of functioning AQP1s (their fraction of Lp,) on the
force per unit area acting on the endothelium. Baseline results assume that AQP1s contribute 40%
to Lp, (Eq. 2.22 gives corresponding Lp,. and Lp,; ); Lp,; (and thus £ =27.9 mmHg) is fixed in

all cases and L p,, is varied based on the assumed fraction
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compresses the SI. The right shift in force/area curve suggests that, if the endothelium expresses
more AQP1Is, the intima can sustain higher range of pressures before getting fully compressed and

may be beneficial in flushing unbound lipid from the wall.

Effect of AQP1 up-regulation on Lp,:

Figure 2.13 shows the model predictions for the effect of increasing (only) transcellular transport
on the hydraulic conductivity of an intact vessel wall. Clearly, the L p, significantly increases with
increasing the number of functioning AQP1s on the endothelium. Moreover, as Fig. 2.13 depicts,
with more AQP1s, the Lp, (AP) curve becomes flatter and shifts to right. For Nguyen’s data (62),
the critical pressures are found to be 91, 99, 108, 118 and 127 mmHg for every 25% increase in
AQP expression respectively. It also means that the more active the transcellular pathways, the
higher the transmural pressure needed to achieve the critical force/area for maximal SI compres-
sion, and consequently, the farther to the right, i.e., to higher transmural pressures, the dynamic
range of Lp, shifts. This could have implications for possible interventions to increase vessel wall
L p,. These predictions suggest new experiments to investigate the effects of increasing EC AQP1s
on Lp,. One anticipates a significant increase in L p, with more EC AQP1s in the transmural pres-
sure regime of ~70-95 mmHg and a small change beyond 110 mmHg. My colleague C. Raval has
recently performed these experiments and will present their very good agreement with this theory

in a companion paper.
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Figure 2.13: Effect of increasing the number of functioning AQP1s (their fraction of Lp, ) on the
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2.4 Conclusion

We have presented a pair of models for the filtration through the arterial wall and, in particular,
through its fenestral pores and considered, for the first time, the role played by AQP1s in modulat-
ing the total hydraulic conductivity of an intact arterial wall with changes in transmural pressure.
Our calculations showed a substantial decrease in Lp, values upon increasing the percentage of
blocked AQP1s, and that this decrease is the combined effect of lowering the intrinsic Lp, and
inducing fenestral blockage at a much lower transmural pressure than would be needed with func-
tioning aortic endothelial AQP1s. The model provides several interesting results that compare
favorably with experiment. First, the large predicted drop in L p, agrees with Nguyen’s (62) exper-
imental observations of the effect of blocking on L p at different transmural pressures, supporting
the hypothesis that AQP1s indeed play a significant role in overall transport across the arterial wall.
Second, the theory predicts that AQP1s contribute at least 30% to the intrinsic hydraulic conduc-
tivity of the endothelium. Third, the force acting on the endothelium at 60 mmHg with functioning
AQPIs is same as that at 43 mmHg for blocked AQP1s. This suggests that the SI in the presence
of HgCl, should decompress at 43 mmHg to a level that the untreated SI is at 60 mmHg. Pilot data
seems to agree at least qualitatively with the precise predictions for the extent to which L p, should
increase with this drop in transmural pressure for the treated vessel. The theory has also made
predictions for measurements of Lp, at elevated pressures and with higher EC AQP1 expression.
We anticipate that these new understandings of the nature of the transendothelial water flow may

suggest new potential therapeutic targets for slowing the early progress of atherosclerosis.
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Chapter 3. Interplay of flow and oncotically active solute transport across the endothelium

3.1 Introduction

The transport and accumulation of macromolecules like low density lipoprotein (LDL) cholesterol
from the lumen into the subendothelial intima (SI) region of a arterial wall are thought to be critical
pre-lesion events in atherosclerosis. These macromolecules react with and bind to SI extracellular
matrix (ECM) (mainly comprised of proteoglycan (PG) and collagen (CG) fibers (24)) allowing
them to oxidize in situ. Endothelial cells (EC) recruit blood-borne monocytes that mature inside
the SI region to become macrophages (10) and engulf oxidized LDL. When overloaded, they form
necrotic foam cells (87), a process known to trigger early atherosclerotic lesion formation. Many
researchers, using both experimental (89, 11, 13, 34, 50, 51, 52) and theoretical (119, 129, 35)
approaches, have studied the transport process by which macromolecules cross the aortic endothe-
lium and enter the inner layers of the vessel wall. These studies (11, 50, 51, 52, 119) have shown
that macromolecules cross the aortic endothelium at certain focal locations, widened junctions
surrounding rare (~ 1 in every 2000-5000 ECs in rat aorta (50, 51, 52)) ECs. They have shown
(129, 35) that macromolecular advection by transmural (across the vessel wall) pressure-driven
plasma flow (water and solutes) is the dominant mechanism of this focal macromolecular trans-
port and subsequent spread in the SI. Unlike macromolecules, water, because of its small size,
can cross the normal tight junctions surrounding normal ECs that vastly outnumber the leaky ones
and enter the vessel wall. Transmural pressure-driven leaky junction flow brings macromolecules
into the SI through rare leaky junctions and advects them further inside the SI region, thereby in-
creasing LDL-ECM interactions. On the other hand, transmural pressure-driven flow across the
normal endothelium can also flush unbound LDL from the SI and ultimately from the vessel wall.
Thus the overall water transport across the endothelium, and not just the portion through rare leaky

junctions, affects LDL accumulation inside the vessel wall.
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A wall parameter, the hydraulic conductivity (Lp), defined as the ratio of the transmu-
ral water flux to (hydrostatic-oncotic, the latter universally taken as zero in large artery walls (38))
pressure difference, characterizes the transmural water transport; in simple materials, it is pressure-
independent. In contrast, experimental observations of Tedgui & Lever (100), Baldwin and Wilson
(2), Shou et al. (78) and Nguyen et al. (62) have shown an interesting pressure dependence of the
Lp in rabbit (100, 2) and rat (78, 62) aortic walls. A higher Lp obtains at lower transmural pres-
sures and a lower L p at higher transmural pressures. Huang et al.’s (36) intima compression theory
postulated that the force acting on the endothelium with increasing transmural pressure can com-
press the sparse SI layer and decrease it’s Darcy permeability (K p). The predictions from Huang
et al.’s (36) local filtration model, which we have reproduced and extended in our earlier study (Ch.
2), indeed suggest that the pressure-induced SI compression and more importantly, the consequent
EC blocking of the fenestral openings in the internal elastic lamina (IEL) through which transmu-
ral flows must pass drastically reduces the Lp of the vessel wall. The SI can be compressed to a
critical limit after which the stiffer collagen fibers in the SI do not permit further compression and
Lp becomes pressure-invarient. Huang et al.’s (37) direct measurement of SI thickness in aortas
fixed under pressure directly demonstrates this pressure-induced SI compression. Both Huang et
al.’s (36) and our model’s predictions (Ch. 2) explain these experimentally observed variation in
the Lp very well.

The presence of aquaporin-1 (AQP1) in aortic ECs suggests a new possibility of wa-
ter transport through the EC, alongside the generally accepted paracellular route (62, 103, 126).
AQPI is a membrane protein molecule that acts as a highly specific water channel and allows
high throughputs of water (3 x 10° molecules/sec/channel) in response to osmotic gradients at
little or no cost in ATP (58). Using immunocytochemical techniques, Nguyen et al. (62) and
Yan et al. (126) have shown the presence of AQP1 in bovine aortic ECs (BAECs) and rat aortic
ECs (RAECs) in vitro, respectively, while Toussaint et al. (103) used immunohistochemistry to
demonstrate their presence in whole rat aorta ex vivo. By examining how a decrease in functioning

AQPIs affects Lp, one can ascertain AQP1’s functional role in trans-endothelial water transport.
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Decreasing transcellular transport, either by using chemical agents that block AQP1 channels (62)
or by using siRNA against AQP1 (73, 126), significantly reduces trans-endothelial water flux in
both in vitro (62, 73, 126) and ex vivo (62, 126) studies. Our recent theory (Ch. 2) extended Huang
et al.’s (36) theory to include trans-EC AQP1 flow and successfully explained these experimental
findings, and, in particular, did so quantitatively for Nguyen et al.’s (62) and Yan et al.’s (126) ex
vivo data. Taken together, these experimental and theoretical observations indeed substantiate the
significance of AQP1-mediated transcellular flow in the overall water transport across the arterial
wall.

Even though our filtration theory (Ch. 2) explains these ex vivo L p observations extremely
well, the transmural pressure driven trans-AQP1 mediated water flow presents an oncotic paradox.
The idea is that normal EC junctions transport isotonic fluid, i.e., water and small solutes (e.g.
albumin) responsible for oncotic pressure. In contrast, AQP1s specifically transport pure (hypo-
tonic) water, excluding nearly everything else. This pure water inflow should both raise albumin
concentration on the lumen side and lower it on the SI side of the EC, thereby setting up an oncotic
pressure difference (Am) that acts against the A P-driven flow and prevents the SI from getting
more hypotonic. This begs the question, how can the vessel maintain a steady trans-AQP1 water
flow for many hours, as Nguyen et al.’s (62) chemical blocking of AQP1 experiments show, given
its effect on SI tonicity? This question is the basic motivation behind the new model developed in
this paper.

Above the EC lies a surface glycocalyx (GX) layer that can effect solute filtration. A
number of theoretical and experimental studies on micro vessels have shown the significance of
this GX layer in determining effective oncotic force that drives water flow across the capillary
endothelium (32, 33, 1, 132). Hu and Weinbaum (32) have proposed that the endothelial surface
GX layer acts as a primary molecular filter for oncotically active molecules like albumin and have
suggested that the local hydrostatic and osmotic pressure differences across the surface GX layer,
and not the global hydrostatic and osmotic pressure differences, which is very small across the

capillary wall between the plasma and tissue, determine the Starling’s forces for water flow across
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the capillary endothelium. Motivated by these findings in microvessels, we hypothesize that the
GX layer could have a significant impact on the transport of albumin across the walls of large
arteries too. To unravel the effects of the oncotic forces on the transmural water transport across
arterial walls where hydrostatic pressure differences are large and to resolve the above mentioned
oncotic paradox, we develop a model for water and small solute transport across the GX layer,
across the endothelial interface and through the entire wall. The filtration flow and the mass transfer
problems for these regions are intimately and nonlinearly coupled: the flow advects tracer while
albumin differences across the endothelium set up a A7 that sucks fluid across the endothelium.
We simultaneously solve the combined nonlinear steady state problem by treating it as the long-
time solution of a fictitious unsteady problem with finite difference methods.

One might speculate that the surface GX layer, that acts as a filter for albumin, could dras-
tically lower the oncotic pressure that can build up adjacent to the lumen side of the EC. Moreover,
much of the isotonic fluid crossing the endothelium enters via the EC junction, and this fluid flows
parallel to the endothelium in the ultra-thin, sparse SI until it finds the IEL fenestral hole to enter
the dense media. From typical radial fluid velocities in the SI (~ 107°-10~7 cm/s (36)) and the
EC radius (~ 10-15 pum), one can estimate that the solute entering the SI from its junction spends
>100s in the SI. However, since the diffusive mixing (normal to the endothelium) time in the SI
is much smaller (on the order of milliseconds for typical diffusivities of 10~7 cm?/s), one might
expect the diffusive mixing to elevate the albumin concentration and the osmotic pressure adjacent
to the abluminal EC membrane. One expects both of these effects to mitigate the oncotic paradox.
The solution of the combined filtration and mass transfer model will provide us the pressure, water
velocity and albumin concentration profiles in the GX, SI and media region for each transmural
pressure. The albumin concentration at the EC-GX boundary and the EC-SI boundary will allow
us to calculate the oncotic pressure on each side of the EC and thus the overall oncotic pressure
difference (Am = m, — ;) across the EC. For a given applied transmural pressure difference AP,
if the model predicts Ar > AP and 7, > m; then the resulting A7 would suck fluid from the

SI into the GX and oppose the AP driven flow that drives fluid from the lumen or GX into the
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SI and across the vessel wall. However, if m, < m; then the osmotic gradients would suck fluid
in the same direction as AP driven flow. Since both hydrostatic and osmotic pressure differences
govern the flow across the endothelium, the model will allow us calculate the true hydraulic con-
ductivity of the endothelium from experimental measurements of the transendothelial flow. Using
the combined model, we will predict the variation in the phenomenological Lp of the intact vessel
wall with transmural pressure and compare it with the predictions from our previous filtration-only
model (Ch. 2) that neglected oncotic effects. We shall calculate the various forces per unit area
acting not only across the entire vessel wall, but also across the endothelium, viz., AP, A7 and
AP — oA to better understand the fluid flow across the endothelium. We also consider the effects
of AQP1 up-regulation on the concentration of albumin, the resulting osmotic pressures and the
overall Lp of the vessel wall. To investigate the relative importance of the GX layer, we shall
theoretically remove it from the model, thereby mimicking an enzymatic degradation process, and
compare the water flux and forces acting across the EC with those estimated in the presence of the
GX. The effect of pathologically relevant blood albumin concentration on the water flux across the

vessel wall is also presented.
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3.2 Mathematical model

3.2.1 Model Description

Fig. 3.1 is a schematic of the 2-D, axisymmetric (in cylindrical coordinates) model of water and
solute flow through an arterial wall. As explained in our previous paper (Ch. 2), the transmural
pressure difference drives water and small solute flow paracellularly through the normal/tight junc-
tions surrounding an EC and water flow transcellularly through the EC via AQP1 channels. After
entering the SI layer, lateral pressure gradients drive water and small solutes horizontally in the SI
until they find the IEL fenestra and seeps into the media region. This water flow advects solutes
such as dissolved albumin through the various layers of the vessel wall and together with diffusion,
this advective albumin transport determines it’s overall concentration within the vessel wall. The
resistance offered by the adventitia layer, because of its loose structure, is much smaller compared
to other layers and thus we do not include it in the transport model.

This flow model is same as the one used in our previous study (Ch. 2) which, by abuse
of geometry, is assumed to be periodic on a cylindrical unit of radius ;. An EC of radius R* is
surrounded by a normal junction of width AR*. An IEL fenestra of radius r} is ideally placed at
the center of the periodic wall unit. We treat the IEL as a zero thickness impenetrable boundary
except at it’s fenestral openings. As per Huang et al.’s (36) intima compaction theory, the SI lies
under a non-deformable endothelium and can be compressed upon pressure loadings from an initial
thickness of L, (at zero transmural pressure) to L(AP). Due to its dense structure, we presume
the media region is incompressible and thus its filtration properties are constant. Due to its small
size (radius ~ 3.5 nm), albumin that has crossed the GX layer can traverse the normal junction
(width ~ 20 nm) and enter the SI layer. Note that albumin can also enter the SI through the EC
via vesicular transport governed by the permeability of EC to albumin. However it can not flow
through AQP1s on the EC. Once inside the SI, pressure-ddriven water flow can advect albumin

radially towards the fenestra and further into and through the media layer.
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Figure 3.1: Schematic of the periodic local wall unit around a fenestral pore. Intima under non-
deformable endothelium is compressible; L7,, intima thickness at zero transmural pressure, L,
compressed intima thickness; water and dissolved albumin enters the intima region through clefts
surrounding EC, however, only pure water component of blood plasma flows through AQP1s on
the EC. Note that albumin can cross the EC via vesicular route but it can not flow through AQP1s

because of their specificity, see Glossary for definition of other abbreviations.
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3.2.2 Filtration model

Let j be a dummy index that takes values g, ¢ and m for GX, SI and media respectively. U* and
W™ are the local average velocities of water in the r and z directions, respectively, and together
comprise the vector V*:=(U*, W*). P*, Kp, be the pressure and Darcy permeability, respectively,
in region j of thickness L. We let the time-invariant lumen pressure be P;. We introduce the

following non-dimensional (without superscript *) variables and parameters:

T:r_*a gfzg_ia R:_*v AR: * ) Z]:_]*

T} Ty r} r} L;
p=b oy Y W=
pory po L

The continuity equations, in non-dimensional form, for the three regions are:

ou; U\ | OW, o
h? (a—r“r?J) +5.=0 (G=gim G.D
J

*
where h; = — are the ratios of the thicknesses of the three regions to the radius of a fenestral
r

f
pore. The water flow across the arterial wall through the SI, made up of ECM of PG and CG

fibers, and the media which consists of smooth muscle cells (SMC), ECM and elastic layers, can
be modeled as porous media flows governed by Darcy’s law: V = — P Y P with an effective

!
Darcy permeability for each region. Thus, Eq. 3.1 become:

a2 Ty ) T o (j = g,i,m) (3.2)

J

0 (azpj 1 apj) Th

The boundary conditions (in non-dimensional form) for this system of coupled PDEs are:

(a) The axisymmetry at » = 0 and periodicity at r = &; require:

dP;
d—]:()atr:Oandr:g] (j=g,i,m) (3.3)
.
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(b) The pressure at the top of the GX layer equals the lumen pressure:

Py=1latz,=1 (3.4)
(c) The adventitia is assumed to be at the reference pressure, thus

P,=0atz, =-1 (3.5)

(d) Mixed boundary conditions at the GX/EC boundary (z; = 1): Starling’s law sates that the flux
across a semipermeable membrane is governed by the product of the hydraulic conductivity of the
membrane and the difference between hydrostatic and the osmotic reflection coefficient times the
oncotic pressure differences across it. To take this coupling into account, the following Eqs. 3.6
and 3.8 now include such terms and govern the water fluxes across the EC and the normal junction
instead of Egs. 2.21 and 2.8 in our previous study (Ch. 2) that neglect oncotic effects.

(d1) Onthe EC: (0 < r < R)

_ Lpgenl;
Kp,

J

—W; (Py = Bi) = ope(my —m)] at z =1 (j = g,1) (3.6)

(d2) Inside the normal junction: (R < r < &)

W, =W, 3.7
Lp,,nL;
W, = _P;é“ L[(Py = P) = ony(my — m)] at z =1 (3.8)
P;

where opc and o0,; are osmotic reflection coefficients of albumin through the EC and normal
junction, respectively. Lp, . is the hydraulic conductivity of the EC due to its AQPIs and Lp,
is the hydraulic conductivity of the normal junction. Note that, in previous studies (131), Lp,; is
used to describe the area averaged hydraulic conductivity of the endothelium, equivalent to our Lp,
in this local model. The osmotic component A7 (cmH,0) that affects the water flux across the

EC and normal junction (as per Egs. 3.6 and 3.8) is governed by the concentration of oncotically
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active albumin (gm/lit) as (32, 57):
m = 0.345C + 2.657 x 107 C* +2.26 x 107° C* (3.9)

(e) Mixed boundary conditions at the SI/media boundary (z; = 0): The IEL is assumed to be an
impenetrable barrier except for its fenestral openings. Thus, water enters the media only through
the fenestra where pressures and velocities are continues. This requires

(e1) In the fenstral hole: (0 < r < 1)

P—p (3.10)

W; =W, (3.11)

(el) Outside the fenstral hole: (1 < r < &)

ar; _

T =0 G=im) (3.12)

3.2.3 Albumin transport model

Let C7 be the lumen concentration of albumin and C7 be the dimensional albumin concentration
per unit total volume (i.e., locally averaged over fluid and tissue phase) in region j. Let f; be
the retardation coefficient of albumin, 7; the volume fraction available for albumin per unit total
volume (fluid + tissue) and D7 be the effective diffusivity of albumin in region j. We introduce the

following non-dimensional (without * variables):

o G, bUmn AL
J x ) er; — x ez; T Ty*
(0 v D; v D;
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At steady state, the transport of albumin through the vessel wall is governed by the convection-

diffusion equation as:
(fi/ 1)V - VC] = DIV*C; (3.13)

Using the non-dimensional variables defined above, we write Eq. 3.13 in non-dimensional form

as: (j =g,i,m)
oC; oC; 9*°C:  10C; 9*C';
p,— 4+ p, —L =} J 4 -2 J 14
i Fer, or t ey 0z; h; ( or? + r Or ) + (92]2 (3.14)

Note that each of the parameters h;, f;, v; and D7 is region dependent and, in the SI, depends on
the level of SI compression. P, and P, are peclet numbers in 7 and z direction, respectively, in
region 5. We employ following boundary conditions to solve Eq. 3.14:

Axisymmetry and periodicity imply zero mass flux at r = 0 and r = &7 i.e.,

dc,

WZO atr=0andr=¢& (j=g,i,m) (3.15)

The concentration of albumin at the lumen-GX interface is equal to it’s lumen, (C7 ), and at the

media-adventitia interface to its adventitia, (C% ) concentration.

