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Abstract

The initiation and growth of extracellular lipid liposomes

in arteries and valves

By

Yongyi Yin

Advisors: Professor David S. Rumschitzki, Mentor

Professor Sheldon Weinbaum, Co-mentor

Atherosclerosis is a well-known disease mainly of large arteries. It can also occur
in valve leaflets, but usually does not affect function there. There is considerable
suggestive evidence that lipoprotein cholesterol, after crossing the arterial endothelium
and entering the intima from the vascular lumen, lodges in extracellular lipid packets
(labeled "liposomes") bound to the extracellular matrix. In this thesis we shall model the
transport of lipoprotein cholesterol and its intimal accumulation and show that the two are
quantitatively linked. Moreover, we shall show that a single model for these accumulation
processes, even one simple enough to contain only one adjustable parameter, can account
for the liposome accumulation both in the arteries and in the valves of rabbits that suffered

very different cholesterol histories. As such, it lends support to the hypotheses that the
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transport and accumulation of lipid are ubiquitous, well defined processes that may indeed
be the key molecular events that lie at the genesis of atherosclerotic plaques.

Liposomes appear to form by occasional attachment of a low-density lipoprotein
(LDL) to the intimal matrix and to grow in place mainly by appending available free LDL.
The liposome size distributions observed in chronically hypercholesteremic (WHHL) and
in short-term cholesterol-fed rabbits are quite different. We propose a hierarchy of simple,
well-stirred nucleation-polymerization models to describe the initiation and growth of
extracellular lipid liposomes. Even the simplest of these (with only one adjustable
parameter) agrees extremely well with the WHHL data. In contrast, even the most
complicated well-stirred models fail to explain the cholesterol-fed rabbit data. The reason
seems to be short-term feeding produces a local non-uniform intimal history of LDL
supply, as a consequence of the focal nature of the transendothelial LDL flow through
isolated transient leaky junctions. The same models used for the WHHL data, together
with the fluid and macromolecular transport models provided by Huang ez al. to describe
this intimal non-uniformity, superimposed on a slow uniform transendothelial seepage also
account very well for this cholesterol-fed rabbit data.

In contrast to the anatomy and placement of artery walls, heart valves consist
mainly of extracellular matrix surrounded on two sides by an endothelial cell monolayer.
Thus, the water flow pattern, and thus the cholesterol delivery, into heart valves differs
greatly from that into the aortic wall. Therefore, the valve portion of this thesis begins

with theoretical and experimental studies to describe water flow and macromolecular

transport in valves.
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We perform experiments using both ultrathin serial section and en face
preparations with horseradish peroxidase (HRP) as a tracer for macromolecular transport
in valves. The en face experiments show that macromolecular transport across the valves
is localized around isolated endothelial cells. Since there is no internal elastic lamina (IEL)
in valves, one might expect the serial sections about a localized leak for short HRP
circulation times to show a gradual decrease in HRP concentration with tissue depth. In
contrast, they show a very thin, subendothelial layer of intense staining comprising a
relatively large spot and only diffuse staining below. This suggests a mismatch in
extracellular matrix structure, and thus in the transport parameters, between the immediate
subendothelial and deeper regions in valves. A new transport model based on these
observations explains Tompkins’ low density lipoprotein (LDL) concentration profiles
with valve depth. Moreover, this new model, when coupled to the liposome formation and
growth models from the artery, explains lipid accumulation in valves without the
introduction of any new or changing any old adjustable parameters.

This thesis is organized as follows: The first part (Chapter I) provides background.
The second part (Chapters II, III, IV, and V) presents the research on arteries. The third
part (Chapters VI, VII, VIII, and IX) presents the research on valves. Finally, part four

(Chapter X) summarizes and presents the outlook for future work.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vii

To my wife: Wenqi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



viii

Acknowledgements

I would like to express my sincere gratitude to my mentor, Professor David S.
Rumschitzki and co-mentor, Professor Sheldon Weinbaum for their continuous great
supervision during this research, which has been one of the most important parts of my
life. During the course of this research, I benefited greatly from their constant support,
guidance, encouragement, and superb understanding of biomedical phenomena.