C

=4 = atz, =1, 0<r <¢ (3.16)
g

Cm . * *

— =1 atz,=-1, 0<r < (assuming C;] = C}) (3.17)
Tm

The boundary conditions at the GX-EC interface (z; = 1) turn out to be mixed: Since albumin can
transfer across the EC by a vesicular pathway and the convective transport of water through the
EC occurs via AQP1 channels, we model this vesicular transport as driven solely by an albumin

concentration difference across the EC. In the normal junction, solute transport is governed by the
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Kedem-Ketchalsky equation (43) along with the continuity of mass flux as:

(@)Onthe EC: 0 < r < Rand z; = 1:

dC;  PepcL; (C, C;

 _ Pencl; (_g B _> atz—1 (j=g.i) (3.18)
de D]‘ Yg i

(b) Inside the normal junction: R < r < &; and z; = 1:

dc; Pe,.L¥ (C, C; WL _

- P, Ci=—2 22 (1 —0,)C 3.19
dz; l Dy (79 %) Dy (= o) G19
Dy (dC Dy (dC;
(=L _-P,.C,) =L L P.C; 3.20
i (2~ 0) = (i - 7) 620

where Pepc and Pe,,; are the permeabilities of albumin through the EC and normal junction, re-
spectively. Cancel et al. (4) have measured the diffusive permeability of albumin through vesicular
pathway (our Pegc) in BAEC monolayers and also estimated its permeability through a large con-
vective pore, similar to our normal junction. After making the area correction (see table 3.1), we
estimate Pe,; from the convective pore permeability value reported by Cancel et al. (4). Equation
3.20 imply mass flux continuity across the normal junction while Eq. 3.19 suggests that albumin’s
concentration across the normal junction is governed by both the diffusive and convective transport
across it. The terms on right side of Eq. 3.19 represent the diffusive (first term) and convective
(second term) transport of albumin. C' in Eq. 3.19 is the average albumin concentration across the
normal junction, defined as (% + g)

Yg o Vi
The boundary condition at the SI-media interface (z; = 0) are also mixed: The IEL is assumed
to be an impermeable barrier except for its fenestral openings. Thus, albumin can only enter the
media through the fenestral hole where continuity of concentration and mass flux apply.
(a) Outside the fensetra: 1 < r < &7 and z; = 0:

ac; _

=0 G=im) 3:21)
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(b) Inside the fenestral hole: 0 < r < 1 and z; = 0O:

C; Cn

- (3.22)
D; (dC; D, (dCy,

E <dZZ - Pezici) - L;tn (dZm - Pezmcm) (323)

3.2.4 Solution Method

~Kp,

The solution of Laplace’s equation, V2P; = 0, and Darcy’s law, V; = V P}, yields the water
velocities (U*, W*) in each of the three regions required to solve Eq. 3.14. The details the finite
difference scheme used to solve these PDEs to find the pressures and velocities can be found in our
previous study (Ch. 2). Notice that the flux conditions (Eqgs. 3.6 and 3.8) for the filtration problem
depend on the albumin concentration, C', solution of the mass transfer problem and the solution of
the mass transfer problem 3.13 depends on the solution V; of the filtration problem, and Eq. 3.13
contains the product of these variables. This non-linear mixed-boundary value (Eqs. 3.18-3.23)
problem is challenging. We use a time-dependent relaxation technique to solve this non-linear
system of coupled PDEs, as used by Hu and coworkers (32) for solving a similar coupled system
describing the concentration and flow fields in micro vessels. In this method, instead of solving the
steady Eq. 3.14 directly, we solve an initial value problem for it’s time-dependent counterpart (Eq.

oC.
3.24) until it reaches a steady state (i.e., a—t] — 0) and thus obtain the solution of the original

steady boundary value problem (Eq. 3.14).

— + h:P.
ot T

ac;

i o Pe
7 Or +

. 207, . 207
oC; _ h? (a < 180]) + A (3.24)

2~ +
7 0z or? r Or azf

*
L?/D
We use a direct discretization approach on a non-uniform mesh to solve for the pressure and con-

where t* is non-dimensional time, defined as { =

centration distributions. The mesh size is carefully chosen to account for the large variations in

the various parameters and length scales involved. Specifically, we create a very dense mesh near
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the fenestra and around the normal junction where we expect large variations in pressures and
concentrations. We employ central difference formulae to discretize diffusive terms in Eq. 3.24,
and an upwind finite difference scheme for the advection terms to foster the stability of advection
dominated transport. The boundary conditions are discretized using second order difference for-
mulae. This discretization procedure leads a large number of linear algebraic equations (equal to
the number of mesh points). Because of the matching conditions, we solve the corresponding set
of equations for the three regions (GX, SI and Media, respectively) simultaneously using Matlab

(Mathworks Inc) .

We begin by solving the steady uncoupled system and using that as our initial condition for the
couple unsteady problem. That is, we initially set C; = 0 everywhere, solve for the pressure field
(V2P; = 0) using the boundary conditions given in our previous study (Ch. 2) and compute the
velocities using the Darcy’s law. We then solve the steady convection-diffusion equation (Eq. 3.14)
using these calculated velocities (U7, W) as inputs to get the albumin concentration field. This
concentration and velocity field serve as our initial conditions (¢ = 0) for the unsteady problem
(Eq. 3.24). With these velocities, the scheme computes the concentration at the next time step
(t = 1). It uses an implicit Euler scheme, which is unconditionally stable, to solve the unsteady
convection-diffusion equation (Eq. 3.24). With these concentrations (at ¢ = 1), we compute the
new velocities by solving V2 P; = 0 with the corrected boundary conditions (Egs. 3.6 and 3.8). We
use these new corrected velocities and concentrations at ¢ = 1 as new initial condition to compute
the concentrations at ¢t = 2. This process is repeated until the difference in the concentration of

albumin at t = n and ¢ = n + 1 is in the fourth significant digit.

Glossary:
a* Effective radius of proteoglycan aggregates
i Dimensional concentration of albumin in adventitia
Cy Dimensional concentration of albumin in region j
C; Dimensionless concentration of albumin in region j
C; Concentration od albumin in lumen

IRefer to our earlier study (Ch. 2) for more details on the numerical finite difference method
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Effective diffusivity of albumin in region j

Ratio of thickness of region j to radius of fenestral pore
Region of artery wall (j = g, 7, m for GX, SI and Media respectively)
Water flux

Elastic coefficient of SI

Darcy permeability of region j

Thickness of SI at zero luminal pressure

Critical thickness of SI layer

Thickness of region j

Hydraulic conductivity

Intrinsic hydraulic conductivity of the endothelium
Hydraulic conductivity of the endothelium attributed to its AQPs
Hydraulic conductivity of the endothelium + SI
Hydraulic conductivity of SI

Hydraulic conductivity of IEL

Hydraulic conductivity of media

Hydraulic conductivity of IEL + media

Hydraulic conductivity of normal junction surrounding an EC
Total hydraulic conductivity of the vessel wall
Permeability

Permeability of EC to albumin

Permeability of normal junction to albumin

Peclet number

Peclet number in radial direction in region j

Peclet number in z direction in region j

Dimensional pressure in region j

Dimensionless pressure in region j

Dimensional average pressure in region j
Dimensionless average pressure in region j

Lumen pressure

Dimensional critical pressure

Dimensionless radial coordinate

Dimensional radial coordinate

Radius of fenestra

Dimensional lateral velocity in region j
Dimensionless lateral velocity in region j
Dimensional radius of EC

Dimensionless radius of EC

Velocity vector

Dimensional water velocity through fenestra
Dimensionless normal velocity in region j
Dimensionless normal coordinate

Dimensional normal coordinate

filtration/retardation coefficient of albumin in region j

90



V; Volume fraction of albumin per unit total volume of region j

OEC Osmotic reflection coefficient of albumin through EC

Onj Osmotic reflection coefficient of albumin through normal junction
j Dimensionless osmotic pressure in region j

AR* Dimensional width of normal junction

AR Dimensionless width of normal junction

AP Dimensionless pressure drop across a membrane

At Dimensionless osmotic pressure difference across a membrane
W Viscosity of fluid

7 Dimensional radius of periodic wall unit
&r Dimensionless radius of periodic wall unit

3.2.5 Constants and parameter values
Geometric parameters

Table 3.1 summarizes values of parameters and constants used in this study and their sources. Note
that most of the geometric parameters used in this study are same as those employed in our previ-
ous study (Ch. 2) and also by Huang et al. (36). Our earlier study (Ch. 2) describes in detail the
estimation of parameters required to solve the flow (filtration) problem. Here we will only describe

the calculation for the mass-transfer model parameters.

Ogston et al. (65) derived the diffusion coefficient for a solute of radius 7, in a fiber matrix in terms

of its diffusion coefficient D in free space as:

D = Dyexp {—(1 — )12 (1 + :—ﬂ (3.25)
f

where e is the fractional void volume and r¢ is the fiber radius. The free diffusivity (D) of albumin
(rs =3.5nm (14)) is 6.8x 1077 cmz/s (116). Based on the structural observations of Squire et al.
(84) and Weinbaum et al. (122) and, as explained in our previous study (Ch. 2), one can estimate
the void fraction (€) of cylindrical GX fibers (r; = 6nm (84)), arranged in a hexagonal array, to
be 0.674. Thus Eq. 3.25 gives the diffusivity of albumin in GX region (D}) as 2.75x 107" cm?/s.

Using fluorescence correlation spectroscopy, Stevens and coworkers (91) found the diffusivity of
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Table 3.1: Parameters and constants used in the model

Constant/Paramteter Value Reference
a*, nm 2.37 (Ch. 2), a
L;, nm 200 (132)
L}, nm 500 (36)
Ly, pm 141(rat), 125(rabbit) (36, 78)
R*, pm 12 (36)
7%, pm 0.8 (36)
AR*, nm 20 (36)
Kp,, cm? 4.08x10~1 (Ch. 2)
Kp, cm? 2.20x10712 (36,41), b
Vg 0.94 c

Yi 0.94 b,c
Vi 0.08 (101)
fq 0.99 c

fi 0.99 b,c
fm 0.3 c
D;, cm? /s 2.75%x1077 c

D;, cm?/s 3.76x1077 b,c
Dy, cm?/s 1.296x1078 c
Pegc, cm/s 12x1077 4)
Pe,;, cm/s 1.21x1073 4), d
OEC 1 €

Onj 0.17 4)

i, kg/m - sec 7.2x1074 (31)
Lp,..,cm/sec- mmHg 3.38x107% f
Lp,,, cm/sec - mmHg 6.09x107° g

a: calculated using the fiber matrix theory and as explained in Ref. (35)

b: uncompressed SI value at zero transmural pressure, corresponding values for
compressed SI (L)) are calculated as explained in our previous study (Ch. 2)

c: estimated as explained in the text

d: estimated by making area correction Agc/A,; to the value 20 x 10~7 reported in

Ref. (4)

e: since albumin can not flow through AQP1s
f: estimated from converged Lp, and assuming AQP1’s contribution to be 40% to Lp,

g: estimated from Lp , Lp, . and Eq. 3.31
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albumin in lung endothelial GX to be 4x 10~7 cm? /s, which is very close to our estimated value.
To account for the presence of CG fibers along with PGs in the SI region, Huang et al.’s (35) fiber

matrix theory replaces Dy in Eq. 3.25 and computes effective diffusivity in the SI region as:

Dz* = Df(GCG+€PG - 1) €xXp |:—(]. — Ecg)l/Q <]. + ri>:| exp [-(]_ — 6PG>1/2 <1 + %)]
ofe

(3.26)

where ec and epg are void fractions of CG and PG fibers, respectively. ¢ is the radius of the
collagen fibers (20 nm (35)) and a* is the effective radius of the PG fibers (2.37 nm (Ch. 2)).
At zero transmural pressure, ecg = 0.95 (35) and epg = 0.99 (Ch. 2) and Eq. 3.26 yields D as
3.76x1077 cm? /s. Since PG and CG fibers are not known to swell, we do not account for the effect
of swelling on the diffusivity of albumin in the SI region. Tedgui and Lever (101) measured the
diffusivity of albumin in rabbit thoracic aorta as 7.2x10~? cm? /s. Since the media region consists
of parallel layers of elastic sheets, the diffusivity of albumin in the direction parallel (here the r
direction) to these elastic sheets must be higher than its diffusivity in the normal direction (here
the z direction). Huang et al. (35) suggested a factor of 3 difference in these diffusivities. Using
these numbers and considering contributions from radial (D},,) and normal (D), ,) components,
we estimate the effective diffusivity (D},) of albumin in the media as 1.296x 1078 cm? /s. Huang
and Tarbell (38) accounted for the presence of smooth muscle cells (SMC) inside the media and
derived an expression for the effective diffusivity (see Egs. 50 and 51 in Ref. (38)). Assuming that
the SMCs account for 40% of the media volume (38) and using Huang and Tarbell’s theory (38),
we estimate D}, as 1.21x 107 cm?/s. Karner and coworkers (42) use D}, as 1.48x 1077 ¢cm?/s in

their study. Thus our value for D} seems to be in the range of what has been used in the literature.
Curry (15) calculates the retardation coefficient f; from the partition coefficient v; as:
fi=1-(1—=1) (327
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where ); = ;/v,; in region j is defined as the ratio of the fractional available volume for a solute
(7;) to that available for water (7y,,;). The partition coefficient for a solute of radius r, in the

randomly oriented fiber matrix, derives from (15):

2
¥ = exp [_(1 _ <2L L %)] (3.28)

where ¢ is the fractional void volume and 7 is the fiber radius.

For the sparse SI layer, 7,,; ~ 1 (35) and thus ~; ~ ;. Thus at zero transmural pressure,
Eq. 3.28 yields the fractional volume available for albumin (;) as 0.94 and from Eq.3.27, f; =
0.99. Huang et al.’s (36) intimal compression theory, and their subsequent experimental evidence
(37), argues that the SI layer, due to its sparse structure, undergoes compression upon pressure
loading. The resulting change in the porosity of the SI layer should also alter the transport proper-
ties, like the diffusivity (D*), retardation coefficient ( f), available volume fraction (), of a tracer
flowing through it. We use Eqs. 3.26 - 3.28 to also predict the variation of the transport parame-
ters (fi, i, DF) in the SI region by using the corresponding fractional void volumes (epg, €cq) at
different SI compressions. Our previous study (Ch. 2) explains in detail the calculation of these

fractional void volumes for the compressible SI region.

Since the fractional void volume of the GX layer having fibers of radius 6 nm (84) is
0.674, Eq. 3.28 gives 1, = 0.61. Assuming 7,,, ~ 1 as in (19), we get 7, = 0.61 and f, = 0.85
from Eq. 3.27. Tedgui and Lever (101) measured the volume fraction of albumin in the media
(vm) as 0.08 and together with 7,,,, ~ 0.5 (35), Eq. 3.27 gives f,, = 0.3. Our model assumes that
the GX and the media regions do not undergo any structural change upon pressure loadings, and

thus fg, fim; Vs Ym, D, and Dy, are constant at all pressures.
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Hydraulic conductivities:

Unlike the phenomenological Lp, ., the intrinsic hydraulic conductivity of the endothelium, (Lp,),
is a pressure-independent input parameter to the model. Its estimation begins by matching the ex-
perimental water flux (J*P) at very low transmural pressures (where there is no fenestral blocking
and where the SI offers negligible flow resistance) with that obtained from the model (J7°¢¢!) at

L7 = L}, to find Lp,. The matching equations are:

Ji = L, (P = P3) — o(m — )] (5-29)

3
/ Wr*dr*
Jmodel — J0
v

3
/ r*dr*
0

where P/ and 7} are the hydrostatic and osmotic pressures in the lumen while P} and 77 are

(3.30)

corresponding pressures in the adventitia region. Lp, is the hydraulic conductivity of an intact
artery wall. Tedgui & Lever (100) and Baldwin and Wilson (2) measured the Lp, of rabbit aorta
while Shou et al. (78) and Nguyen et al. (62) did analogous measurements on rat aorta at several
transmural pressures. Table 1 in our earlier study (Ch. 2) lists all these data sets. The experimental
measurements of Lp, (78, 62) all used the same concentration of albumin (40 gm/1) in the per-
fusate and superfusate solutions. Thus the oncotic pressures in the lumen and adventitia must be

the same i.e., 77 = 7’ and .J, becomes J*? = Lp,(P; — P})

We assume Lp equals the area-weighted average of the hydraulic conductivity of the

normal junction (Lp,; ) and that of the EC (L py,.):
Lpm&? = Lpyo R 4+ 2nR* (AR /2)Lp,, (3.31)

To compute the Lp, , we start by assuming that water enters the SI region through only normal

junction i.e., we set Lp, .= 0. With an assumed value of Lp_ ; (roughly estimated from Eq. 3.31 by
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setting Lp, . =0and using Lp,, in the place of L p, that is available from the experimental L p data
at lowest transmural pressure) and an uncompressed intima thickness (L};), we solve the flow and
the mass transfer problem simultaneously as discussed in section 3.2.4 and compare the water flux
obtained using Eq. 3.30 with experiments at low transmural pressures. This procedure is repeated
until the numbers from both experiments and model calculations match. For Nguyen et al.’s (62)
data, the converged Lp, is 8.44x107® cm/s - mmHg. Note that our previous filtration theory (Ch.
2) calculates Lp, as 8.29x 108 cm /s - mmHg, ~ 2% lower than current calculations. Since this

parameter is intrinsic, we retain this value of Lp, for all intima compressions and pressures.

The Darcy permeability of the media region (Kp, ) is estimated from its hydraulic con-
ductivity (Lp, ) as: Kp, = Lp,, x o x L , where y is the fluid viscosity and L, is the thickness
of the media. As shown by Huang et al. (36), the L p of the media is obtained by invoking the flow
incompressibility and equating the water fluxes across the IEL and media. Using this method, we

obtain Lp,, as 7.5x107® cm/sec - mmHg (Ch. 2) for Nguyen et al.’s (62) data.
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3.3 Results and discussion

3.3.1 The effect of A7 on pressure distribution in the SI

Figure 3.2 shows the pressure distribution inside the SI layer (non-dimensioanlized by the lumen
pressure, P;) underneath the EC (at z; = 1) and compares the predictions of the current model with
those of our earlier (Ch. 2) filtration-only model. At low transmural pressure, the SI is relatively
uncompressed and, because of its sparse nature, offers very little resistance to water flow. This
results in an almost r-independent pressure distribution in the SI; see Fig. 3.2(a). However, at
higher transmural pressures, the increasing force acting on the endothelium compresses the SI
region and decreases it’s Darcy permeability (Kp). The decrease in Kp, along with the IEL
fenestral blockage by the ECs, drastically increases the resistance to water flow and results in a
significant pressure drop as water radially traverses the SI from the normal junction to the fenestra,
as shown in Fig. 3.2(b).

Without mass transfer, the SI pressure does not change with pressure until a SI compres-
sion is reached (at 60 mmHg) where the blocking of the IEL fenestrae begins to impede fenestral
flow, as seen by the significant departure of the pressure curve from the horizontal. At lower
transmural pressures, as Fig. 3.2(a) shows, the pressure inside the SI region predicted using the
coupled filtration & mass-transfer model is significantly higher than the predictions from our filtra-
tion model (Ch. 2). We find that the average pressure in the intima obtained using current model is
approximately 25%,16%, 13%, 11% and 8% higher than the predictions of filtration model, at 10,
20, 30, 40 and 50 mmHg, respectively. The reason behind these higher predictions, which requires
the estimation of oncotic forces, will be discussed later. With increasing transmural pressure, the
difference between the predictions of the two models gets smaller (up to ~4% at 70 mmHg), and
practically no difference is seen at 80 and 90 mmHg, see Fig. 3.2(b). These predictions suggest
that oncotic forces have a strong effect on the SI pressure distribution at lower pressures than at

higher transmural pressures.
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Figure 3.2: Non-diemsional pressure in SI at z; =1 as a function of radial distance at various

transmural pressures. Solid lines - with mass transfer, dashed lines - filtration only
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3.3.2 Velocity near fenestra

Figure 3.3 shows the normal velocity in the SI, in the fenestra region, at different z-locations at
and above the IEL. Because of the assumed impermeability of IEL outside of the fenestra and thus
the zero flux condition used in our model there (see Eq. 3.12), the normal velocity, shown by the
blue curve in Fig. 3.3, is zero over the IEL surface (r*/r; > 1). Interestingly, since the Darcy
flow satisfies potential flow equation, the flow exiting the fenestra results in a velocity overshoot
very close to it’s edge (r*/ Ty~ 1), shown by a peak in Fig. 3.3 at z; = 0. Note that, for potential
flow, the normal velocity diverges at the corner of the fenestra and the IEL and thus results in a
singularity there. We numerically avoid this singularity by positioning a grid point very close to,
but not at the edge of the fenestra (7*/r} = 1). The resulting velocity overshoot plotted at this grid
point is finite, as shown in Fig. 3.3. This peak velocity rapidly decreases in a very short distance
from the edge of fenestra (between 0.98< r*/ r; <1) and looses it’s r-dependence further inside
the fenestra (r*/r} < 0.9). Others have seen hints of this singularity in analogous flows. Feng and
Weinbaum (23) used Brinkman’s equation to describe the flow through an orifice surrounded by a
fibrous structure and presented an analytical solution of the boundary value problem. They showed
that as the Darcy permeability of the fiber structure gets smaller (approaching values typical of
biological tissue), the flow approaches a Darcy potential flow. Their results exhibited a velocity
minimum at the center of orifice and a sharp increase in velocity near its edge. Tada and Tarbell (96)
numerically solved the interstitial flow through the SI and media of an artery wall and investigated
the water flow distribution through the fenestral pores. They also found a sharp velocity overshoot
near the edge of fenstra as water exits the fenesta and enters the media region. Overall, our result
showing a marked velocity overshoot close to the edge of fenestra is to be in good agreement with
these literature models.

The velocities above the IEL also clearly demonstrate a z-dependence in the SI, especially
near the fenstra. These profiles have a minimum above the singularity at the fenestral edge, whose
magnitude decreases and eventually disappears with z. That is, the normal velocity in the fenestra

becomes r-independent away from the IEL surface; see z; = 40Az; curve in Fig. 3.3. Note that
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the normal velocities on the right side of fenestra (r*/r}; > 1) are distinctly non-zero near the edge
of fenestra (~ 1 < 7*/r} < 1.15) and asymptote to zero as r increases (r*/r > 1.15). This result
means that the SI flow looses it’s z-component and becomes purely radial (radial slit flow with
wall slip) away from the fenestra.

Fig. 3.4 shows the effect of increasing lumen pressure on the exit velocity through the
fenestra. The peak overshoot and the overall velocities in the fenestra region (r*/r} < 1) increase
as the lumen pressure is raised. The distance from the edge of fenestra over which the velocity
profiles relax to their r-independent values also increases with increasing lumen pressure. The in-
creasing intimal compression and resulting fenestral blockage upon pressure loadings significantly
increases the resistance to incoming water flow near the fenestra. This results in significant pres-
sure gradients not only in radial but also in the normal (z) direction and consequently in higher

normal velocities in the fenestra region, as depicted in Fig. 3.4.

3.3.3 Velocity streamlines

Figure 3.5 shows streamline contour plots of the water flow in the SI region at different transmural
pressures with corresponding SI thicknesses. In all four panels in Fig. 3.5, a flow from the right
converges into the fenestra (r = r*/r7 < 1) and enters the media (not shown). The stream lines
at low transmural pressures and thick SI, Figs. 3.5(a) and (b), have highest curvature near the
fenestral edge. Higher transmural pressures and thus pressure gradients compress the SI, i.e., force
the flow faster through a thinner SI; the result is a predominantly radial flow up until the fenestral
edge, where it abruptly changes direction, while maintaining a much stronger radial component

than the lower pressure curves (Figs. 3.5(c) and (d)).

3.3.4 Peclet number in radial direction

Let the radial Peclet number (P,,) be the radial velocity in the SI non-dimensionalized as

P, = f|—D|f where |U;| is the absolute radial velocity in the intima. Figure 3.6 plots (F.;)
Vildi

beneath the EC (z; = 1) with increasing transmural pressure. The Peclet number curves reach
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Figure 3.3: Normal velocity (W) at (z; = 0) and above the IEL (z; > 0) in the SI as a function of
radial distance. Note that 11/ is negative because the water flow is in the negative z direction. The
IEL is at z; = 0 and the fenestra is located between 0 < r*/ r;i < 1, Az is the distance between

grid points in the z direction, P; =60 mmHg.
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a maximum near the edge of fenestral pore (r*/ Ty = 1) as the radial flow converges and decay
to zero due to axisymmetry at the center of the domain (r = 0). The maximum radial velocity/
radial pressure gradients near the edge of fenestra increases with transmural pressure. The Peclet
numbers at low transmural pressures (up to ~ 40 mmHg) are very small (P, < 1) and almost
uniform in r. This implies that at lower pressures diffusion dominates advection in the transport
of albumin through porous SI region. However, at higher transmural pressures, F,, is substantially
higher as water travels radially in the SI and advection competes with and dominates diffusive
transport. The region where advection dominates diffusion (P, > 1) extends to 7*/r} ~ 3.5 in

the SI at 90 mmHg, and decreases to ~ 2 at 80 mmHg.

3.3.5 Concentration of albumin in SI:

Fig. 3.7 plots the concentration of albumin (non-dimensionalized by the lumen concentration)
in the SI beneath the EC, as a function of r at various transmural pressures, with the albumin
concentration in the GX for reference. The GX concentration exhibits negligible pressure or 7-
dependence. The results with L= 500 nm (not shown) are not significantly different from the
ones obtained with L7= 200 nm. At most, near the normal junction region, the difference is in the
fourth significant digit and much smaller everywhere else, suggesting a minor dependence on the
thickness of the GX layer.

Surprisingly, as Fig. 3.7 shows, the concentration of albumin in the SI is everywhere
greater than unity (the lumen concentration) at transmural pressures from 10 to 60 mmHg. For
higher transmural pressures, the concentration is significantly higher in the fenestral region (0 <
r*/r} < 1), but decreases to values below one away from the fenestra, despite the fact that most of
the fluid and solute enter the SI through the junctions, far from the fenestra. This points to media
involvement. By varying the media void space we find an unexpectedly strong effect on albumin’s
SI concentration. The small media filtration coefficient ( f,,, = 0.3) of albumin causes the media to
act like a coffee filter, inhibiting the motion of albumin through it, with the filter cake backing up

into the SI. This is the meaning of the high concentrations (> 1) and concentration maxima above
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the fenestra in Fig. 3.7.

At low transmural pressures (up to 30 mmHg), the SI concentration profiles are nearly
r-independent. Since P, is very small at such low pressures (Fig. 3.6), the diffusion dominated
transport smoothes and flattens out albumin’s SI concentration. With increasing lumen pressure,
the concentration of albumin increases in the direction of flow (from the junction towards the
fenestra) to a maximum at (r = 0). The larger Peclet numbers at higher transmural pressures (Fig.
3.6) due to both higher radial velocities and lower solute diffusivities in the compressed SI, more
effectively advect albumin toward the fenestra in the SI, against back-diffusion, resulting in smaller
regions with albumin concentrations above one.

Gibbs-Donnan equilibrium affects the plasma osmolality by altering the distribution of
Na™ and Cl~ ions in the plasma and in the interstitial fluid to maintain electroneutrality (61).
The negatively charged protein molecules in the plasma space (including albumin) attract cations
like Nat and K* and thus lead to higher concentration of these diffusible cations compared to
the concentration of diffusible anions in the plasma compartment. The electrostatic forces arising
here dominate the effects of concentration gradients in determining the movement of Na™ ions.
As a result purely of this Gibbs-Donnan effect, at equilibrium in a non-flowing system, the total
osmolar concentration in the plasma becomes slightly greater than that in the interstitial space,
where the albumin space is less than one, than what is purely due to this albumin space mismatch.
These diffusible ions augment the usual colloid osmotic forces deriving from anionic proteins
in the lumen (Typically, for a 20 mmHg oncotic pressure difference due large protein molecules
like albumin, the Gibbs-Donnan effect contributes an additional 5-10 mmHg.), which results in a
greater water content of the lumen relative to that of the vasculature tissue than what would be
predicted on the basis of protein concentration alone (7). This effect becomes more pronounced
with increasing albumin concentration.

In contrast to the equilibrium, no flow case discussed above, in our system, our calcula-
tions show that the transmural flow causes the SI region, which is ~ 95% void and, varies from ~

95-80% for different transmural pressures, to attain albumin concentrations that exceed the lumen
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concentration. Let us examine the Donnan consequences of this imposed concentration difference.
Recall, the ST ECM contains large amount of negatively-charged proteins such as proteoglycans. It
is likely that these negative charges, along with those of the accumulated albumin, further enhance
the Donnan effect in the SI above that in the lumen. Thus at lower transmural pressures where
oncotic forces are comparable to hydrostatic forces (see Fig. 3.8), the Donnan effect would further
increase the A across the EC and lead to even higher overall driving forces for transmural water
flow than what our model predicts. At higher transmural pressures (beyond 70 mmHg), where on-
cotic forces become less significant relative to hydrostatic forces, the augmentation of the Donnan
effect very likely also becomes less significant. However, at higher transmural pressures, which
result in significant SI compression, the SI concentration of the negatively charged PG fibers in-
creases. This should increase the fractional augmentation to A7 due to the Donnan effect at these
higher transmural pressures, but since A is small at these pressures, we do not expect a significant
effect due to this augmentation.

Perhaps much more interesting, Figure 3.7 shows that the SI albumin concentration ex-
ceeds its GX concentration for all r at all transmural pressures. At lower pressures this difference
is nearly uniform in r and is higher than the difference at higher pressures, where the main differ-
ence between the two concentrations is only near the fenestra region. This means that the oncotic
pressures in the SI beneath the EC is in fact significantly higher, not lower as one would naively
think, than the oncotic pressure in the GX on the luminal side of the EC. Thus, the resulting oncotic
forces drive water flow from the lumen across the EC AQP1s into the SI, i.e., in the same direction
of AP driven flow, and not the other way around. This resolves the apparent paradox of AP being
able to drive the steady trans-EC AQP1 hypotonic pure water flow into the SI without creating a

large oncotic counter-gradient.
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3.3.6 Driving forces across the EC:

Let the area averaged hydrostatic and oncotic pressures be:

&1 &1
/ Pjrdr / mjrdr
r 0 - 0

b=, T="—— (j=g9,)

J &r J &r
/ rdr / rdr
0 0

Fig. 3.8 plots the variation in the hydrostatic and the oncotic force per unit EC area (henceforth
the per-unit-area will be understood), i.e. hydrostatic (AP = Pg — P)) and oncotic (A1 = Tg—T4)
pressure differences across the EC, as a function of transmural pressure.

The hydrostatic force across the EC increases linearly at low transmural pressures up to
~ 60 mmHg. The rate of increase then decelerates as the SI compresses and the ECs begin to
block the fenestae. Beyond the SI compression limit ~ 90 mmHg, no further compression occurs
and a linear increase resumes. Interestingly, the oncotic forces across the EC are negative at all
transmural pressures i.e., the oncotic pressure difference itself is always pushing fluid from the GX
into the SI region, as does the hydrostatic pressure difference. In fact, the hydrostatic and oncotic
forces are of similar sizes, meaning the resulting force (AP — o A7) is then nearly double the AP
alone, until about 60 mmHg; neglecting oncotic forces can significantly under-predict the driving
force and the overall water flux across the EC. As shown in Fig. 3.7, the increasingly higher SI
concentrations of albumin found at lower transmural pressures (from 10 - 50 mmHg) increase the
magnitude of oncotic forces in Fig. 3.8. Beyond 60 mmHg, the decrease in overall concentration of
albumin (see Fig. 3.7) reduces the oncotic pressure (7;) in the SI region and lowers the magnitude
of oncotic forces to 2-3% of AP, i.e., hydrostatic forces dominate oncotic forces, for transmural

pressures > 80 mmHg.

3.3.7 Hydraulic conductivity: AQP1s open

Figure 3.9 predicts the variation in the intact wall’s Lp with pressure and the effect of various

assumed AQP1 contributions (Lp,.) on it. In all of these predictions, Lp, is fixed and Eq. 3.31
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Figure 3.9: Hydraulic conductivity of the intact artery wall with open/functioning AQP1s and
of the denuded artery wall, both compared with Nguyen’s data (62). Lines - model predictions,
symbols - experimental data. Lp 1is fixed at all assumed AQP1 fractions and Eq. 3.31 gives its

corresponding decomposition into Lp, and Lp,
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decomposes itinto Lp,. and Lp,; for each fraction of Lp, due to AQP1s. For each assumed AQP1
fraction, we calculate J, across the vessel wall (using Eq. 3.30) at the experimental transmural
pressures and compare these predictions with the corresponding experimental .J,, observations (62).
The SI thickness for a particular transmural pressure is varied until the experimental and model J,,s
match. As explained in our previous study (Ch. 2), we assume the SI acts as a Hookean spring
(with transmural pressure-independent spring constant or SI elastic coefficient £ in mmHg) that
compresses upon pressure loading to give an implicit relation between force per unit area acting

on the EC and the SI compression as:

L L*
Pi(P,— P) =k (1 - ) (3.32)
10

According to Eq. 3.32, for each assumed AQP fraction, a plot of SI compression (from the con-
verged J, values) vs transendothelial force/area gives us an effective spring constant (k). The
spring constant decreases with increasing AQP1 contribution to Lp, (see legend in Fig. 3.9) be-
cause the larger the AQP1 fraction the lower the force on the endothelium corresponding to a given
experimental compression. With an effective k for a given AQP1 fraction, one can estimate .J,, and
thus Lp at any transmural pressure by finding a SI thickness that satisfies both sides of Eq. 3.32.
The Lp of an intact artery wall for a given AQP1 fraction, plotted in Fig. 3.9, decreases
quickly at very low transmural pressures (< 20 mmHg), then more slowly until ~ 60 mmHg. Be-
yond 60 mmHg, a sharp decrease in Lp occurs, as previously, due to SI compression and fenestral
blockage, until the SI reaches its critical compression limit, corresponding to the lowest experi-
mental Lp value. Beyond that, the stiff collagen fibers in the SI (24) prevent further compression
and render Lp constant (36, 41). Overall we find good agreement between our model predic-
tions and Nguyen et al.’s (62) experimental Lp observations. Recall that our predictions for the
hydraulic conductivity of the intact vessel wall obtained using the filtration-only model (see Fig.
2.10 in Ch. 2) did not exhibit any appreciable dependence of the fraction of AQPls on Lp,. In

contrast, the predictions from the coupled filtration and mass-transfer model, shown in Fig. 3.9,
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do exhibit an increase in Lp with increasing transcellular water transport (and corresponding de-
crease in junctional water transport) from 0 to 40%. This is due to the oncotic forces that act in the
same direction as hydrostatic force and raise the overall water flow across the endothelium and the
vessel wall. The oncotic forces increase (results not shown) with increasing Lp, ., raising Lps as
Fig. 3.9 shows. At higher transmural pressures (> 70 mmHg), the oncotic forces become far less
significant (see Fig. 3.8) and the drop in Lp in Fig. 3.9 is simply due to fenestral blockage with
hydrostatic pressure-induced SI compression. Note that this observed drop in Lp is sharper than
our earlier prediction (Fig. 2.10 in Ch. 2). Moreover, increasing EC AQP1s render this drop even
sharper. Removing the endothelial layer eliminates EC AQP1s and also the possibility of both SI
compression and subsequent fenestra blockage. Denudation then result in constant (higher) Lps,

as confirmed by experimental observations of Nguyen (62) shown in Fig. 3.9.

3.3.8 Hydraulic conductivity: AQP1s blocked

It is well-known that submillimolar concentration of HgCl, and other salts such as AgCl, can
chemically block water transport through aquaporins by associating with the cystene group at
the pore entrance and that this blocking is reversible by reduction of this association with 2-
mercaptoethanol (56). One group has also reported a similar effect with the far more easily re-
versible (by dilution) tetraethyl ammonium chloride (TEA-CI). Submillimolar concentrations of
HgCl; have also been shown to inhibit the AQP1 expression in red blood cells (115). To minimize
the toxicity effects associated with HgCly, Nguyen et al. (62) used micromolar (5 M) concen-
tration of HgCl, and investigated the role of AQP1s in the overall transport across the artery wall.
Their results show a marked decrease of ~ 324+-4% in the hydraulic conductivity of the intact vessel
wall at 60 mmHg and smaller (~ 1142 & 5+2%) yet still statistically significant decreases at 100
and 140 mmHg upon chemical blocking of AQP1s. Note that all nine measurements (including the
three for the denuded vessel) were taken on each vessel and the error bars on the data shown in Fig.
3.10 represent standard deviations among vessels from different animals. A plot of the statistics of

the percentage drop in Lp for each vessel upon chemical blockage (62) indeed clearly shows these
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Figure 3.10: Hydraulic conductivity of the intact artery wall with blocked/non-functioning AQP1s
and comparison with Nguyen’s blocked AQP1 data (62). Lines - model predictions, symbols -
experimental data. The Lp,  portion of Lp, is set to be zero to mimic the experimental blocking
of AQPIs with HgCl; (solid lines). Keeping the same Lp,, Eq. 3.31 gives corresponding Lp,; for
an assumed AQP1 fraction. For comparison, the dashed blue curve represents L p for (functioning)

AQPIs that contribute 40% to Lp,. It is the same as the solid blue curve in Fig. 3.9.
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statistical significances.

It is known that HgCl, at these concentrations is known to block only about 1/3 of avail-
able AQP1 channels (127). However, since a transendothelial pathway for water transport must
involve at least two, and maybe more AQP1 molecules in series, in order to investigate the signif-
icance of AQP1s in overall water transport, we assume that this treatment with HgCl, blocks all
AQP1 pathways across the EC; therefore we set Lp, . = 0. We begin by assuming a fixed fraction
of the total trans-endothelial Lp, due to AQP1s (Lp,.) and corresponding Lp,, from Eq. 3.31.
Using this value of Lp, ; and by setting Lp, . =0, we estimate Lp, at various transmural pressures
as explained in section 3.3.7. We retain the same spring constants obtained for open/unblocked
AQP1s (given in Fig. 3.9) to predict SI compression and L p, values when blocking AQP1s. As in
our previous study (Ch. 2), for an assumed AQP1 fraction, if the predicted Lp, (with Lp, ., =0) is
less than the corresponding experimental value at 60 mmHg, we increase the AQP1 fraction until
the predicted Lp, matches the experimental value. Clearly, if the predicted Lp, that corresponds
to 100% blockage of AQP1s (i.e., with Lp, ., = 0) is higher than the experimental Lp,, blocking
less than 100% AQPI1s (Lp,, > 0) would further increase the L p, predictions. On the other hand,
if the model predicts Lp,s lower than the experimental value, one can decrease the percentage of
blocked AQP1 pathways until one finds a reasonable agreement with the experimental data.

Figure 3.10 compares the model predictions for the effect of AQP1 blocking on Lp, with
Nguyen et al.’s (62) experimental blocked AQP1 data along with the unblocked values that assume
a 40% AQPI contribution to Lp . Predictions are shown for different AQP1 fractions of Lp, .
Lp, clearly decreases with an increase in the fraction of blocked AQP1s; these decreases evince
AQP1s’ significance in water transport across the vessel wall. The L p, s predicted by assuming 20%
and 30% contribution of AQP1s to Lp are higher than the experimental data at 60 mmHg. Our
predictions for the case of AQP1s contributing 40% to Lp, show a good agreement with Nguyen
et al’s (62) data and thus suggest that AQP1s contribute at least 30% to the phenomenological
Lp.. Notice that as more AQP1s are blocked the Lp, curves appear to shift to the left. This means

that the dynamic range over which the SI goes from an uncompressed to fully compressed state,
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or the region where Lp, drops drastically, shifts to lower transmural pressures. These results are
consistent with predictions from our earlier filtration-based model (Ch. 2) and further confirm the
hypothesis that reducing transcellular transport increases the force acting on the endothelium, with
the critical force for SI compression achieved at lower overall transmural pressures.