I also wish to thank Dr. Shu Chien, University of California at San Diego, for his
advice and support; Dr. Kung-ming Jan, Columbia University, for his guidance and
assistance during my experimental studies; Professor Peter Ganatos for his suggestions on
theoretical modeling; and Dean Mumtaz K. Kassir and Gerald G. Lowen for their handling
of administrative details in such a warm and friendly manner. I would also like to thank
NIH and NSF for the partial support under NIH grants CTS-9223089 and CTS-8658147
(to Professor David S. Rumschitzki) and NSF grant HL-19454.

Finally I would also like to thank Dr. Joy Frank, Department of Medicine and
Physiology at the UCLA School of Medicine, for her kindly providing her unpublished
experimental data on liposome formation in valve leaflets. I also thank Dr. Lemons,
Department of biology in City College, for allowing me to use his experimental laboratory,
and Peter Butler and Ji Song, for their fruitful discussion relating to my experimental
study. My gratitude is also to my friends who shared my joys and pains throughout the
course of this work: Jinnan Chen, Binmei Fu, Yulong Wu, Yaqi Huang, Dajun Zhang,
Jianjun Feng, Xiaping Hu, Liyun Wang, Lidan You, Hsien-Hung Wei, Annie Yi-Xin Shou.

The thesis is dedicated to my father, mother, brother, father-and mother-in-law.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ix

Table of Contents
Part one. Introduction ..............cooiiiiiiiii i 1
L Background ........ ... 1
Part two Liposome formation and growth in arteries .........................o.olL 17
II1. The homogeneous models for the initiation and growth of extracellular lipid
liposomes in arterial intima ... 17
ITA. LDL SUPPLY .. oot e e 17
IIB. Simple nucleation /polymerization ...................cccoceiiiiiiin i 18
IIC. Comparison with experimental histogram ..........................oo il 23
III.  Modified models ... 25
IIIA. Size-dependent growth .............. .. ... ... i 25
IIB. Crowding ... ......coiiiii e e e e e e 26
[IIC. Phagocytosis by macrophages-Liposome decay effect ........................ 28
IIID. Merging of ipoSOMES ... ... i i 32
IV.  The non-homogeneous model for the 10-16 day cholesterol-fed rabbits............ 35
V. Summary and concluSIONS ... ... .. ..o 38
FIgure I8Gends .........oo.vniiuii e 41
FAgUIES ..ot 46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Part three Liposome formation and growth in heart valves ............................... 62
VI IntrodUucCtiOn. .. .......oouiiit e e e e e e e e 62
VII. Experiments on transport in valve leaflets .........................ooo . 69
A. Questions and objectives .............cooiiiiiii i 69
B. Experimental methods .............. ... 72
C. Experimental reSUltS .............cooiuiiiiiiii e e 76

VIII. Theoretical modeling of water and macromolecuiar transport in the valve leaflet

.................................................................... 83
A, BasiC SEOMEITY .. ...ttt et e e 83
B. Fiber matrix model forthethinlayer .............................................. 84
C. Preliminary model ........ ... 90
D. New theoretical model ................... 105
E. Results and diSCUSSION ..............cooiiiiiiiiiiiiii e 123

IX. Combination with liposome formation and growth models
....................................................................................... 141
Part four Outlook and future work ... 144
X. Conclusions and outlook ... ... 144
TablE. .o e 148
Figure legends. .. ... 149
B UL S .ot e e e 157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BibHOGIaphY. .. ...\ttt e

End Of the thesiS. ..o e e e e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xii

Lists of Tables:
Part Three

Table 1. The constants and parameters ...ttt e 148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xiii

Lists of Figures:

Part Two.