Relative to the filtration-only model (see Fig. 2.11 in Ch. 2), the current model’s predic-
tions for the phenomenological Lp, in the case of blocked AQP1s are slightly higher for pressures
below 60 mmHg because of the oncotic forces across the EC that act there. We found that (results
not shown) the oncotic forces for blocked AQP1s are smaller than those obtained with functioning
AQP1s. This suggests that the increase in Lp, predicted by the current model for blocked AQP1s
is smaller than that seen in Fig. 3.9. At high transmural pressures, oncotic forces have a negligible
effect and A P dominates the overall response. Thus, for a given blocked AQP1 fraction, the Lp,
predictions in the dynamic range from both models match very well. The range in which hydro-
static forces start to dominate over oncotic forces (60 - 90 mmHg in Fig. 3.8) also shifts to lower
transmural pressures (results not shown) as more AQP1s are blocked. In other words, for the case
of AQP1s contributing 20% to Lp, and all of them blocked, the oncotic forces are comparable
to the hydrostatic forces up to 60 mmHg. However, when AQP1s contributing 40% to Lp, are
blocked, the hydrostatic forces start to dominate at as low as 45 mmHg.

At higher transmural pressures, where partial/full fenestral blocking takes place even with
intact AQP1Ts, the blocking of AQP1s would not lead to any significant additional SI compression,
but rather would simply reflect a change in Lp . Thus we expect only a small variation in Lp,
at higher pressures upon AQPI1 blocking. Our model predictions shown in Fig. 3.10 and the
corresponding experimental data at 100 and 140 mmHg further confirm this hypothesis. Our theory
predicts that the force/area acting on the EC at 70 and 60 mmHg with functioning AQP1s is the
same as that acting at 50 and 43 mmHg, respectively, when the AQP1s are blocked. It means
that the SI with HgCl, treatment should experience the same level of compression and fenestra
blockage at 50 and 43 mmHg as the untreated SI at 70 and 60 mmHg, respectively. More to the

point, Fig. 3.10 predicts, e.g., that L p, with HgCl, should be higher at 20 mmHg than at 60 mmHg,
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but lower than without HgCl, at 60 mmHg. We also found that one needs a transmural pressure
of ~ 210 mmHg in order to exert the same force/area on the EC with functioning AQP1s as that
exerted in the case of blocked AQP1s at 140 mmHg. We believe that the forces acting on the EC at
such high pressures can cause mechanical stretching of endothelium and it’s junction, potentially
leading to an increase in the junctional contribution to Lp, that can slightly raise Lp,. This might
explain the slight rise in Lp, found by Nguyen et al. (62) at 140 mmHg compared to it’s value at
100 mmHg. An alternate explanation for this slight rise comes from experimental work done by
J. Abrams in our group (not shown). He has found indications of slight mercury toxicity at 140

mmHg, but not at the lower pressures.

3.3.9 The effect of AQP1 up-regulation on F,,:

Figures 3.11(a)-(d) show the effect of increasing endothelial AQP1 expression on the radial Peclet

numbers (Per = filli] /
YiD;

(z; = 1) for APs of 60 - 90 mmHg. To asses how AQP1 expression affects this Peclet number,

>, a non-dimensional radial velocity |U;|, in the SI underneath the EC

we keep the normal junction contribution, Lp, , to Lp, fixed and only increase the AQP1 con-
tribution, (Lp,.). As previously discussed, all curves have a sharp maximum near the fenestral
edge. At each transmural pressure, F,,. decreases as the endothelial AQP1 expression increases
and a smaller fraction of the water entering the SI enters at the junction. As r —0, the curves for
different AQP fractions converge since the overall flow there becomes independent of the AQP1
fraction. Figs. 3.11(a)-(d) show that P., near the edge of fenestra decreases with increasing AQP1
fraction from ~ 0.26 to 0.14, 0.63 to 0.19, 1.6 to 0.3 and 2.8 to 0.9 at 60, 70, 80 and 90 mmHg,
respectively. Advective transport of albumin from the junction through the SI region becomes
less significant as more AQP1s increase transcellular flow. This makes sense because, with more
(uniformly distributed) AQP1s, the overall pressure in the SI rises and results in smaller radial gra-
dients compared to the case with fewer AQP1s. At lower transmural pressures (< 60 mmHg), we
found a similar effect of AQP1 expression on P,, (results not shown). However, as Fig. 3.6 shows,

since diffusion is the primary mechanism for the transport of albumin at such low pressures with
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in Fig. 3.6. Again, the fenestra is located between 0 < r*/ r; < 1. The junctional contribution to

Lp, is fixed in these predictions.

8 10 12 14

6 )
Radial distance, r*/r:

(d) P; =90 mmHg

119



baseline AQP1 expression, increasing the number of AQP1s causes only a negligible difference at

those pressures.

3.3.10 The effect of AQP1 up-regulation on the albumin concentration in the SI

The effect of increasing endothelial AQP1 expression on the (non-dimensional) SI albumin con-
centration beneath the EC (z; = 1) is plotted in Figs. 3.12(a)-(d) for transmural pressures from 60
- 90 mmHg. As with P,,, we have kept Lp,; fixed and only increased Lp,.. Baseline curve in
each of these figures assume AQP1s are responsible for 40% of Lp, and are same as those shown
in Fig. 3.7 at the corresponding pressures.

The concentration of albumin in the SI layer increases with increasing AQP1s and the
concentration profile becomes flatter. Naively, with more AQP1s, one would anticipate that the
concentration of albumin in the SI would decrease since more incoming water flow through the
increased number of AQP1s should dilute albumin’s concentration. The results in Fig. 3.12 belie
this argument. Recall our hypothesis and our earlier model (Ch. 2) argue that, at a given transmural
pressure, increasing the number of AQP1s reduces the pressure drop and hence the force per unit
area acting on the endothelium. This reduced force/area decompresses the SI and increases the
albumin transport parameters, such as f;,v; and D;, in the SI. We find that the increase in ~; as the
SI decompresses is primarily responsible for this increased albumin concentration. Moreover, the
(Cy/vg — Ci/v:) term on the right side of Eq. 3.19 suggests that an increase in +y; increase the mass
flux of albumin into the SI, which can lead to the higher SI concentrations seen in Figs. 3.12(a)-(d)
with more AQP1s. The increased diffusivity and decreased P, shown in Figs. 3.11(a)-(d) at the
corresponding pressures explain the increased flatness of concentration profiles with more AQP1s.

The concentration profile in Fig. 3.12(d) shows a steep drop near the edge of the fenestra
even after a doubling of the AQP1 expression on the EC. At such high pressures, even with twice
the number of AQP1s, the force acting on the EC can compress the SI and produce substantial
radial pressure gradients near the fenestra region. As confirmed by Fig. 3.11(d), the corresponding

P,, are still high, i.e., advective albumin transport is still important. Increasing the AQP1 expres-
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Figure 3.12: The effect of increasing AQP1 expression on the concentration of albumin in the SI
at z; = 1 as a function of radial distance. Baseline curves for each pressure assume that AQP1s
contribute 40% to Lp, and are same as those shown in Fig. 3.7. Dashed blue line in each figure
represents the concentration of albumin in the GX above the EC. The fenestra is located between

0 < r*/r} < 1. The junctional contribution to Lp, i.e., Lp, is fixed in these predictions.



sion at transmural pressures less than 60 mmHg (results not shown) also had similar but small
effect on SI albumin concentration. At such low force/area on the EC, the Sl is relatively uncom-
pressed even at baseline AQP1 expression and increasing it barely changes SI thickness, i.e., ;.
These findings confirm that the difference in albumin concentration across the EC increases with
increased AQP1s. This will strongly impact the oncotic forces across the EC discussed in the next

section.

3.3.11 The effect of AQP1 up-regulation on forces across the EC

Figure 3.13 shows the predicted variations in hydrostatic and oncotic forces across the EC with
transmural pressure and at various AQP1 expressions. These area averaged forces are calculated
as explained in section 3.3.6. Consistent with our previous theory (Ch. 2), the transendothelial
force/area (AP), at a given applied transmural pressure, decreases significantly with increasing
endothelial AQP1 expression (see solid curves in Fig. 3.13). With more AQP1s, or more transport
pathways across the EC, the overall pressure inside the SI (P;) increases and the pressure drop
(P, — B;) or force/area on the EC decreases, as seen in Fig. 3.13. The curves in Fig. 3.13 shift
to right, meaning that it takes higher pressures to achieve the critical trans-endothelial force to
compress the SI, with more AQP1s. Inversely, with less AQP1s, the force/area on the EC increases
and the SI reaches the critical compression limit, at much lower transmural pressures.

Fig. 3.13 shows that increasing endothelial AQP1 expression also shifts the A7 curves
downwards i.e., increases the magnitude of the osmotic forces. This is a direct consequence of the
higher albumin concentration in the SI region that results with more AQP1s, as shown in Fig. 3.12.
As with AP, higher AQP1 expression shifts the A7 curves to right. This means that the regime
where the hydrostatic and oncotic forces are comparable shifts to higher transmural pressures with
more AQP1s. For example, at baseline AQP1s, both AP and A7 are comparable up to ~ 60
mmHg. Beyond that, A7 drops sharply and AP dominates. With double baseline AQP1, Ax
matches AP at least up to 80 mmHg. Overall, these findings suggest that the oncotic pressure

gradients become increasingly important as endothelial AQP1 expression increases. The larger
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Figure 3.13: The effect of increasing endothelial AQP1 expression on the hydrostatic (A P, upper
solid curves) and oncotic forces (A, lower dashed curves) per unit area across the EC as a function
of transmual pressure. The same color for AP and A7 curves represents equal AQP1 expressions.
The curves for baseline AQP1 expression assume AQP1s contribute 40% to Lp, and are the same
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A is negative for each AQP1 expression; thus 7, < 7; at all trasmural pressures.
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oncotic forces seen with more AQP1s, which act in the same direction as A P, enhance the overall
driving force (AP — o Ar) and thus the fluid flow across the EC and ultimately through the vessel

wall.

3.3.12 The effect of increasing AQP1s on Lp,:

Fig. 3.14 displays the variation of the intact artery wall hydraulic conductivity with transmural
pressure and with increasing endothelial AQP1 expression. It compares these Lp, predictions
(solid curves) with those from our earlier filtration based model (dashed curves) and with the
experimental observations of Nguyen et al. (62) and Raval et al. (68), the latter experiments
planned based on our models’ predictions. The baseline measurements of Nguyen et al. (62) for
the case of unblocked or functioning AQP1s are the same as those shown in Fig. 3.9.

The predictions for AQP1 up-regulation from both models shown in Fig. 3.14 are qualita-
tively very similar. At fixed transmural pressure, more AQP1s increase Lp, and shift the Lp,-AP
curve to the right. This effect is exactly the opposite of that of AQP1 down-regulation shown in
Fig. 3.10 and for the same reason. As Fig. 3.13 shows, the force/area across the endothelium
significantly decreases with more EC AQP1s, thereby decompressing the SI at higher AP and
increasing Lp,.

Our earlier model’s (Ch. 2) Lp, predictions are significantly lower than those of the
current mass transfer model below ~ 75-85 mmHg. These discrepancies again derive from the
oncotic gradients across the EC. As Fig. 3.13 shows, since the oncotic pressure gradients act in
the same direction as transmural pressure gradients (A P), the overall driving force, (AP — o0 A7),
across the EC is greater than AP, the driving force used in our earlier model. Thus more water
flows through the EC and hence through the vessel wall and results in higher Lp,s for the same
AP. For a fixed AQP1 fraction, we find the difference between the two models is maximum at low
pressures, where oncotic differences are significant, and decreases at higher pressures as oncotic
differences become negligible compared with hydrostatic pressure differences. Since the effect

of oncotic gradients extend to higher transmural pressures with more AQP1s (see Fig. 3.13), the
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Figure 3.14: The effect of increasing endothelial AQP1 expression on the hydraulic conductivity
of an intact artery wall as a function of trasmural pressure. A comparison among the current mass-
transfer based model (solid curves), our earlier filtration-only model (dashed curves) from Ch. 2
and the experimental data from Nguyen et al. (62) and Raval et al. (68). The same color for solid
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AQP1s contribute 40% to Lp,.
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upper edge of the dynamic range of the two L p, predictions differ, with those of the current model
slightly lower, and showing a sharper drop.

Based upon both theories’ predictions in Fig. 3.14, an increase in AQP1 expression should
have a particularly large effect on Lp, in its dynamic range and only a negligible effect (relative
to measurement error) to its right. Thus, measurement of Lp, at 75 mmHg on the same vessel
with baseline and elevated AQP1 expression should show a significant rise in Lp, with increased
AQPI, while at 120 mmHg, it should show no measurable change. Based on these predictions,
Raval et al. (68) measured Lp, of the intact artery wall ex vivo with normal functioning AQP1s at
75 and 120 mmHg. They then treated these vessels with forskolin, a chemical reagent that they
showed up-regulates the AQP1s expression in AECs, and repeated these L p, measurements on the
same vessels. They observed a ~ 30% increase in Lp, at 75 mmHg and a negligible change at
120 mmHg. Comparison of the 75 mmHg values with the filtration theory’s predictions suggest
forskolin up-regulated EC AQP1 numbers by 50-100%, while the newer theory suggest closer to
50% up-regulation. However, if we notice that Raval’s baseline Lp, values at both 75 and 120
mmHg are both a bit lower than Nguyen et al.’s baseline values 2, and try to infer the extent of
AQP1 up-regulation from the difference of the 75 mmHg Lp, value from baseline, one estimates
from either theory that forskolin has at least doubled EC AQP1 transcellular pathways. This is
consistent with the quantitative immunohistochemical slides of Raval et al. (68) that, while not yet

quantitated, clearly show far brighter AQP1 staining after forskolin treatment than control.

3.3.13 The effect of GX removal on albumin concentration and the associated driving forces:

In order to simulate the experimentally observed effect of GX degrading enzymes such as hepari-

nase, condroitinase, pronase and hyaluronse on overall wall transport, we eliminate the GX layer

2We could not scale our model to Raval et al.’s (68) data since they did not measure the L p, at
lower transmural pressures, the values used to estimate the Lp . Though both set of experiments
used same species of animal models, there could be variations from animal to animal that can result
in slightly different Lp, or a small systematic bias of each experimenter could account for these
differences. We suspect that if the model is scaled to Raval et al.’s (68) data, assuming that their Lp
value at 60 mmHg is lower than that of Nguyen et al. (62), the curves in Fig. 3.14 would simply
shift down.
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from the model considered in Fig. 3.1. Removal of the GX changes the boundary conditions used
at the EC surface. In the absence of the GX region, the variables P, and 7, in Egs. 3.6 and 3.8
would take their corresponding lumen values. Similarly, for the mass-transfer problem, the C;/~,
term in Eqgs. 3.18 and 3.19 would change to 1 in non-dimensional form since vy = 1.

Figure 3.15 shows the concentration of albumin in the SI in the absence of GX with
increasing transmural pressures. The concentration profiles are very similar to those in Fig. 3.7
for each transmural pressure, evincing only a minor effect of the GX on the SI concentration of
albumin. As explained in section 3.3.5, due to the dense media structure, we find an accumulation
of albumin in the SI upstream of the fenestral hole. The major contrast with Fig. 3.7 is the albumin
concentration just above the EC (in this case lumen). In Fig. 3.7, this value was uniformly lower
than the SI albumin concentration at all pressures, whereas here it is equal to one (~ 70% higher
than with a GX layer) everywhere and higher than the 10 mmHg curve and substantial parts of the
curves above 60 mmHg. As we shall now see, this has substantial oncotic consequences.

Figure 3.16 shows model predictions for the forces acting across a unit area of the EC
in the presence (blue curves) and absence (red curves) of the GX layer and their variation with
transmural pressure. Upon GX degradation, the hydrostatic force, shown by the solid red curve
in Fig. 3.16, is higher than the corresponding force with the GX intact. This suggests that the SI
would compress more at a fixed transmural pressure without GX than with it, and thus the dynamic
range of the Lp, vs AP curve should shift leftwards upon GX degradation. On the other hand,
whereas the oncotic forces across the EC, with its GX intact, are negative (they suck fluid from
the lumen into the SI) at all transmural pressures, upon GX removal, they are negative up to ~ 65
mmHg and positive (opposing A P) beyond. This follows directly from the albumin concentration
above the EC (the dashed lines in Figs. 3.7 and 3.15). Since GX degradation hardly affects the
SI albumin concentrations, the rise in the dashed line with GX degradation subtracts a uniform
constant from A, as seen in Fig. 3.15.

These findings imply that the overall driving force (AP — oAr) per unit area across the

EC is much higher in the presence of the GX than in it’s absence (dot-dashed curves in Fig. 3.16).
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That is, it predicts (see Fig. 3.17) somewhat counter-intuitively, a slightly higher water flow across
the EC and thus through the vessel wall with intact than with degraded GX. It is not clear, however,
whether this predicted difference is large enough to be unambiguously measured.

As discussed in Chapter 1, several studies, both in vitro and in vivo, have shown shear in-
duced increase in endothelial Lp. This Lp response is stimulated by shear-induced NO production
and mediated by the cell surface GX (98). Lopez et al. (54) measured the response of BAEC Lp
to a step increase in luminal shear stress from 0 to 13.3 dyn/cm? after pre-treatment of the mono-
layers with GX-digesting enzymes. They observed that heparinase and hyaluronidase completely
blocked shear-induced NO production and increased monolayer Lp. That is, the monolayer J,s
were lower in the absence of the GX layer. Though these results are qualitatively similar to our
findings, the response in vessel walls appears to be governed by oncotic forces and may not be

correlated to the responses seen in these monolayer studies.

3.3.14 The effect of varying lumen albumin concentration on J,:

Patients can sometimes experience elevated lumen albumin concentrations and Fig. 3.18 examines
the predicted effect of such an elevated (from 20 to 100 gm/lit) concentration on .J,, the water
flux across the vessel wall, vs transmural pressure. For a fixed albumin concentration, fluid flux
increases nearly linearly with AP until the ST compression begins to block IEL fenestrae, when
the increase in J, slows down and, can even decrease. That is, in the dynamic range of Lp,, it
appears possible that as one increases AP where Lp, decreases, the product Lp, AP can decrease
briefly. This effect is far more pronounced at higher albumin concentrations. Beyond maximal SI
compression, the wall behaves like a simple material and J, simply rises linearly with AP. At
all pressures, fluid flux increases with increasing lumen albumin concentration, but much more so
below the A P for maximal SI compression. This increase results from an increase in oncotic forces
(not shown). J, at one half (20 gm/lit) or at normal (40 gm/lit) lumen albumin concentrations do
not differ significantly. However in pathological conditions such as hyperalbuminemia in which

albumin’s blood concentration raises to abnormally higher values (100 gm/lit), the model predicts
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a substantial increase in .J, for pressures up to 60 mmHg and a sharp decrease from 60-90 mmHg.
These predictions suggest new experiments to test the effect of oncotic gradients on the fluid flux
across the vessel wall and predicts a range of albumin concentration that can lead to appreciable,
1.e., experimentally measurable changes in .J,. Below about 70 mmHg, the elevated .J, might in fact
be athero-protective, since it increases trans-SI water flow that potentially could dilute unbound SI
LDL and potentially wash it from the SI before it can bind to ST ECM. Unfortunately this potential

benefit disappears by 90 mmHg, which is still a bit below the physiological mean arterial pressure.
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3.4 Conclusions

To our knowledge, the present two-dimensional coupled filtration and mass transfer model, for
the first time considers the effect of oncotic forces within the vessel wall on the overall transport
across large artery walls. It shows that, even though the oncotic differences between the lumen and
the adventitia may be negligible or zero, they may still play a nontrivial role within such vessels,
at least at low transmural pressures (up to 60 mmHg). One of its very interesting and surprising
findings is that the dense structure of the media region acts to strongly filter albumin to the point
that, under steady conditions, it generates an SI albumin build-up to values high enough to suck
water from the lumen into the SI. This effect overcomes the tendency of hypotonic transenodthelial
flow to result in oncotic differences pulling in the opposite direction. This effect resolves the
oncotic paradox that motivated this work.

The present model provides several interesting - and experimentally testable - insights
concerning the interactions between hydrostatic and oncotic forces that determine the fluid flow
across the arterial endothelium. For example, the model predicts that the variation in Lp, of the
vessel wall with transmural pressure, both for the case of functioning and blocked AQP1s, agree
well with Nguyen et al.’s (62) experimental observations. Although the precise numbers differ in
magnitude, this model’s predictions agree qualitatively with those of our earlier model (Ch. 2)
that AQP1s contribute at least 30% to the phenomenological endothelial Lp at low transmural
pressures. It predicts that neglecting oncotic gradients underestimates the overall inherent L p, of
the vessel wall up to 60 mmHg and that endothelial AQP1 up-regulation increases vessel wall
Lp, even more than what our filtration-only model predicted; the difference is due to oncotic
forces. A further prediction that AQP1 up-regulation would increase the dynamic range of Lp,
vs AP motivated Raval et al.’s (68) experiments with forskolin that confirmed these predictions
and implied that forskolin at least doubles EC AQP1 expression. The model explains that GX
removal results in a marked decrease seen in the overall driving forces per unit EC area across

the EC. The difference in albumin concentration across the EC is much larger, and thus results
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in increased transmural water flow, with intact vs degraded GX. Given AQP1’s presence in the
high-pressure cardiac endocardium, heart, lung and renal epithelia, resolving and understanding
how mass-transfer-induced osmotic gradients interact with the flows that advect those solutes may

have far broader and illuminating implications.
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Chapter 4. The effect of aquaporin-1 on macromolecular transport through the artery wall

4.1 Introduction

Atherosclerosis, a disease of large arteries and the aortic valve (71, 76), is a leading cause of death
in the US and in most of the Western countries. It appears to begin with the transport and accu-
mulation of low density lipoprotein (LDL) cholesterol from the blood into the vessel wall. Once
inside the subendothelial intima (SI) layer, the LDL cholesterol interacts with the subendothelilal
extracellular matrix (ECM), mainly comprised of the proteoglycan (PG) and collagen (CG) fibers,
and gets oxidized, perhaps by the presence of oxygen free radicals. Blood-borne monocytes enter
the arterial intima in regions with high subendothelial lipid concentration, becoming macrophages
that normally, along with media derived smooth muscle cells (SMC), attempt to scavenge the ex-
tracellular cholesterol (10). However, when overwhelmed, macrophages progress to form foam
cells, and this accumulation of lipid and necrotic cells inside the SI appears to result in atheroscle-
rotic lesion formation (86, 81). Eventually, such fatty lesions lead to stenoses that compromise the
cross section for blood flow and cause potentially harmful disease conditions such as myocardial
or cerebral ischemia. Worse still, unstable plaques may rupture and release large particles in blood
stream that can completely block smaller blood vessels, resulting in heart attack or stroke.

Given the tight structure of the aortic endothelium, it is quite puzzling to ascertain how
a macromolecule like LDL (average diameter ~ 22 nm) can get through this barrier and enter the
vessel wall. Many researchers in the past, using both experimental (89, 11, 13, 34, 50, 51, 52)
and theoretical (119, 129, 35) approaches, have studied the transport of such macromolecules from
the blood, through the endothelium, and into the inner layers of the vessel wall. These studies
(119, 89, 11, 50, 51, 52) have revealed that macromolecules cross the aortic endothelium at certain
focal locations, with widened endothelial junctions surrounding rare endothelial cells (EC) (~ 1 in

every 5000 cells (50, 51, 52)) that are either dividing or dying.
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Chuang et al. (13) studied the subendothelial spread of horseradish peroxidase (HRP)
with increasing tracer circulation time. They found that localized HRP spots in the aorta initially
grew very rapidly and then appeared to slow down, reaching almost ~ 250 pm in diameter after 4
min circulation time. This spot size growth is too fast to be consistent with a diffusion-dominated
mechanism for any reasonable diffusivity. Yuan et al. (129) developed a two-dimensional (2-D),
convection-diffusion, wall-structure based model that explicitly includes the endothelium, SI, in-
ternal elastic lamina (IEL), and media layers of the vessel wall. Although their model could not
explain the HRP spot growth seen in Chuang et al. (13), it demonstrated that the transmural (across
the vessel wall) pressure driven plasma (henceforth called water) flow advects macromolecules
through rare leaks and spreads them inside the SI and further into the vessel wall and theryby sub-
stantiated the significance of convection in overall macromolecular transport in the vessel wall. By
examining the ultrastructural observations of Frank and Fogelman (24), that revealed surprisingly
sparse SI structure than the media matrix in rabbit aorta, Huang et al. (35) developed a hetero-
geneous fiber matrix theory that calculates the SI Darcy permeability (/p,) and tracer diffusivity
(D;) to be 10-100 times the measured media values. Using these new parameters in Yuan et al.’s
(129) 2-D convection-diffusion model, Huang et al. (35) found strong advective macromolecular
transport parallel to the endothelium in the SI (due to the difference between leaky and normal
junction hydraulic conductivities and between the SI and media flow resistances) and successfully
explained Chuang et al.’s (13) HRP spot growth data.

As noted earlier, the transmural pressure-driven (A P) water flow brings macromolecules
through rare leaky junctions and advects them further inside the SI region, thereby increasing
LDL-ECM interactions. However, the majority of transendothelial water flow that occurs through
normal junctions, surrounding normal ECs, can flush unbound LDL from the SI and ultimately
from the vessel wall. Thus the overall water transport across the endothelium, and not just through
rare leaky junctions, seems to affect the LDL accumulation inside the vessel wall. The hydraulic
conductivity (L p) is the measure of overall transmural water flux through the vessel wall. Together

with the transport parameters of the individual layers of the vessel wall (e.g., Kp, D etc.), the Lp
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decides the filtration/convection pattern inside the vessel wall. Tedgui & Lever (100), Baldwin and
Wilson (2), Shou et al. (78) and Nguyen et al. (62) have reported higher Lps at low transmural
pressures and lower L ps at high transmural pressures in rabbit (100, 2) and rat (78, 62) aortic walls.
Moreover, endothelial denudation roughly doubled the Lp in these experiments and rendered it
pressure insensitive. To explain this pressure-dependent behavior of the Lp, Huang et al. (36)
postulated, and their subsequent experiments proved (37), that at high transmural pressures, the
force acting on the endothelium compresses the sparse SI layer. This compression would decrease
the intima’s inter-fiber spacing, thereby decreasing its transport parameters (e.g., K p) and, more
importantly, cause the endothelium to partially block some of the IEL’s fenestra. This latter effect
could lower wall hydraulic conductivity drastically. They developed a local filtration model, on the
scale of a single EC, and showed that the pressure induced intima compression and the subsequent
IEL fenestra blockage indeed reduces the wall L p, consistent with above-mentioned experimental
observations. In addition to this, the local filtration theory (36) also predicted the effective Lp of

the endothelium and SI (Lp

...) as a function of AP, which the authors used as an input in their

earlier convective-diffusive transport model (35) to investigate the change in the time-dependent
HRP concentration profiles and thus, leakage spot sizes with transmural pressure. They found that,
due to pressure induced intima compaction and the resulting change in its transport properties, the
long-time asymptotic spot size decreased by ~ 50% when the transmural pressure was increased
from 50 to 100 mmHg (36). Moreover, the rise time required to achieve the asymptotic spot size
was much shorter at 100 mmHg than that required at 50 mmHg.

Zeng et al. (131) developed a detailed 2-D, wall structure-based filtration and macro-
molecular transport model, structurally similar to those proposed by Yuan et al. (129) and Hunag
et al. (35), but with subsequently measured parameter data (37) and some improved parameter
values that were guesstimated in earlier studies (129, 35). Neither of earlier studies (129, 35)
explicitly solved the equations of continuity and of solute conservation in the SI region. These
studies replaced above-mentioned equations by their integrals across the SI owing to a very small

ratio of the SI thickness (0.2 - 1 um (35)) to the mean distance between leaky cells (670 pum (35)).
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Zeng et al. (131) found that this assumption holds in regions far from the leaky site, but introduces
significant errors near the leak, a critical region in this model where all tracer enters the vessel wall.
Zeng et al. (131) directly solved the SI and media problems with the appropriate parameters and
without these simplifications and found a very good agreement with both Chuang et al.’s (13) and
Shou et al.’s (79) HRP spot size data in rabbit and rat aortas, respectively. Y. Sun (94) then com-
bined Zeng et al.’s (131) corrected theory with appropriate rat parameters with Huang et al.’s (36)
intima compression theory and predicted the effect of initma compression on HRP spot growth as
a function of transmural pressure. Specifically, Y. Sun (94) used parameters like the SI thickness

(L?), Kp, and Lp,

.., ata given AP and their variation with transmural pressure from Huang et al.’s

(36) local filtration theory, in Zeng et al.’s (131) 2-D convection-diffusion model and predicted
spot growth at various AP. These predictions both qualitatively and qualitatively matched with
those obtained by Hunag et al. (36) previously. They subsequently measured HRP spot growth in
rat aorta at different acute transmural pressures and found good agreement between experimental
observations and the predictions of the theory that incorporates intimal compaction under AP. In
the present study, we will combine the predictions from our previous local filtration model (Ch. 2)
with Zeng et al.’s (131) convection-diffusion model to predict the effect of pressure induced intima
compression on the concentration and transport of macromolecules like HRP and LDL inside the
artery wall. Our approach differs from Sun’s (94) in two ways: (a) We do not use the predicted

Lp

.. as it is from the local filtration model into Zeng et al.’s (131) convection-diffusion model.

Rather we use that value of Lp,_,, which matches the estimated water flux from the two models (see
section 4.2.4 for more details). (b) We vary the tracer transport properties, like the diffusivity (D),
retardation coefficient (f) and the available solute volume fraction () with intima compression,
something which Sun (94) did not consider.

The presence of aquaporin-1 (AQP1) in aortic ECs suggests a new possibility of water
transport through the EC, alongside the generally accepted paracellular route (62, 103, 126). AQP1
is a membrane protein molecule that acts as a specific water channel and allows high throughputs

of water (3 x 10° molecules/sec/channel) in response to osmotic gradients at at little or no cost in
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ATP (58). Using immunocytochemical techniques, Nguyen et al. (62) and Yan et al. (126) have
shown the presence of AQP11 in bovine aortic ECs (BAECs) and rat aortic ECs (RAECsS) in vitro,
respectively, while their presence in the rat aorta ex vivo has been demonstrated by Toussaint et al.
(103). Moreover, the functionality of AQP1s in trans-endothelial water transport is demonstrated
in both in vitro (62, 73, 126) and ex vivo (62, 126) studies. Specifically, it has been shown that
decreasing transcellular transport, either by using chemical agents that block AQP1 channels (62)
or by using siRNA against AQP1 (73, 126), significantly reduces trans-endothelial water flux. We
proposed a new theory in our earlier study (Ch. 2) to explain AQP1’s role in trans-endothelial and
overall water flux across the vessel wall. Our predictions showed a significant decrease in the Lp
of the vessel wall with less trancellular flow and agreed well with Nguyen et al.’s (62) and Yan et
al.’s (126) corresponding experimental observations. More interestingly, it predicted higher overall
Lp with more AQP1s at any given AP.

In this paper we test the combined theory for the effect of AQP1s on overall macromolec-
ular transport at different transmural pressures. We hypothesize that with higher endothelial AQP1
expression, the overall L p would be higher and thus the resulting water flow can dilute LDL’s local
concentration in the SI and flush unbound lipid from the vessel wall. This can decrease the rates
of LDL-SI ECM interactions and as such may slow down the progression of pre-atherosclerotic

events.
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4.2 Mathematical formulation

In order to investigate AQP1’s effect on the transport of macromolecules inside the artery wall, we
employ the same structural model as used by Zeng et al. (131). As noted earlier, this model is
similar but not identical to the one used by Yuan et al. (129) and Hunag et al. (35). The schematic
of the idealized multi-layer, 2-D convection-diffusion model is depicted in Fig. 4.1. It models the
artery wall in four different layers: the endothelium, the SI, the IEL and the media. The adventitia
is not included in the model since its loose connective tissue plays a minor role in transport. Leaky
junctions surrounding rare ECs constitute a major pathway for the transport of macromolecules
(e.g., LDL) across the endothelium, whereas transmural water flow occurs through both normal and
leaky junctions. Moreover, from the evidence suggested in the introduction, water can also flow
transcellulary through AQP1 channels. We assume that water and advected macromolecules, after
entering the SI region, seep through the IEL fenestrae into the media region. The rare ECs with
transiently leaky junctions are assumed to be arranged in a periodic surface array, each surrounded
by a uniform endothelium of normal permeability. The 2-D model has its origin at the center of
the leaky cell and, by abuse of geometry, is axisymmetric on a periodic cylindrical unit. As shown,
the z-axis is perpendicular to the endothelium and with negligible radius of curvature of the vessel
wall with respect to its thickness, the endothelium is assumed flat. The radius, {7, of the periodic
unit is half the average distance between leaky ECs. The EC turnover parameter ¢ describing the
frequency of the leaky sites is defined as R;?/&;%, where R; is the average effective radius of an
EC. The leaky junction has a width of AR* and is equal to R — R}, where R; is the average outer

leak radius.

Glossary:
a* Effective radius of proteoglycan aggregates
Cr Dimensional concentration in region j
C; Dimensionless concentration in region j
T Concentration in lumen
Dy Effective diffusivity in region j
J Region of artery wall (j = ¢, m for SI and media respectively)
k Endothelial mass transfer coefficient
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Figure 4.1: Schematic of the periodic wall unit representing different layers of the vessel wall
with non-dimensional variables (a). Macromolecules enter the vessel wall through leaky junctions
surrounding leaky EC, while water flows through normal junctions surrounding normal ECs and
transcellularly via AQP1 channels, as shown. The SI under non-deformable endothelium is com-
pressible upon pressure loadings. Finer scale, 1-D convection-diffusion model of the leaky cleft by
Tzeghai et al. (107) used for Eq. 4.13 which enters as a boundary condition at the EC (b). Ideal-
ized mathematical diagram with dimensional variables (c). Note that the IEL shown in Fig. 4.1(c)
has a finite thickness (L7). For the current level of modeling, we assume the IEL as a boundary
separating the SI and media, with an infinitesimal thickness. However we use constitutive equa-
tions (quasi-steady, 1-D, advection-diffusion model as in Ref. (107)) to estimate the solute flux
across the IEL with a finite thickness. EC, endothelial cell; SI, subendothelila intima; IEL, internal
elastic lamina; SMC, smooth muscle cell; EL, elastic lamellae. See Glossary for definitions of

parameters.
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4.2.1 Filtration model

The leaky ECs have much wider junctions, and therefore greater hydraulic conductivity, than the
normal ECs and thus the pressure drop across the leaky junction is much smaller than that across
the normal junctions. Hence, there exists a large pressure gradient parallel to the endothelium
in the SI between the exit of the leaky junction and the normal junctions, indicating that water
crossing the leaky cleft will spread laterally in the SI while seeping through the fenestrae in the
IEL to enter the media.

Let P} and P} be the lumen and adventitia pressure respectively. Thus, AP = P} - Pj.
Let U} and W be the dimensional lateral and normal velocities of water, respectively. Let L}‘Dj and
K p, be the hydraulic conductivity and Darcy permeability, respectively, in region j of thickness
L. Let j be the dummy index that takes values i and m for the SI and media, respectively. We

introduce following non-dimensional (without *) variables and parameters (j = ¢, m).

_ _ & _ &
r= L;fna &= L;';L’ §I - L;(nu
U; = v W; = Wi
7Ly AP’ Ly AP’
Pr — P; Ky L3 L3
) 2 A Kp — J Lo — P _ “Pum
77 AP Ky e Iy, P = L,
where L, = Zl_jf: and p is the fluid (water) viscosity. The subscripts [k and nm denote leaky

m
and normal endothelium, respectively.

Assuming incompressibility, the water flow through the SI and media satisfies equation of conti-

nuity, i.e.,

V-V;=0, (j=1m) (non-dimensional form) 4.1)

Due to porous structure of the intima and media region, the flow through arterial wall obeys Darcy’s
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law. It has been shown that Darcy approach is a good approximation for complex layered structures
with different ECMs (35, 36, 130, 44). Darcy’s law suggests that the flow through a porous medium

is proportional to the applied pressure gradient and is given by:

*

P;
1

Vi= VP, (j=1i,m)
Therefore in non-dimensional form,

V;=—-KpVP;, (j=im) 4.2)
Substituting Eq. 4.2 into Eq. 4.1 gives the governing equation for filtration model

V2P =0, (j=i,m) (non-dimensional form) 4.3)

Since the governing equations are second order Laplace equations, we need four boundary condi-
tions (two each in 7 and z direction) for each region. We employ following boundary conditions
(in non-dimensional form) to solve Eq. 4.3.

Axisymmetry at » = 0 and periodicity at r = &; require no fluid flux, thus

oP;
Uj:—Kpja—r], (j=1i,m)atr=0,¢ (4.4)

Starling’s law relates water velocity across the endothelium W to the local pressure drop (assuming

negligible osmotic gradients) as:

W;=Lp, (1—P) at Ry <r <& andz=0 (4.5a)

W;=Lp, (1—P) at Ry <7 < Ry and z =0 (4.5b)
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Wi=0at0<r<Ryand z=0 (4.5¢)

Lp, in Eq. 4.5a is an area-averaged hydraulic conductivity representing contributions from nor-
mal junctions and ECs. Note that Lp,  is similar to the hydraulic conductivity of endothelium and

SI(Lp,.,) used in our previous local filtration theory (Ch. 2).

Since the IEL fenestrae are located randomly relative to the leak, we use an effective Lp (Lp,) to

describe the water flow across the IEL, which together with incompressibility gives us:

W, W, = Lp,(P|._, — Pul

m z=L;+Ly z= Z=L¢+L[)

(4.6)

z=L; =

At the media-adventitia boundary, the pressure is constant and is equal to the reference pressure,

thus
P,=0 az=1 4.7

Yuan et al. (129) modeled the water flow through leaky junction (of length L) as steady 1-D slit

flow and calculated its hydraulic conductivity as:

AR*2
Ly = ——o 4.8
P = 12uL; 48)

They also modeled the water flow through the IEL fenestra by considering a cylindrical slab with a
circular fenestral pore in its center and estimated the Lp of the IEL. Zeng et al. (131) details Yuan

et al.’s (129) method to calculate the Lp,.

4.2.2 Macromolecular transport model

We are interested in studying the macromolecular transport (i.e., its concentration and potential
washout) through the artery wall. We assume that initially the artery wall is tracer or macro-

molecule free and introduce a step change in the system by adding a tracer in the lumen at ¢ = 0.
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The transport problem of interest is an initial value problem that starts with zero tracer concentra-

tion everywhere and is given by following convection-diffusion equation:

oCs
o + i/ u)V; - VO = DIVeCy, (j =im) (4.9)

Notice that Darcy’s law, after solving the filtration problem (Eq. 4.3), yields velocities (V*) re-
quired to solve the mass transfer problem (Eq. 4.9). We introduce following new non-dimensional

(without *) variables and parameters to solve Eq. 4.9.