Figure 1. A cartoon of an low density lipoprotein cholesterol (LDL) particle....... 46
Figure 2. The inner convex region of the aortic arch of a hyperlipidemic rabbit after 2
weeks of high cholesterol diet. ... 47
Figure 3. Summation of the processes of plasma low density lipoprotein (LDL)

entering the subendothelial space and being oxidized, and the consequent formation of

foam Cell. 48

Figure 4. The association of an EBA leaky spot with a dividing endothelial cell.... 49
Figure 5. A convective-diffusive model of transendothelial transport flow of water
and large molecules such as LDL by Huangetal................ ...c.....ooovii ... 50
Figure 6. LDL concentration in the intima as a function of distance from the center
of a cell whose perimeter leaks. ... ..., 51

Figure 7. The fracture images for the cholesterol fed rabbits show clusters of

liposomes close to the endothelial side of the intima, surrounded by virtually liposome-free

1 <7 1 52
Figure 8. After 21 days cholesterol feeding, there are numerous packets of
aggregated lipid particles in the A-V valves. ... 53

Figure 9 a,b. Bar Graph shows liposome size distribution in WHHL and cholesterol-fed

21003 1 1. T P 54
Figure 10. Section II's model predictions for the liposome size distribution after
different number of leaks. ... ... 55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Xiv

Figure 11. A comparison of the Frank and Fogelman's data (solid curve) with the best
fit solutions of the Section II's model. ... 56
Figure 12. The time evolution of the total liposome mass in response to five identical
SQUAre IMPUISES. ..ottt e 57
Figure 13. Liposome size distribution for different numbers of pulses for the discrete
model modified with crowding. ... 58
Figure 14. Liposome size distribution for models that include phagocytosis. ......... 59

Figure 15. A comparison of the simple and modified models with Frank & Fogelman's

experimental liposome size distribution for cholesterol-fed NZW rabbits................... 60
Figure 16. Histogram shows liposome size distribution for the cholesterol-fed rabbit
data and the computer simulation of liposome formation and growth. ..................... 61
Part Three

Figure 17. Valves of cholesterol-fed normal rabbits after three weeks of a high
cholesterol diet. ............ oo 157
Figure 18. The extracellular matrix in the aortic valve of cholesterol fed normal
TR DS, ..o 158
Figure 19. Freeze-etch micrograph shows collagen fibers within the aortic valves for
the normal rabbits after 29 days of a high cholesterol diet ............................. ... 159
Figure 20. Aortic valve anatomy. .............cc.oioiiiiiiiiii 160
Figure 21. Electron micrograph of rat aortic valve leaflet four minutes after HRP
111111 L 161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xXv

Figure 22. A matrix model for calculating the transport parameter in the thin layer of
the ValVe. ... 162
Figure 23. En face experiments for the aortic valves. ........................ 163
Figure 24a.  Tompkins ef al.'s experimental results. .......................... 164

Figures 24b,c. Our preliminary valve transport model for fluid filtration (b) and
convective-diffusive tracer transport (C). ...........ooieeeriiiieiiiiiiiiii i, 165-166
Figure 24d. = The comparison of the pressure in valve between our preliminary model
and our new model that containing a mismatch in matrix structure. ....................... 167
Figures 25. The new 3-layer model for transport in the aortic valve ((a) for fluid
mechanics and (b) for diffusion and convection). ....................... 168-169
Figure 26. The Darcy permeability (K;) as a function of the core protein spacing §,
both with and without collagen, in the thin layer of valves. ............................. ... 170
Figure 27. The diffusion coefficient D; as a function of the fiber spacing 8, both with
and without collagen, for the thin layer of valves. ...........................o 171
Figure 28. The pressure distribution in the thin layer of the valves. ................... 172
Figures 29a,c. Non-dimensional (a) and dimensional (c) velocity distribution in the lateral
direction in the thin layer of the valves for the case of a single leak on the aortic surface
and no leaks on the ventricular surface. ..................... ... ..o 173, 175
Figures 29b,d. Non-dimensional (b) and dimensional (d) velocity distribution in the normal
direction in the thin layer of the valves for the case of a single leak on the aortic surface

and no leaks on the ventricular surface. .....................ooiiiiiiiii 174,176

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xvi

Figures 30. The pressure (a) distribution in the thin layer of valves for the case of no leak
on the aortic side and one on the ventricular side. Non-dimensional (b) and dimensonal
(d) velocity distribution in the lateral direction in the thin layer of the valves. Non-
dimensional (c) and dimensional (e) velocity distribution in the normal direction in the thin
layer of the valves. ..........cooiiiiiiiiiiiii 177-181
Figures 31. The pressure (a) distribution in the thin layer of valves for the case of one leak
on each of the two faces. Non-dimensional (b) and dimensional (d) velocity distribution in

the lateral direction in the thin layer of the valves. Non-dimensional (c) and dimensional