Cy t Dy
Cj == t= %7 Dj = —~,
p _4iUkn LWL,
T Dy, T Dy,

where C7 is the solute concentration in the lumen. C7 is the dimensional solute concentration
in region j, locally averaged over both tissue and fluid phase. D} is the effective diffusivity of
the solute in region 7, ¢ is the dimensionless time, normalized by solute’s diffusivity in the media
region (z-direction) and the media thickness. f;, the retardation coefficient, represents the ratio
of solute to water velocities; and -; is the fractional volume available for macromolecules per
unit total tissue volume. P, and P, are the velocity variables, further non-dimensionalized in a
manner appropriate for mass transfer studies, in the form of Peclet numbers in r and 2 directions,
respectively. Using these non-dimensional variables and parameters, we write the dimensionless

form of Eq. 4.9 as:

aC; aC; oC; 9*C; 100} 0*C; .
6—;+PejT6—;+Pejza—Z;:Djr <3TQJ+;8_TJ> Djz872]7 (J=1,m) (4.10)
J

We employ following initial and boundary conditions to solve the governing initial boundary value

problem (Eq. 4.10).
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As mentioned earlier, for an initially tracer/solute free tissue, the initial condition introduces a

tracer at t = 0:

C;=0att=0, j=im 4.11)

The axisymmetry at » = 0 and periodicity at r = £; require no solute flux at these locations i.e.,

oC;

8_:0 atr=0andr=¢&;, j=1,m (4.12)
”

In order to explain the macromolecular transport through the endothelium (via leaks) and the IEL
(through the fenestrae), we note that these holes are far smaller and occupy only a small fraction of
the total surface area. The non-dimensional tracer flux through such a hole requires a local model
on that scale. Tzeghai et al. (107) describe the local macromolecular flux through a fenetra by a
1-D, quasi-steady, advection-diffusion model through a slit. Following Tzeghai et al. (107) and

Zeng et al. (131), we calculate the local macromolecular flux at the leaky junction exit as:

) CiDr [P —
where
Cl:Cl*a l‘:%, Pel:fl—ll)*l
L ! YL

C} is the dimensional solute concentration in the leaky junction, Cj, is the dimensionless solute
concentration at the SI side of the leaky junction. The z-direction is perpendicular to the endothe-
lium along the junction, as shown in Fig. 4.1(b). I¥/;* in the leaky junction is uniform and thus the
Peclet number in the leaky junction () is constant unlike P, and P, which are variables. fj,
v, and Dy are the retardation coefficient, fractional available volume and diffusion coefficient in

the leaky junction, respectively.
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The concentration (per unit void volume) is continuous at the leaky junction-SI interface, thus:

C; O
2 gt R <r<Ryand z =0 (4.14)
Vi Vi

Substituting Cs from Eq. 4.14 into Eq. 4.13, we make use of solute flux continuity at the leaky

junction-SI interface as:

I %W Ci = DL (4.15)

q

Writing Eq. 4.15 in non-dimensional form:

Di (el —C,\ D dC;
EPel < T ) =1 P..Ci= D" ) at Ry <r < Ryand z=0 (4.16)

Thus Eqs. 4.14 and 4.16 together constitute a boundary condition at the leaky junction-SI
interface. Outside the leaky junction, a mass transfer coefficient k& describe the diffusive transport
across the normal endothelium. Hence, given the local concentration definitions (based on all
phases, tissue and fluid, present locally), we have following additional boundary conditions on the

endothelial surface (z = 0).

dC; kL* i
izﬁz U 1—2 at Ro <r<é&rand 2=0 “4.17)
dz Dy . i
—Dizcil—a:() at0<r< Ryand 2=0 (4.18)
z

Since the fractional area of the fenestra (¢; = a7/£7), where ay is the radius of the
fenestra, is far smaller (< 1), we assume that there is no interaction among IEL fenestrae and thus

the local average solute flux across the IEL (g7) is proportional to fractional fenestral area.

4 = 14y (4.19)
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where ¢} is the solute flux through the fenestra. A similar subscale model, as that for the leaky

cleft (107), is used to estimate g as:

* CZD? epeICIs - Cfm
Aflzx=Lr = L Per <ﬁ (4.20)
where
C5 WL
=% p,- M
&) 71 D7

C7 is the dimensional solute concentration in the IEL. C, and Cf,, are dimensionless entrance
(SI) and exit (media) solute concentrations in the IEL fenestra, respectively. W; is the normal
velocity through the IEL. L7, P.;, fr, 7 and D; are the height, Peclet number, retardation coeffi-
cient, fractional available volume and effective diffusion coefficient in the IEL, respectively. The

conservation boundary conditions at the IEL are

s=Li+L; = ) (4.21)

* %
qiz‘Z*sz = Gz

One can write the Eq. 4.21 in non-dimensional form as:

* ) * * P.r .
Dz, (P C; —Dizd—a) _ L (P Chn —sz—de) _Dip, (—e Cis C“”) (4.22)

€e; - (& €.
L, " dz L, me dz Ly efer — 1

The SI and media concentration matching conditions are:

Oi OI s

== at z = L; (4.23)
i V1

Cim  Ch

m I at =L+ Ly (4.24)
I Ym
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The concentration at the media-adventitia boundary is assumed to be zero, thus

Cn=0atz=1 (4.25)

4.2.3 Solution methods

We use direct discretization, finite difference on a non-uniform mesh approach to solve for pressure
and concentration distributions. Even though the 2-D Laplace equation (Eq. 4.3) has a direct
analytical solution in terms of Bessel functions, the IEL matching conditions (Eq. 4.6) makes its
implementation cumbersome (131). Moreover, since the width of the leaky cleft is four orders of
magnitude smaller than the model’s radial dimension, one needs to retain extremely large number
of Bessel terms [O(10*)] to resolve the scales over which dynamic variables change near the leaky
junction (131) and can significantly increase the computational cost.

We improve the computational efficiency by developing a non-uniform mesh for the finite
difference solution, which is very dense near the leak and sparse far from it. The discretized model
becomes a large number of simultaneous linear algebraic equations, equal to the total number of
mesh points, which can be solved with MATLAB (The MathWorks, Inc.). As in Zeng et al. (131),
the unsteady macromolecular transport model is solved using the Hopscotch method, a fast second
order partial differential equation solver. This method is fast, efficient and unconditionally stable

(28).
4.2.4 Constants and parameters

Geometric parameters

The baseline values of constants and parameters used in the model are summarized in table 4.1.
Note that most of the geometric parameters used in this study are same as those employed by Zeng
et al. (131). We use Huang et al.’s (35) heterogeneous fiber matrix theory to estimate the Darcy
permeability (K'p,) of an uncompressed SI Kp, to be 2.20x107!2 cm?. Huang et al. (36) and our

previous study (Ch. 2) discuss the effect of the intima thickness on K p, and estimate its variation
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with transmural pressure.

Curry (15) calculates the retardation coefficient f; from the partition coefficient v; as:

fi=1=Q0—=v)? (j=1im) (4.26)

where ¢); = ; /7, in region j is defined as the ratio of fractional available volume for a solute
(7;) to that available for water (7,,;). The partition coefficient for a solute of radius 7, in the
randomly oriented fiber matrix, can be obtained as (15):

2
b = exp [_(1 2 <2L n %)] (4.27)
!

Tf r

where e is the fractional void volume and 7 is the fiber radius.

For the sparse SI layer, 7,,; ~ 1 (35) and thus ~; ~ ;. Thus at zero transmural pressure,
since € = 0.99 (Ch. 2) and 7y = 2.37 nm (Ch. 2), Eq. 4.27 gives the fractional volumes (v;)
for HRP (r; = 3 nm (35)) and LDL (r; = 11 nm (35)) as 0.95 and 0.65, respectively, and Eq.
4.26 predicts their retardation coefficients (f;) as 1.0 and 0.88, respectively. The volume fraction
of albumin in the rabbit thoracic media (+y,,) was measured by Tedgui and Lever (101) as 0.08.
Since albumin (r; ~ 3.5 nm (14)) and HRP are similar in size, we set ,, for HRP equal to that
for albumin, and together with ,,,, ~ 0.5 (35), Eq. 4.26 gives f,, = 0.3. Using ~,, for HRP and
molecular radii of HRP and LDL, Zeng et al. (131) estimated the media LDL distribution volume
to be 0.025. Thus, from Eq. 4.26, we estimate f,,, for LDL to be 0.0975.

Ogston et al. (65) have derived the diffusion coefficient for a solute of radius r, in a fiber

matrix in terms of its diffusion coefficient Dy in free space as:

D = Dy exp {—(1 — )l (1 + :—ﬂ (4.28)
f
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where € is the fractional void volume and r; is the fiber radius. Free diffusivity of albumin is
D; = 6.8x1077 cm?/s (116). Using Stokes-Einstein (15, 29) size scaling (D rp/Dapumin ~
Talbumin/THRP), We find Dy for HRP as 7.93 x 1077 cm? /s. In order to account for the presence
of PG and CG fibers in the SI, Huang et al.’s (35) fiber matrix theory replaces D in Eq. 4.28 and

computes effective diffusivity in the SI region as:

T's Ts
D; = Dy(ecg +epg — 1) exp {—(1 —eca)'? (1 + r_)} exp [—(1 —epg)'? (1 + E)]
ca

(4.29)

where ec¢ and epg are void fractions of CG and PG fibers, respectively. ro¢ is the radius of
collagen fibers (20 nm (35)) and a* is the effective radius of PG fibers (2.37 nm (Ch. 2)). At zero
transmural pressure, with ecg = 0.95 (35) and e p; = 0.99 (Ch. 2), Eq. 4.29 yields D, for HRP and
LDL as 4.51x1077 cm?/s and 7.43x 1078 cm? /s, respectively. Due to similar matrix structures
(47), as per Zeng et al. (131), we assume IEL fenestrae transport parameters to be equal to the SI
parameters, f; = fi, 71 = Vi, Ywr = Ywi» D} = Dj.

Equations 4.26 - 4.29, with corresponding fractional void volumes (€pq, €c¢) at different
SI compressions, predict the variation in ;, f; and D; with transmural pressure. Our previous
study (Ch. 2) explains in detail the calculation of these fractional void volumes for compressible

SI region.

Hydraulic conductivities

Many research groups (100, 2, 78, 62) have measured the hydraulic conductivity (L p), defined as
the ratio of transmural water flux to the difference between applied hydrostatic and osmotic pres-
sure difference, of the intact (L7,) and denuded (L*Pmﬂ) aortic walls at various transmural pres-
sures. In the filtration problem discussed in Section 4.2.1, the input parameters are: the hydraulic
conductivity of the leaky junction (L7, ), the hydraulic conductivity of the normal endothelium

(L, ) and the hydraulic conductivity of the IEL (L p,). We estimate Lp, using Eq. 4.8 and Lp, as
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Table 4.1: Parameters and constants used in the model

Constant/Parameter Value Reference
L?, pm 0.5 (36), a
Ly, pm 2.0 (123)
Ly, pm 1.0 (129)
Ly, um 141 (78)
R}, pm 15 (123)
Kp,, cm? 2.20%x 10712 (36,41), b
Lp, , cm/sec - mmHg 9.7x1078 (Ch. 2)
L}, cm/sec - mmHg 1.04x10°7 (Ch. 2)
AR*, nm 20 (123)
a’}, pm 1.0 (37)
&7, pm 670 (131)
o1 0.043 37

Vi 0.95 (HRP), 0.65 (LDL) b, c
Yim 0.08 (HRP), 0.025 (LDL) (101, 131)
fi 1.0 (129)

fi 1.0 (HRP), 0.88 (LDL) (35),b
fm 0.3 (HRP), 0.0975 (LDL) 35
Dy, cm? /sec 7.93x10~7 (HRP), 2.06x 107 (LDL) c, (105)
Dy, cm? /sec 4.51x1077 (HRP), 7.43x 108 (LDL) b, c
Dr,, cm? [sec 8.4x107Y (HRP), 5.4x10~'° (LDL) (105, 35, 131)
Dz . /D: . 3.0 (129)
u, kg/m - sec 7.2x1074 €1))

a: at zero transmural pressure

b: corresponds to uncompressed SI at zero transmural pressure, values correspond-
ing to compressed SI are calculated as explained in our previous study (Ch. 2)

c: estimated as explained in the text

explained by Zeng et al. (131). Assuming that layers of the vessel wall act as resistances connected

in series, we write:

1 1 1
— =+ = (4.30)
LPt LPe+i LPnz+I

where L}, | is the phenomenologically-derived hydraulic conductivity of the endothelium plus the
SI layer that takes into account the effects of pressure induced intima compression and fenestra

blockage. Zeng et al. (131) have lumped these effects and used an effective L, , instead of L}, ,
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in their model. For a given transmural pressure, our local filtration model (Ch. 2) predicts the
L}, , along with the corresponding SI thickness (L) and the Darcy permeability (K p,). However,
given the dissimilarity in the two model structures, we do not simply use the predicted L}, , , from
our local model (Ch. 2) in the place of L}, in Eq. 4.5a, but match water fluxes from two models.
That is, for a given transmural pressure, we first estimate the water flux from the local model and
find the value of L}, that predicts the same water flux from the current filtration model (away
from the leak), but importantly with the same L} and K}, as used in the local model. Given our
local filtration model’s ability to predict the variation in L7, with transmural pressure, and also
with varying endothelial AQP1 expressions, we can test the current theory for the effect of pressure

and endothelial AQP1 expression on the transport of macromolecules inside the artery wall.
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4.3 Results and Discussion

4.3.1 Pressure Distribution

Figure 4.2 plots the non-dimensional pressure in the SI at z = 0 (Pg;) and at the IEL-media
interface (Pj,,,) as a function of radial distance from the center of the leaky cell. It also shows
the effect of increasing endothelial AQP1 expression (or the resulting increase in Lp, ;) on Py
and Pp,. The pressure curves in the SI attain maximum values at the leaky cleft (r*/Rj= 1)
and decay to lower and almost r-independent values far away from the leak (r*/R; >10). The
large difference between the hydraulic conductivities of the leaky and normal junction (Lp, ~
5000L p, ) results in a significant pressure drop across normal endothelium compared to that under
the leak. These pressure gradients drive the water flow radially (parallel to the endothelium) in the
SI, generating radial velocities (U;, as shown in Fig. 4.3) that radially advect tracer molecules in
the SI further away from the leak. This advective transport can explain the early rapid spot growth
seen by Chuang et al. (13) and Shou et al. (79). The pressure profiles shown in Fig. 4.2 loose
their -dependence far away from the leak and the model reduces to 1-D with almost all of the flow
occurring normal to the endothelium. The pressure distribution in the media region (see lower red
curves in Fig. 4.2) is almost independent of r direction. However, we find a clear rise in pressure
(Prm) near r*/Ri= 1, and as pointed out by Zeng et al. (131), it suggests that the impact of the
leaky junction extends beyond the SIregion. Due to lower Darcy permeability of the media (Kp,,),
this rise however disappears within a short distance from the IEL (not shown), and F;,,, becomes
r-independent.

It should be noted that the non-dimensional peak pressure in the SI reported by Zeng et al.
(131) is small (~ 0.7) compared with our predictions (~ 0.9). This difference could be attributed
to higher values of L and K used by Zeng et al. (131). For the transmural pressure difference
of 100 mmHg, our local filtration model (Ch. 2) predicts L;=75 nm and K} =1.22 x 107" cm?,
compared to Zeng et al.’s (131) L{= 200 nm and K},=1.08 x 10~"* cm®. Lower K}, resulting

from intima compression, would mean that the water flow entering from the leaky junction will
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experience greater resistance and will result in higher pressure near the leak, as shown in Fig. 4.2
(though the results shown in Fig. 4.2 use A P* =80 mmHg, the results for A P* =100 mmHg are
qualitatively similar with non-dimensional peak pressure ~ 0.9). It is also interesting to note that
the distance from the peak in which Ps; curves reach their lower constant values decreases with
increasing A P*. For example at A P*= 80 mmHg, Ps; attains a constant r-independent value at
r*/ R} ~ 6 (see solid blue curve in Fig. 4.2), which decreases to r*/ R} ~ 4 at 100 mmHg (not
shown). This suggests that the resulting radial pressure gradients would be larger, and thus radial
velocities that advect tracers away from the leak would be higher at higher A P*. This can explain
shorter rise times required to achieve the asymptotic spot size at higher transmural pressures, as
observed by Hunag et al. (36) and Y. Sun (94).

Figure 4.2 also shows the effect of increasing transcellular water flow through AQP1s on
Psy and Pry,. The lowest value of Lp, , in Fig. 4.2 represents the least endothelial AQP1 expres-
sion (baseline) that corresponds to AQP1s contributing 40% to the intrinsic hydraulic conductivity
of the endothelium (Lp,). As Fig. 4.2 shows, both Ps; and Py, increase with increased endothelial
AQP1 expression (50% and 100% more than baseline). Our local filtration theory argues that with
more EC AQPIs, there is less force per unit area on the endothelium and the intima is relatively
uncompressed. The resulting increase in K due to higher L} decreases intima’s resistance to
water flow and thus lowers the overall pressure drop across it. We find approximately 13% and
18% increase in Pg; (far from the leak) for 50% and 100% increase in the endothelial AQP1 ex-
pression, respectively, at A P*= 80 mmHg. The corresponding numbers at A P*= 60 mmHg are
only 6% and 9%, respectively. The smaller increase in Ps; seen at 60 mmHg can be explained as
follows. At lower transmural pressure, due to less force, the intima is already decompressed with
baseline EC AQP1 expression and thus increasing AQP1 expression and decompressing it more
would decrease intima’s resistance by a small amount. However at higher transmural pressures,
say 80 mmHg, the force on the endothelium is enough to compress the intima. In this case, with
more EC AQP1s, the resulting decrease in the force decompresses the intima from a compressed

state and thus significantly decreases its overall resistance to water flow and results in higher pres-
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sures shown in Fig. 4.2. The same line of reasoning can also be used to explain why the increase
in pressure with 100% more AQP1s is not significantly higher than the increase seen with 50%
more AQP1s. It is also interesting to note that the peak pressure in the intima increases slightly
with AQP1 expression though the hydraulic conductivity of the leaky junction is unchanged. This
again could be attributed to the change in L] and corresponding increase in K. If K, is higher,
as noted earlier, there will be less pressure drop across the leaky junction and a corresponding

increase in Pg; as shown.

4.3.2 Lateral and Normal velocity

The lateral velocity in the SI (U;) and its variation with increasing AQP1 expression is plotted
in Fig. 4.3 as a function of radial distance r. The radial pressure gradients shown in Fig. 4.2
generate significant radial velocity near the leaky junction (r* /R;= 1), which uniformly decays to
zero as the distance from leak increases (where Pg; becomes r-independent). We find that with
more AQPIs the peak velocity near the leak decreases. This is consistent with smaller pressure
gradients obtained with increasing Lp, , or decreasing intima’s resistance, shown in Fig. 4.2.
The decrease in radial velocity would mean slower advective transport of tracer inside the SI and
possibly smaller spots.

Figure 4.4 shows the effect of increasing EC AQP1 expression on the normal velocity
(W7) across the IEL. Due to significantly higher Lp of the leaky junction, W7 attains a maximum
near r*/ R} = 1 and decreases to lower and r-independent values far from the leak. In other words,
the effect of leaky junction becomes negligible beyond r*/R} > 10 and the 2-D model reduces
to 1-D in z. As seen from Fig. 4.4, the average velocity away from the leak increases with more
AQPIs on the endothelium and this increase is proportional to the corresponding increase in Pg;
as Wr = Lp, +Z.(l — Psy). Hence for the reasons mentioned earlier, we find greater increase in
W with more EC AQPIs at higher transmural pressures (80 and 100 mmHg) that at 60 mmHg.
Interestingly, the peak velocity decreases with increasing Lp, , and is consistent with higher peak

pressures obtained with more AQP1s, as shown in Fig. 4.2. The increase in ¥/} and thus in overall
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Figure 4.2: Non-dimensional pressure in the SI at = = 0 (Ps; - upper blue curves) and at the
interface of IEL and media (P, - lower red curves) as a function of radial distance » from the
center of the leaky cell with increasing endothelial AQP1 expression. Radial distance r* in this
and subsequent plots is normalized by the radius of an EC (R;), as opposed to r = r*/L} , to
focus on the junctional region. Thus the leaky junction is at */ R} = 1. Pressure is normalized
by the transmural pressure drop AP*= 80 mmHg. All Lp,_, values are in cm/sec - mmHg. Lp, .,
= 12.38x 1078 (solid lines) corresponds to the baseline endothelial AQP1 expression (i.e., L Pre
= 40% of Lp,; prediction from our local model (Ch. 2)), whereas 19.57x1078 and 27.39x 1078
represent 50% (dashed lines) and 100% (dot-dashed lines) more endothelial AQP1 expression than

the baseline case, respectively.
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transmural flow can significantly influence the concentration of tracer molecules inside the SI.
For example, increased transmural flow can dilute tracer’s local concentration in the SI and flush

unbound tracer from the SI further into the vessel wall.

4.3.3 HRP concentration distribution

Figures 4.5(a)-(c) plot non-dimensional radial HRP concentration distribution in the SI (Cs;) at
z = 0 and at the IEL-media interface (C',,,) for transmural pressure difference of 60, 80 and 100
mmHg, respectively. At each AP~*, the effect of increasing EC AQP1 expression is also shown.
For a short circulation time (4 min), it is assumed that HRP enters the vessel wall through leaky
junction only and the transport of HRP across the normal endothelium is neglected i.e., we set k=
0in Eq. 4.17.