(e) velocity distribution in the normal direction in the thin layer of the valves. .... 182-186
Figure 32. The HRP concentration profiles after different circulation times in the thin
layer of the valve leaflet. ............. ... i 187

Figures 33.  The early time growth of the leakage spots ((a) for 30 seconds, (b) for 60
seconds as the times of reference, (c) for the theory with diffusion only). .......... 188-190

Figure 34. The theoretical LDL concentration for the Tompkins ez al.'s model with no

convection, i.e,, diffusiononly. ......... ... 191
Figure 35. We re-fit the Tompkins ef al.'s experimental data using our new 3-layer
MOl Lo e e 192

Figures 36.  (a) The LDL concentration profiles after different circulation times in the
thin layer of the valve leaflet,(b) The early time growth of the LDL leakage spots.193-194
Figures. 37. Tompkins et al.'s experiments and their theoretical fits using only diffusion
and a single interposed layer for Monkey. ..., 195

Figures. 38. The LDL concentration, including both Tompkins ef al.'s measurements and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xvii

our theoretical calculations for various combinations of leaks on the two endothelial
layers. (a). for the case of a single aortic face leak and no ventricular face leaks, (b). for
the case of one leak on each of the two faces, (c). for the case of no ventricular face leak
and a single leak on the aortic face that closes part way (after 10 minutes) through the
experiment. The figure plots the concentration profiles across the valve for various times

after the aortic leak closes. (d). the one curve from Fig. 38c that fit one of Tompkins ef

Ql'S @XPEIIMENL. ..ottt e e e e e e e e e e 196-199
Figure 39. The computer simulation of the liposome formation and growth for the
AOTHIC VAIVES. ...\ttt ittt et e e e et s 200
Figure 40. The liposome size distribution in the valve leaflets of rabbits (experiments
AN TREOTY ). .. i e 201

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Part One. Introduction:

I. Background

Low density lipoproteins (LDL) are commonly known as the "bad cholesterol”
because they are generally associated with the arterial plaques common in arteriosclerosis
and may, in fact, [49] initiate the intimal injury. Low density lipoprotein cholesterol
consists of cholesterol, cholesterol ester, apoprotein B and a hydrophilic coat that makes
this package blood soluble (see below for more details). Its principal function is to deliver
cholesterol to body cells [3], which utilize cholesterol to build cell and organelle
membranes and, in the case of hormonal secreting cells, as a chemical raw material for the
production of hormones. Prolonged high plasma LDL levels, however, lead to lipid
accumulation in the artery walls and, eventually, to atherosclerosis [22,29]. Below we
describe the nature of the LDL particle, the origin of the LDL that circulates in the blood
and what is known about the connection between lumen cholesterol and the onset of
arterial plaques. We defer a discussion of the accumulation of lipid in the arterial and A/V
valves to Chapter VI

What are low density lipoproteins (LDL)? Figure 1 is a cartoon of an LDL
particle. An LDL is a large spherical particle whose core is composed of about 2,000
molecules of the fatty alcohol cholesterol, about 1,500 of which are attached by an ester
linkage to a long-chain fatty acid [33]. A layer of phospholipid and unesterified cholesterol
molecules surrounds this core of cholesterol and cholesterol esters so that LDL will
dissolve in blood. Embedded in the phospholipid is a molecule of apoprotein B-100, which

the LDL receptor [47] specifically recognizes and binds with high affinity. That is, this
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2
receptor can pick out a single LDL particle from more than a billion molecules of water
[33]. Some of the characteristics of an LDL particle are listed below [34]:

Low -Density Lipoproteins

Source: Plasma

Density: 1.006-1.063 g/ml

Size: 200-250 A

Lipid content, % particle mass: 75

Lipid classes, % total lipids:
Cholesterol ~60
Phospholipids ~30
Triglycerides ~10
Protein content, % particle mass: 25
Major protein: apo B 100
Minor proteins: apo Cs and apo E
What is the origin of the circulating LDL? The LDL transport system carries
cholesterol and various triglycerides through the bloodstream and delivers it to cells that
require it for membrane or hormone synthesis. This transport system consists of two
pathways: 1) Exogenous: dietary cholesterol and triglycerides absorbed from the intestines
enter the bloodstream and make their way to adipose tissue (for storage), muscle (for
oxidation to supply energy) and the liver. 2) Endogenous: The liver packages cholesterol
and triglycerides into lipoprotein packets which transport through the bloodstream to body

cells for use in cell membranes and in hormone production. LDL transport belongs to this
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3
latter pathway. It comes from the liver, intestines and other non-intestinal tissues [33]. The
liver first secretes a large very-low-density lipoprotein (VLDL) particle. The core of a
VLDL has a larger amount of triglyceride but a smaller amount of cholesterol esters than
LDL and its surface contains apoproteins B-100 and E. When a VLDL particle enters the
capillaries of adipose tissue or of muscle, it becomes smaller and its store of cholesterol
esters increases to yield a new particle called intermediate density lipoprotein (IDL).
Almost half of the IDL particles are removed from the circulation by binding to liver cells,
which make new VLDL and bile acids. The other half converts into low-density
lipoprotein (LDL) when the apoprotein E leaves the particles. LDLs are longer lived than
IDLs since apoprotein B-100 has a lower affinity for the LDL receptors.

What are plaques and where in the artery wall do they occur? Prolonged exposure
to high concentrations of LDL leads to plaque formation. The core of these plaques tends
to be cell-free. It is believed that these plaques begin from an accumulation of LDL
cholesterol that infiltrates the artery wall. Before discussing the details of what is known
about how these plaques form, let us first examine the architecture of the arterial wall. In
large arteries such as the thoracic aorta, a monolayer of generally quiescent endothelial
cells lies on the lumen side of the arterial wall. Beneath the endothelium lies the
subendothelial intima, which in healthy animals is a thin, cell-free region comprised of
proteoglycans and collagen, that ranges from 200-1000 nm in thickness. An internal elastic
lamina (IEL) comprised of elastin separates the intima from the less ordered media. The
IEL has the character of a continuous, cylindrical sheet (with fenestral holes) only in large

arteries. The media contain smooth muscle cells, proteoglycans, partial sheathes of elastin

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4
and other constituents. A much more loosely packed adventitia lies beyond the media.
Figure 5 summarizes this picture in a cartoon.

Guyton et al. [S1] used light microscopy with oil Red O staining to show that early
lipid-rich plaque cores appear in the deep intima, while their foam cell constituents are
usually in the superficial intima. Studies on the ultrastructure and chemistry of core lipid
deposits also show them to be largely extracellular. In large mature fibrous plaques in
human aorta [10], approximately 90% of the core region is occupied by neutral (oily) lipid
in the form of extracellular droplets with diameters D < 0.4 um; very little is in foam cells,
whose lipid droplet diameters are almost always larger than 0.4 (um). This suggests that
the cores of fibrous plaques develop directly from extracellular deposits of plasma
lipoproteins.

What are the first detectable prelesion events? Schwenke and Carew [20] showed
that one of the earliest events in the atherosclerotic process is an increase in the
extracellular LDL concentration in the arterial intima that occurs within two weeks after
rabbits begin a high cholesterol diet and prior to the entry of blood-borne monocytes into
the arterial intima. They suggested that this increase was due to the binding of LDL to
subendothelial intimal matrix to form lipid packets, dubbed liposomes, that contain the
lipid from one or many LDL particles. As noted, the subendothelial matrix is comprised of
collagen, elastin and proteoglycans. LDL and BVLDL interact with these matrix
components both in vitro and in arterial plaques [4,13]. The binding is thought to occur
through charged residues or by the columbic interaction between the carboxyl or sulfate

groups of the polysaccharide with the positive side chains of apoprotein B [5,24]. Elastin

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



also attracts Ca™" (25), which facilitates lipoprotein association with polysaccharides.