For each transmural pressure, both C's; and C7,, are higher near the leak (r* /R} ~ 1) and
decay to low values away from it (r*/R; > 1). Due to very low distribution volume of HRP in
the media region (7,,= 0.08), a significant concentration drop is seen across the IEL (C7,,, < Cgy)
in Figs. 4.5(a)-(c). We find that Clg;, especially near the leak, and C7,, increase with transmu-
ral pressure (see solid blue curves in Figs. 4.5(a)-(c)). Note that Lp, decreases but the overall
transmural flow, given by Lp, AP, increases with transmural pressure. Naively, one might think
that increased transmural flow should lower HRP’s concentration in the SI rather than raising it.
However, the change in properties of the SI upon pressure induced intima compression, namely the
decrease in 7; and D;, restricts HRP’s transport through the intima and leads to higher C'g; values
with increasing A P*. It is also interesting to note that the radial distance required for C's; and C,,,
curves to attain their constant values decreases with increasing A P*. This is a direct consequence
of the increased SI resistance, due to its compression, to the flow at higher pressures.

Note that our C's; and C',,, values at 100 mmHg shown in Fig. 4.5(c) are higher, especially
near the leaky junction (r*/R} ~ 1), than those reported by Zeng et al. (131) (see Fig. 5 in
Ref. (131)). Moreover, their Cs; and C7,, curves for the rat aorta reach constant-lower values

at r*/R; ~ 10, much higher than our predictions of r*/R; ~ 5. We believe the discrepancy
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Figure 4.5: Non-dimensional concentration distribution of HRP at 4-min circulation in the SI
at z = 0 (Csy, upper blue curves) and at the IEL-media interface (C'y,,,, lower red curves) as
a function of radial distance from the center of the leaky cell and its variation with increasing
endothelial AQP1 expression. Note that the leaky junction is at 7*/Rj=1. All Lp, _ values are
in cm/sec - mmHg. Solid, dashed and dot-dashed blue and red curves in each figure represent
namely the baseline, 50% more and 100% more endothelial AQP1 expressions, respectively. Note

that Lp

... values for the same AQP1 expression decrease with increasing transmural pressure.
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between the two predictions is due to the difference in SI parameter values used. Zeng et al.’s
(131) HRP parameters in the SI are: f;=1,v;=1 and D}=4.12x10~" cm?/s. However, based on
the discussion in section 4.2.4, we use f;=0.92, 7,=0.73 and D;=1.28x 10~7 cmZ/s at AP*=100
mmHg. Due to our small parameter values, there is an increased filtration of HRP in the SI and
together with intima’s increased resistance to flow it results in higher concentration of HRP inside
the SI.

Interestingly, as Figs. 4.5(a)-(c) show, increasing EC AQP1 expression results in an op-
posite effect i.e., both Cs; and C',,, decrease with more AQP1s on the endothelium. At a given
AP*, more EC AQP1s mean higher Lp,, and thus greater overall transmural flow. This increase
in flow not only dilutes HRP’s concentration in the SI but also flushes it from the SI further into
the media region. Consistent with the results shown in Figs. 4.2 and 4.4, we find a greater effect
of increasing EC AQP1s, or raising transcellular water flow, at higher transmural pressures than at
60 mmHg.

Figures 4.6(a)-(c) plot the variation of area averaged (integrated in 7) non-dimensional
concentration of HRP (CY,,;) across the depth of the vessel wall at AP*= 60, 80 and 100 mmHg,
respectively. These figures also depict the effect of increasing EC AQP1 expression on Cfp,; at
each pressure. In all of these results, we find a huge drop in Cp,,; within a very short distance
of z*/L} ~ 0.001-0.007, corresponding to the location of the IEL. The large difference between
the distribution volume of HRP in the SI (v;) and the media (v,,) across the IEL results in the
observed drop in C,,;. As expected, increasing EC AQP1s had a small effect on C7,,; at 60 mmHg.
However, at 80 and 100 mmHg, a significant decrease in C',,; results with more EC AQP1s. Note
that the difference between C7,; with 50% more AQP1s and with 100% more AQP1s is higher at
100 mmHg than 80 mmHg (see dashed and dot-dashed curves on Figs. 4.6(b) and 4.6(c)). This
implies that the intima with 50% more AQP1s is still relatively compressed at 100 mmHg than at
80 mmHg.

Figure 4.7 shows the percentage decrease in absolute concentration of HRP in the SI

(averaged in both r and 2) with higher EC AQP1s from its value at the baseline case. Interestingly,
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Figure 4.6: Non-dimensional concentration distribution of HRP (averaged in ) at 4-min circulation
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100% more endothelial AQP1 expressions, respectively.

169



25 T T T
I 502 more AQPs
I 100% more AQPs

— N
(6} o

—_
o

% decrease in C from baseline

60 mmHg 80 mmHg 100 mmHg
Transmural pressure (mmHg)

Figure 4.7: Percentage decrease in non-dimensional averaged concentration (area averaged on both
r and z) of HRP in the SI at 4-min circulation with higher (50 and 100% more) AQP1 expression

from the concentration at baseline AQP1 levels.

170



tough the absolute concentration of HRP is greater in the SI region at higher pressure, we find a
substantial decrease in HRP’s SI concentration at 100 mmHg upon increasing endothelial AQP1
expression. We find 15% and 24% decrease in HRP’s SI concentration by 50% and 100% increase
in EC AQP1s, respectively, at 100 mmHg. The corresponding numbers at 80 mmHg are 7% and
10%, respectively. Note that at 60 mmHg, the decrease in HRP’s SI concentration is smaller when
AQP1’s contribution is increased by 100% from the baseline value, compared to the decrease with
50% more AQP1s. This small increase in HRP’s concentration (or corresponding reduction from
the baseline concentration) can be explained on the basis of relatively higher concentration of HRP
in the region between 5 < r*/R} < 10 for 100% more AQP1s, as shown in Fig. 4.5(a). Though
the concentration in the leaky junction area (0 < 7*/R; < 1) is less with 100% more AQPIs, the
small increase in HRP’s concentration over the larger area (5 < r*/Rj < 10) results in a slight
increase in its overall concentration in the SI and a corresponding decrease from the baseline as

shown in Fig. 4.7.

4.3.4 LDL concentration distribution

The non-dimensional concentration of LDL in the SI (C's;) as a function of radial distance at z
= 0 and at the IEL-media interface (C',,,) and its variation with increasing AQP1 expression for
transmural pressures of 60 and 80 mmHg is shown in Figs. 4.8(a) and 4.8(b), respectively. Due
to its large size, LDL enters the SI through leaky junction only and thus we neglect its transport
through normal endothelium and set k£ = 0 in Eq. 4.17. As in the case of HRP, LDL’s concentration
is higher near the leak (r*/ R} ~ 1) and decays to low values away from it (r*/R} > 1). Again,
due to a significant change in the fractional available volume for LDL, we find a huge drop in
its concentration across the IEL. Interestingly, raising endothelial AQP1 expression lowers LDL’s
concentration inside the SI region (see dashed and dot-dashed blue curves in Figs. 4.8(a)-(b)).
Lower LDL concentration can reduce the rates of LDL-SI ECM binding kinetics and possible slow
down the formation of lipid liposomes and eventually the progression of pre-atherosclerotic events.

Figures 4.9(a)-(b) plot the area averaged (integrated in r) concentration of LDL (C',,;)
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across the depth of the vessel wall and its variation with increasing EC AQP1 expression. As Fig.
4.9(b) displays, there is a significant decrease in LDL’s overall concentration with more EC AQP1s
or higher Lp,_,. We found ~ 52 and 58% decrease in LDL’s overall SI concentration (integrated
in both r and z) at 80 mmHg as the endothelial AQP1 expression is raised by 50 and 100% from
the baseline case. The corresponding decreases at 60 mmHg are only 6 and 4% respectively. Note,
however, that LDL’s concentration in the leak, with baseline AQP1 expression (lowest Lp, ,,), is
much greater at higher pressure, see corresponding solid blue curves in Figs. 4.8(a) and 4.8(b). We
found that this unreasonably high concentration of LDL results from the low volume fraction of
LDL (v;) obtained at high pressures. Recall that, for a given transmural pressure, 7; estimated from
Eq. 4.27 depends on the intima thickness (or €) at that pressure. Our local filtration model(Ch. 2)
predicts an average intma thickness for a given transmural pressure. However, given the dissim-
ilarities in hydraulic conductivities of leaky and normal endothelial junctions, and the resulting
pressure drops across them, we believe that the SI under the leaky junction may not be compressed
to the same extent as the SI under the normal endothelium. This suggests that ; under the leaky
junction (the region of unreasonably higher LDL concentration) may be higher than its value fur-
ther away from the leak. In order to implement this idea, one needs to consider the radial variation
in 7; and see its effect on LDL’s concentration. This is the ongoing work and will be included in a

publication based on this chapter, but is not being included in this thesis.
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Figure 4.8: Non-dimensional concentration distribution of LDL at 10-min circulation in the SI
at z = 0 (Csy, upper blue curves) and at the IEL-media interface (Cy,,, lower red curves) as
a function of radial distance from the center of the leaky cell and its variation with increasing
endothelial AQP1 expression. Note that the leaky junction is at 7*/Ri=1. Lp, , values are as

discussed in Fig. 4.5.
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drastic drop in concentration is seen. L values are as discussed in Fig. 4.6.
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4.4 Conclusion

The present study seeks to gain insights into the effects of varying endothelial AQP1 expression on
overall transmural flow and macromolecular transport across the vessel wall. We employ Zeng et
al.’s (131) 2-D, wall-structure based convection-diffusion model, incorporating appropriate param-
eters and improvements over earlier (129, 35) models, to investigate AQP1’s effect on the tracer
transport with the predictions from our local filtration theory (Ch. 2) serving as inputs to this model.
The results suggest a pressure-dependent increase in overall transmural flow upon increasing en-
dothelial AQP1 expression. More interestingly, the tracer concentration in the SI region exhibit a
pressure-dependent decrease with more EC AQP1s, and the effect is greater at higher pressures.
These results suggest new experiments to study the effects of AQP1 up-regulating agents (like
cAMP agonists) on tracer accumulation inside the vessel wall and provide useful predictions about
suitable pressure range to test these effects. Since early lesions are known to develop inside the SI
region, the decrease in LDL’s SI concentration can lower ST ECM-LDL interaction rates and slow
down lipid accumulation inside the artery wall. Thus raising endothelial AQP1 expression might

serve as a potential avenue to slow down the progression of atherosclerotic lesion formation.
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Chapter 5.  Summary and outlook

The objective of this study is to understand the nature of the transmural water flow in large arteries,
a critical consideration in the early events of atherosclerosis. This convection dominated water flow
carries macromolecules like LDL into the subendothelial space, where they can bind to the fiber
matrix and can start the cascade of processes that lead to atherosclerotic lesion formation. In
addition, it can also dilute LDL’s concentration, thereby, likely slowing down its binding reaction
kinetics and ultimately flushing it from the wall. The near physical nature of these processes
- rather than biological - enables us to implement basic engineering science principles like the
fluid mechanics, mass transfer theory and to have an engineering perspective on the extremely
complicated disease processes. The ultimate goal of this approach is to come with new strategies
to prevent or, potentially, cure such diseases.

The hydraulic conductivity (L p), the ratio of the transmural water flux to the hydrostatic
minus the oncotic pressure difference across the vessel wall, is used to quantify this transmural
water flow. In order to quantitatively explain the experimentally observed transmural pressure de-
pendence of the hydraulic conductivity, we begin this thesis by improving on Huang et al.’s (36)
transmural flow model and successfully explain all of the available Lp data, including that mea-
sured after Huang et al.’s (36) study. Specifically, in the first part of Chapter 2, we reproduced
the filtration model for paracellular water flow proposed by Huang et al. (36), both with their ap-
proximate and with the fully correct mixed boundary conditions that required more computational
power than was available for the earlier work. After verifying consistency with Huang et al. (36)
(very small differences arose likely due to different numbers of terms retained and different matrix
inversion tool used), we found that their approximate boundary conditions did quite well, with the
largest deviations (~10%) occurring in the junction and fenestral (r*/ ry < 1) regions, particu-

larly for compressed intimae. Their third, three-point-matching approximation clearly performs
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the best, as anticipated. Our Lp predictions with exact implementation of fenestral boundary con-
ditions showed good agreement with the experimental measurements by Tedgui & Lever (100),
Baldwin & Wilson (3), Shou et al. (78) and Nguyen (62). These results further emphasize Hunag
et al.’s (36) hypothesis that increased transmural pressure compacts the intima near IEL fenestral
pores and causes the associated hydraulic conductivity changes.

The discovery of the presence of special water channel protein called aquaporin-1 (AQP1)
in the rat aortic endothelium and Nguyen’s (62) experimental results showing markedly lower hy-
draulic conductivity when these water channels are blocked using HgCl,, motivated us to develop a
new theory to explain the experimentally observed variations in hydraulic conductivity with trans-
mural pressure and with the reduction in functioning aquaporins in the aortic endothelium. We
have extended Huang et al.’s (36) filtration model and considered, for the first time, the role played
by AQPIs in modulating the total hydraulic conductivity of an intact arterial wall with changes
in transmural pressure. Not surprisingly, our calculations showed a substantial decrease in Lp,
values upon increasing the percentage of blocked AQP1s. We found that such blocking, when
done at pressures where the subendothelial intima would otherwise be uncompressed, can cause
the SI compression and initiate fenestral blocking. The consequent large drops in Lp, agrees with
Nguyen’s (62) observations of the effect of blocking on L p, at different transmural pressures and
supports the hypothesis that AQP1s certainly play a significant role in overall transport across the
arterial wall. After characterizing AQP1’s mechanism of action, this theory provides several inter-
esting predictions, some for new experiments. In particular, we find that increasing the number of
functioning EC AQP1s increases the total hydraulic conductivity of the vessel wall and shifts the
dynamic range of intima compression to higher transmural pressures. Based on these predictions,
my colleague C. Raval has recently performed these experiments and their agreement with this
theory is discussed in Chapter 3. Since higher Lps, and thus higher transmural water flow, can
dilute LDL’s local concentration in the SI and potentially wash these macromolecules further away
from the SI where they are unlikely to bind to the ECM, increasing EC AQP1 expression could be

beneficial, particularly for those whose hypertension put them at higher risk. Finally in Chapter
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2, we predict that AQP1s contribute at least 30% to the phenomenological and intrinsic hydraulic
conductivity of the endothelium.

Chapter 3 of this thesis focuses on the oncotic paradox that arises with the transmural
pressure driven trans-AQP1 mediated water flow and develops new mathematical model to inves-
tigate the role of oncotic forces in trans-endothelial and transmural water flow across the walls of
large arteries. The oncotic pressure difference, governed by the concentration of albumin, sucks
fluid across the endothelium. The fluid flow, driven by hydrostatic and oncotic pressure difference,
governs the concentration of albumin. The resulting non-linearity of fluid flow and mass transfer
of albumin provides significant calculational challenges. Our results indicate a surprising finding
that the dense media region acts to strongly filter the albumin and, under steady conditions, leads
to albumin build-up inside the SI region. This increases the albumin concentration in the SI side
of the EC compared to the luminal side of the EC and the resulting oncotic pressure difference
sucks fluid in the direction of A P-driven flow and not the other way around. We find that oncotic
forces indeed play a role in the walls of bigger arteries and neglecting their contribution can un-
derestimate overall water flow at low transmural pressures. The model also predicts that removal
of the surface GX layer lowers the oncotic force across the endothelium and reduces overall water
flux across the vessel wall. This study also suggests new experiments to investigate the role of
GX degrading enzymes like hyaluronidase, heparinase with varying lumen albumin concentration
on transmural flow across arterial walls and predicts a pressure range to see an appreciable effect.
Given AQP1’s presence in the high-pressure cardiac endocardium, heart, lung and renal epithelia,
resolving and understanding how mass-transfer-induced oncotic gradients interact with the flows
that advect those solutes may have far broader and illuminating implications.

Chapter 4 then combines our local filtration model with Zeng et al.’s (131) 2-D, wall-
structure based convection-diffusion model and discuses the effects of varying endothelial AQP1
expression, or transcellular flow, on overall transmural flow and macromolecular transport across
the vessel wall. The predictions from our local filtration theory (Ch. 2) serve as inputs to Zeng

et al.’s (131) tracer transport model that incorporates appropriate parameters and improvements
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over earlier (129, 35) macromolecular transport models. The results suggest a pressure-dependent
increase in overall transmural flow and a pressure-dependent decrease in the tracer (e.g., HRP,
LDL) concentration upon increasing endothelial AQP1 expression. These results suggest new
experiments to study the effects of AQP1 up-regulating agents (like cAMP agonists) on tracer
accumulation inside the vessel wall and provide useful predictions about suitable pressure range to
test these effects.

As noted in Chapter 4, lower ~y; resulting from compressed intimae at higher transmural
pressures, lead to significantly high LDL concentrations inside the SI, particularly under the leak,
that may not be physiologically reasonable. In future we would address this issue as follows. The
larger width and significantly higher hydraulic conductivity of the laky junction would mean less
pressure drop, and hence less force/area, across the leaky junction than that across the normal en-
dothelium. This suggests that the intima beneath the leaky junction may not be as compressed as
the intima under normal endothelium. We will improve on our current theory, which assumes uni-
form SI compression under both the leaky and normal endothelium, by including radial variation in
~; with transmural pressure. If we succeed in finding physiologically relevant LDL concentrations,
our theory would be able to predict the effect of increasing transmural flow via more EC AQP1s
on LDL’s transport at high transmural pressures too.

Clearly, the next step in this study would be to test AQP1’s effect on lipid accumulation
kinetics inside the aortic wall. The binding of LDL to sub-endothelial extra cellular matrix appears
to form lipid packets, labeled extracellular liposomes. This LDL binding and modification pre-
cedes blood born monocyte entry and foam cell formation in lipid rich SI region, a critical event
in atherosclerosis. Thus it is important to study the lipid accumulation and the roles of different
factors that can influence this accumulation. We hypothesize that a decrease in LDL’s SI concentra-
tion, resulting from increased trascellular flow though AQP1s, can lower SI ECM-LDL interaction
rates and slow down lipid accumulation inside the artery wall. Moreover, since higher endothelial
AQP1 expression would decompress the intima, the LDL-ECM binding constant that depends on

the concentration of the ECM, would be lower with more EC AQP1s and can further slow down SI
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lipid accumulation. To test this hypothesis, we would input the LDL concentration profiles from
current combined theory at different transmural pressures and endothelial AQP1 expressions into
the extracellular lipid liposome formation and growth model developed by Yin et al. (128). Should
we find significant decrease in lipid accumulation with increasing endothelial AQP1 expression, it
would substantiate the possibility of considering AQP1s as a future therapeutic target to slow down

the progression of atherosclerotic lesion formation.
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Appendix A.

A.1 Approximate Analytical Solution of the Boundary Value Problem:

Here we discuss the analytical method to obtain the pressure distribution in the intima and media
region using Huang et al.’s (36) approximate boundary conditions, briefly discussed in section
2.2.2. The boundary value problem governing the pressure distributions in these two regions (Egs.

3.2 in section 2.2.2) are:

0?°P; 1 0P, 0?P;
2 [ + ) i
I (W +- ar) + 53 =0 (A.])
y2 (FPn  10Pu\  O°Pu _ A2
"\ orr r or 022 '

Huang et al. (36) assumed that the endothelial cleft (normal junction) acts as a ring source at

dP, ..
r = &7, where flow is fully radial < 1.e., T = O). Thus, the boundary condition at » = &;
Zi lr=&r
becomes:
P=PF at r=¢ (A.3)

The unknown pressure F is independent of z; and it’s value is obtained by employing the incom-

pressibility as:

AR 7
Le,, (P}~ P) xR 250 = o / W et (A4)
0

In non-dimensional form Eq. A.4 becomes:

Lp (l—PO)QWRA QWL}*(P / W, rdr (A.5)
1
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We use separation of variables to solve the boundary value problem (Egs. A.1 and A.2). Thus,

Pi(r, z;) = Z Ry(r) - Zn(2:)
Po(r, zm) = ZRP(T) Zp(2m)

Using r boundary conditions (Eq. 2.3 and Eq. A.3 ), we get:
P(r,z) = Fo+ 3 (Awcosh(hi/An z) + Bysinh(hiy/A, %) ) - Ra(r) (A.6)
n=1

Po(r,zm) = (Co zm + Do ) Ro+

Z (Cp cosh(hmr/Ap 2m) + D, sinh (/A zm)) - Ry(r) (A7)

p=1

where the eigen values \,, and ), are roots of following eigenvalue equations:

Jo(VA &) =0  (n=1,2,3,....,00)

JH(VAE) =0  (p=1,2,3,......,00)

where, Jy and J; are zero- and first-order Bessel functions, respectively. Note that the model prob-
lem for the media region (Eq. A.2) has a zero eigenvalue because it has homogeneous Neumann

conditions at both 7 = 0 and r = &;. The eigen functions are given by:

\/§JO<\/Xn 7’)

n(r) = ————=——

G AV
_ V2
Folr) =,
(T’) _ \/§J0<\/XP 7”)
. & Jo(VAL &1)
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The constants A,,, B,,, Cy, Dy, C,, D,, are to be obtained from the z-boundary conditions. The
mixed boundary conditions on the pressure and on its gradient (the matching of the pressure and
velocity in the fenestra and the homogeneous Neumann conditions outside of it, Eqs. 2.9 and
2.10), make it difficult to find the exact solution of the coupled boundary value problem. Thus, in
order to simplify the problem, Huang et al. (36) introduced three separate approximate velocity
and pressure matching conditions in the fenestral hole instead of Egs. 2.9 and 2.10. The general

solution of the Egs. A.1 and A.2 with all boundary conditions except Eqgs. 2.9 and 2.10 is:

B - cosh[ 7 VA, (2 — 1)] .
Pi(r,z) =P+ Py Y (An AT Jo(V' A, r)) (A.8)

n=1

B > sinh[ Ay VA (2 + 1) ] .
Pon(r, 2m) = Po(2m +1)Co + Py > (cp RENTIV® JO(\/Xpr)) (A.9)

p=1

The unknown coefficients A,, and C), depend on which of the three approximate matching condi-

tions (discussed in section 2.2.2) one requires equations A.8 & A.9 to satisfy.

183



A.2 Determination of constants in Eqs. A.8 & A.9

Using change of variables and boundary conditions at z; = 1 & z,,, = —1, Eqs. A.6 and A.7 =

P{r,z) = Po+ i | A, cosh (hiv/A (5= 1)) | - Balr)

P(r,zm) = (Cy 2z + 1) Ro+
i [ C! sinh (hm\/)\_p (2m + 1)) ] CR(r)

o

CCZZZ = Z [ A" hiV/A, sinh (hz\/)\_n (2 — 1)> } Balr)

n=1

dP,,

p=1

Huang et al.’s (36) First Approximation:

= C) Ry + f: [ c, hm\/xp cosh (hm\/)\_p (2m + 1)) } - Ry(r)

(A.10)

(A.11)

(A.12)

(A.13)

Velocity in the fenestra (W;f) is constant and pressure in the SI and media matches only at the

centerline i.e., P = P’ at (r*,2*) =0

Let Wy = —c, (cis constant)
dP; co; dP,, C Oy, Lt wL
= and —— = where, o, = —/—*, a,, = 4
dz; Py Az, P Kp, Kp,

Now from equation A.12, the inner product gives us the constants A/, as:

A — —\/ﬁpo% J1(\/Xn) (i)

Thus, using A.14, Eq. A.10=

N > cosh[h; VA, (2 — 1) ] ' .
P(r,z) =Py + P Y (An cosh(hiv/A) Jo(V A ))

n=1
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_ —2J1(vVAn)
hidn€&? tanh(hiv/An) [J1(V A, &)

]2

Similarly, inner products from Eq. A.13 give us constants Cy, C), as:

a- 222 (2)
T V2e \ B

C, \/§P004m<]1(\/xp)

Thus, using A.16 and A.17, Eq. A.11 =

Pou(r,2m) = Po(zm +1)Co + Py > <0p

p=1

2J1(\/Xp)

Pl Ay €r cosh(hn/A) Jo(VA 1) (

€2 coth(havA) [Jo (VA 1))

Cc
sy

sinh[ Ay, VA, (2 + 1) ]

sinh (V)
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Jo(VA, 7‘)) (A.18)



Calculation of ¢:
Since, P =P, atr* =0, 2" =0

. From Eqgs. A.8 and A.9, we get:

c 1
(P_o*) I _ (A.19)

(077%% Z Ep — Q4 Z Fn
p=0 n=1

Calculation of Fy:

From Eq. A.4, we have:

AR* r}*.
Lp,, (P} — Py)2nR" . 27r/ crdr’
0
1

1 + ; i
RARLp,, \ Py

Huang et al.’s (36) Second Approximation:

" P():

(A.20)

W is constant and only average pressure (P;) matches in the fenestral hole i.e., Py = P, at
- 2 [T
0<r*<r} 2" =0,where P* = —; P (r*) rdr®
.
5 Jo

Here, only the calculation of ¢ is different.

: D* __ D*
Since, P = P,

QZE J1

p=

. (P_co> _ [ 1] ZF Jl )] (A21)
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Huang et al.’s (36) Third Approximation:

W7 (r) fits a cubic polynomial that satisfies dW; /dr* = 0 at r* = 0 and the pressure is continuous

atr =0, 0.57%, 0.977% ie.,

Wi =—(ao+ cor® 4 dor®) P

dP;

" T ai( ag + cor® + dor®) Py
dP,,

" o = am(ap+ cor® + d0r3)P0

Now, constants A;,, C, C], can be obtained by taking inner products from Eqs. A.12 and A.13:

Al . \/§P()OZZ‘ (CL()]?1 +COI% —I—do]&)

= : (A22)
hiv/An €1 sinh(hiv/ ) J1 (VA &7)
C(/) _ \/§P0 [67%% (CL()I?nl + C()Igng + d()]gu) (A23)
&1
, _ V2P (aolyy, +colpn + dol},) (A24)
p .
RV €1 cosh (R vV A,) Jo(VA, €7)
Thus, using Egs. A.22, A.23 and A.24, we get:
A, = —Hn(aol?1 + cOI?3 + dOIZ) (A.25)
C(] = Gg(aofgh + C[)Ign3 -+ dolgu) (A26)
Cp = Gp(aole + 00[%3 + dOI%) (A27)
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where,

2061'

- hiv/An €2 tanh (kv ) [J1(V M €1))2

n

2x
Gy = —=
3

200,

Gp - hm\/xp f% COth(hm\/Xp) [JO(\/XP §I>]2

1
n :/ ™ Jo(V A r)dr k=1,3,4
0
1
Ifnk:/ redr k=1,34
0
1
m :/ r® Jo(V A, )dr k=1,34
0

Thus, Egs. A.25, A.26 and A.27 can be used in Eqs. A.8 and A.9 to get F; and P,

Calculation of ag, cg, dy:
Using pressure continuity at » = 0, 0.5, 0.9, these three constants can be obtained from following

simultaneous equations:

apbi1 + cobig + dobiy =1
apbar + cobas + dobay = 1

apbsy + cobss + dobsg = 1
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where,

bir = Qx(0) k=1,34
ba = Q1(0.5) k=1,34
bye = Q1(0.9) k=134
And,
Qi(r) = ColS, +ZHI”JO )\r+ZGlmJ0 o)

Calculation of Fy:

From equation A.4, we have:

AR* r;‘,
=21 F} / (ag + cor® + dor®) r*dr*
0

Lp,, (P; — P})2nR*

1

Py = (A.28)
142 (o
RARLp, \ 2 4 5
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A.3 Determination of Darcy permeability of the SI:

The lesion-free SI of healthy/normal artery wall mainly consists of randomly oriented PG and
collagen fibers (24). Huang et al. (35) treated this intima layer as an extracellular matrix of
heterogeneous fibers and estimated it’s Darcy permeability (K p,) by separately considering the
contributions from PG and collagen fibers.

Carman-Kozeny expression (15, 16, 17) gives the Darcy permeability of randomly ori-

ented fibers of radius ¢ with a void volume fraction of € as:

a?é

r=tca_o (A2

where G is the Kozeny constant. The Kozeny constant for uncharged, randomly oriented cylindri-

cal fibers is (29):
2 1
G=-G,+ =G
3o T30

where G, and G, represent, respectively, the Kozeny constant’s for the two cases in which flow is

perpendicular and parallel to the cylinderical fibers.

G, = ) (A.30a)

2€3

" (1—¢) {%n(ie) _3+4(1_6)_(1_6)2]

(A.30b)

Since the observed proteoglycan constituents (24) have non-uniform thicknesses, in order to use

Eq. A.29, Huang et al. (35) defined an effective radius of the entire PG matrix (a*) as:

o (arh )
N a—+1
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where, ry = (Bre + rép)m

The geometric parameters o, 3, ¢ and the radii ry;, rcF, Tq, rcp are defined in the cap-

tion of Fig. A.1. The volume fraction of PG fibers with an effective radius r* is (35):

"\ [a+1
e () ()

where N is the total monomer number in the volume (7 £# X average mononer length) and can

be approximated (35) as | 3 (%—I) 2) . Thus by calculating a* and €, one can compute K p of PG
matrix using Eq. A.29.

As explained by Huang et al. (35), the Darcy permeability of collagen fibers can be
obtained by using Tsay and Weinbaum’s theory for the hydrodynamic interaction between fibers

arranged in a 2-D periodic array as:

KPpe) _ (Wi@)o'gw ( dpco — 2a* >2'377 (A31)
KP(CG) a* dcao — 27’8@

The overall Darcy permeability of the ST region (Kp,) is estimated as (49):

1 1 1

— + (A.32)
KPi KP(PG) KP(CG)
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Proteoglycan
Monomer Proteoglycan Central

Monomer Filament

Figure A.1: Simplified proteoglycan matrix model from Huang et al. (36). (A) is the top view
of the region, ¢ is the average spacing between PG fibers, rj; is the monomer radius. (B) is the
structure of proteoglycan aggregate. rcp is the radius of central filament (~ 2 nm), r¢p is the
radius of core protein (~ 2 nm) and 7 is the radius of glycosaminoglycans, GAG (~ 0.6 nm). « is
the length ratio of the total monomers to the central filament and [ is the length ratio of the GAG

to core protein. & =10 and § =5 (36). See (35) for more details.
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A.4 Calculation of Lp,:

Experimental measurements in table 2.1 give us the Lp, and the Lp, . Equation 2.16¢ relates
Lp,, and Lp,, which are unknowns and are obtained as part of the solution as discussed below. At
steady state, incompressibility implies that water flow across each arterial layer is the same and
thus one can average the solutions (Eqgs. A.8 & A.9) for the pressure field at any 2 and require the

resulting mean velocity to be independent of z i.e.,

Wi = Ly (P = Bz = L, Plevmo (A33)
Using Egs. A.8 & A.9 and solving we get:
Lp A Jl \/_ 5])
== -1 (A.34)
LPI £I Z )\n

Our model presumes that, due to its high density, an increasing transmural pressure does
not compress the media; thus Lp_ is independent of transmural pressure. However, Eq. A.34
shows that the effective Lp of the IEL (due to intima compression) depends on the intimal thick-
ness, which can vary with increasing pressure. Thus, we evaluate Lp  at fixed intimal compaction,
ie. none (L; = L;,”), by comparing the calculated Lp,  with its measured value in deendothe-
lialized artery and maintaining this value of Lp_ for all intimal compressions, as done in (36).
That is, to find Lp,,, we guess a value of Lp, and calculate Lp, by Eq. (A.34) at (L} = L;,*) and
using Eq. (2.16c¢) verify if their inverse add up to the average experimental value until both values

converge. The converged results for different data sets are given in table 2.4.

A.5 Additional results from filtration model: Chapter 2

A.5.1 Effect of SI compression on Kp,

The thickness dependent Darcy permeability of the SI region is obtained using Egs. A.29-A.32

and Eqgs. 2.14 & 2.15. Fig. A.2 shows its variation with intimal thickness. As shown in Fig. A.2,
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Kp, decreases rapidly with a decrease in intima thickness. It’s value at L7 = 0.2 L] is one order

of magnitude smaller than that at L7 = L} .

2.5

1.5F

Kpix 102 (cm2)

0.5

0 0.2 0.4 0.6 0.8 1

Intimal compression (LT/L;;)

Figure A.2: Darcy permeability of SI as a function of intimal compression (L} /L%)). L}, = 500

nm.

A.5.2  2-D pressure distribution in GX, SI and media

Figures A.3-A.5 show pressure distribution (non-dimensional) in the GX, SI and media region
obtained by numerically solving Eqs. 3.2 - 2.11 and using Nguyen’s (62) Lp data. In the GX
region, as Fig. A.3 shows, the pressure is almost constant and equal to the lumen pressure (thus,
non-dimensional pressure ~ 1), except near the junctional region (r : 15 —15.0125), where a small
decrease in pressure is observed. Because the thickness of the SI region (L) is much smaller than

the thickness of the media (L},) and the radius of periodic wall unit (£;), the pressure in the SI
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Figure A.3: Pressure distribution in the GX region as function of non-dimensional r and z distance.
Note that normal junction is from 7*/r} = 15 — 15.0125. L} = 500 nm. Lp, and Lp,, are from

Nguyen’s data (62), given in tables 2.5 and 2.4 respectively.

region (shown in Fig. A.4), as expected, varies only in radial direction, except in the close vicinity
of the fesnstra and junctional region. This suggests that the velocity profiles in the SI would be
nearly one-dimensional (radial only). In the media region, as shown in Fig. A.5, the maxima in
the pressure that results in fenestral region disappear within a distance of 0.03L}, from the lower
surface of the IEL (z = 0). Figure A.5 shows that there is no significant radial pressure gradients
in the media and thus it results in a nearly one-dimensional flow in the z-direction, in contrast to

nearly radial flow in the SI region.

AS5.3 Lp,,, of intact vessel

Huang et al. (36) suggested that the hydraulic conductivity of an artery wall with denuded en-

dothelium and thus representing contributions from the IEL and the media should be independent
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Figure A.4: Pressure distribution in the SI region as function of non-dimensional 7 and z distance.
Note that normal junction is from r*/ r = 15 —15.0125 and fenestral hole is at 0 < r* / ry < L

L7 =500 nm. Lp, and Lp,, are from Nguyen’s data (62), given in tables 2.5 and 2.4 respectively
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Figure A.5: Pressure distribution in the SI region as function of non-dimensional r and z distance.
Note that fenestral hole is at 0 < r*/r} < 1. LY = 500 nm. Lp,_ and Lp,, are from Nguyen’s data

(62), given in tables 2.5 and 2.4 respectively
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Figure A.6: The hydraulic conductivity of the media plus IEL of an intact vessel wall obtained
using current model and comparison with Huang et al.’s (36) predictions. Lp, and Lp  are from

Nguyen’s data (62), given in tables 2.5 and 2.4 respectively

of pressure since there is no possibility of SI compression and the subsequent fenestra blockage.
However, with an intact endothelium, the L p of the IEL and media region is governed by the pres-
sure distribution inside the SI region. Since pressure inside the SI region vary significantly upon
pressure loadings (due to intima compression), the Lp, ., of an intact vessel may not be constant
as assumed by Huang et al. (36). We can estimate this quantity by employing incompressibility of

flow as:

2
LP»,,H_[ PZ 2;=0 ﬂ-gf =

rdr (A.35)

z;=0

27K p, /1 dPp;
pwli Jo dz
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where,

_ 9 (&
Pz'|zi:0 - g/ov Pz

Figure A.6 shows model predictions for the Lp , of intact artery wall obtained using Eq. A.35

rdr

z;=0

and compares these predictions with Huang et al’s assumption of constant Lp, . Clearly, at
lower transmural pressures, both the predictions suggest a constant Lp, ., for an intact artery wall.
However, at higher pressures (beyond ~ 60 mmHg), the Lp, ., decreases significantly until the
SI reaches a critical compression limit after which Lp,  , stays constant. This result suggest that
Huang et al.’s (36) assumption is valid at lower pressures, however as per Eq. 2.16a, an error

in estimating Lp ., at higher pressures can over-predict the Lp of the vessel wall (Lp,). This

+1
explains the mismatch between the current and Huang et al.’s (36) method of predicting the L p, as

discussed in section 2.2.5.

A.5.4 Effect of increasing AQPs on SI compression

Figure A.7 predicts how the thickness (non-dimensional) of the SI regions varies upon pressure
loadings and the effect of increasing the number of AQPs, or transcellular pathways, on the level
of intima compression. As shown in Fig. A.7 for each curve, there is a linear decrease in the intima
thickness at lower pressures, after which it becomes non-linear until the intima reaches the critical
compression limit, beyond which our model doesn’t allow any further compression. Figure 2.12
suggests that, at a given transmural pressure, increasing the number of functioning AQPs reduces
the force per unit area on the endothelium, which should decrease the level of intima compression.
The predictions shown in Fig. A.7 confirm this hypothesis where we find higher intima thicknesses,
or less compression, with more AQPs on the endothelium. Figure A.7 also suggests that, if there
are more AQPs on the endothelium, the ST would attain full compression at much higher transmural

pressure compared to the case with less number of AQPs on the EC.
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Figure A.7: Effect of increasing the number of AQPs on thickness of the SI region. Baseline results
assume that AQPs contribute 40% to Lp, (Eq. 2.22 gives corresponding Lp,. and Lp,; ); Lp,;

(and thus k£ =27.9 mmHg) is fixed in all cases and Lp,, is varied based on assumed fraction
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Appendix B.

B.1 Effect of SI compression on f;, v; & D;:

The variation of mass-transfer related SI parameters (v;, f; and D;) with intima compression is
estimated using Eqgs. 3.26-3.28 and plotted in Figs. B.1(a)-(c). The void fraction (¢) at a given
intima compression required in these equations is estimated as discussed in our previous study (Ch.
2). As Fig. B.1 shows, all three parameters (y;, f; and D;) decrease with intima compression or a
reduction in the SI thickness. In particular, the volume fraction available for albumin (y;) exhibits a
rapid decrease (21% and 42% decrease at L7 = 0.2L;, and L; = 0.1L},, respectively) with intima
compression. For the same level of compression, f; decreases by 6% and 20%, respectively. The
resulting change in these transport properties significantly affects the transport of albumin through

the SI and thus through the vessel wall, as discussed in Chapter 3.

B.2 2-D concentration of albumin in GX, SI and media:

Figures B.2 - B.4 show the 2-D non-dimensional concentration distribution of albumin in the GX,
SI and media region, respectively, as a function of r and z. The concentration distribution in each
region is obtained as a long-time solution of an unsteady problem (Eq. 3.24) with appropriate
boundary conditions. As Fig. B.2 shows, the non-dimensional albumin concentration in the GX
is almost constant, equal to 0.61 (volume fraction of albumin in the GX), with a small increase
appearing near the junctional region (r = 15.0 - 15.0125). This increase in concentration results
from the greater resistance offered by the junction to albumin’s transport (governed by the osmotic
reflection coefficient 0,,;) compared to that offered to water (solvent) flow. This phenomena is
termed as “concentration polarization” effect and is observed when a solute is flowing through

a porous medium. In the SI region, surprisingly, we find a uniform increase in albumin’s con-
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centration in the direction of flow i.e., from the junction towards the fenestra. Moreover, since
the thickness of the SI region (L}) is much smaller the radius of periodic wall unit (£7) and the
thickness of the media region (L} ), we do not find any variation in albumin’s concentration in
the z-direction, compared to the variation seen in radial direction. Note that the concentration in
the SI at steady state is grater than one (or grater than lumen concentration in dimensional form),
which is a result of the filtration of albumin taking place in the dense media region. The media
concentration, shown in Fig. B.4, exhibits a strong z - dependence and negligible r- dependence,
which is in contrast with the concentration distribution in the SI region, shown in Fig. B.3. The
small maximum in concentration, near the fenestral hole, disappear within a distance of 0.03L;,
from the lower surface of the IEL (z = 0) and the concentration uniformly reduces to the available

volume fraction for albumin in the media region (i.e., v, = 0.08).
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Appendix C.

C.1 Additional results from Chapter 4
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