Simionescu et al. [18, 23], using freeze fracture, discovered candidate liposomes,
i.e., unesterified lipid packets, in lesion-prone but as yet lesion-free areas of the aortic arch
of rabbits fed a high cholesterol diet for two weeks. They also showed that monocytes
penetrate the endothelium and enter the intima in the same areas where the liposomes
reside and then avidly devour the liposomes in the process of becoming foam cells. Stary
and coworkers [27, 28] and Mitchison er al. [17] observed localized monocyte
accumulation prior to lesion development in post-mortem studies of humans. They [27]
detected macrophages both with and without extracellular lipid particles in arterial regions
of infants less than 8 months old. These same regions developed into lesions in young
adults [17, 27, 28]. Guyton and Klemp [10] observed extracellular lipid droplets in human
intimal atherosclerotic lesions, and in particular in the 60-200 nm range for fibroatheroma
lesions. This suggests that the formation of extracellular lipid liposomes plays a similar
role in human aortic intima as it does in rabbit and that in either case, it is an important
step in the chain of events leading to arterial plaque formation.

As liposomes mature, microfibrils and proteoglycans proliferate in the
subendothelial matrix. Using ultra-rapid freezing without chemical fixation, followed by
rotary shadow freeze-etching, Frank and Fogelman [8] obtained visual images of the
liposomes clear enough to provide histograms of liposome sizes. The smallest liposomes
are 22 nm in diameter, the size of an individual LDL particle, and range up to sizes
corresponding to a few hundred times a single LDL volume. Since the large liposomes are

much bigger than typical intimal matrix fiber spacings, their mobility in the intima would
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be near zero. This suggests that they form in situ after the entrainment of a single LDL
particle.

Frank and Fogelman obtained histograms for WHHL rabbits that are
receptor-deficient, and thus chronically hypercholesteremic (Fig. 9a), and for normal
rabbits fed a high cholesterol diet for between 10 and 16 days (Fig. 9b). Interestingly,
these histograms are dramatically different. Moreover, the images for the cholesterol fed
rabbits show clusters of liposomes close to the endothelial side of the intima, surrounded
by virtually liposome-free areas (Fig. 7).

Where does the lipid found in liposomes come from and how does it get into the
intima? To demonstrate that the lipid in the liposomes derives from plasma LDL and
BVLDL, Simionescu et al. [18,23] showed that apoprotein B, unesterified cholesterol and
matrix proliferation were all concentrated in areas of liposome aggregation. Nievelstein ez
al. [17] used immunofluorescence microscopy with anti-apo-B antibodies and post-
embedding immuno-gold-labelling to show the localization of apo B and LDL-associated
gold accumulation in intimas of cardiac and A/V valves containing liposomes. Both
particles were frequently found in the vicinity of collagen fibrils. Unfortunately, it has not
yet been possible to simultaneously perform these tests and the rotary shadow images on
the same specimen to provide definitive proof that liposomes derive from LDL. However
the evidence is strongly suggestive of it.

The mechanism by which plasma LDL and other large molecules cross the
endothelium at high lumen concentrations is the subject of much study. Since normal

endothelial junctions typically screen out molecules larger than albumen (~8nm) [49], how
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does LDL cholesterol with a diameter of ~23nm pass through the arterial endothelium and
enter the subendothelial intima? Palade [36] and Casley-Smith [37] began the early search
for this large pore by which LDL and other large macromolecules can cross the
endothelium. They suggested that the pathway of macromolecule transport across the
endothelium is via vesicle translocation or fused, open-vesicle channels [36, 37]. Chien et
al. [74, 76] and Bundgaard and coworkers [73, 75] used tannic acid preparations [73],
double labeling methods [74], ultra-thin serial section reconstruction techniques [75] and
cationized ferritin labeling methods [76] to find that the cytoplasmic vesicles, which were
thought to be free, may be static structures attached to the plasmalemma through
invaginating elements.

Weinbaum ez al.[12, 31, 32] proposed a leaky junction-cell turnover hypothesis for
the large pore in the arterial endothelium which had as its central tenet that the clefts
around the rare cells in turn-over temporarily were leaky for macromolecules that
ordinarily could not traverse the endothelium; that is, that the leaky clefts are the pathway
for LDL permeability. They [31] proposed a new quantitative model to study if one could
explain the observed permeability changes simply by allowing the intercellular clefts
around widely-scattered endothelial cells to be leaky to the macromolecules during cell
turnover. Their theoretical study shows that the local endothelial permeability can increase
by 50%~100% because of the intercellular leaky junctions around the widely-scattered
cells in turnover. Later, they [68, 70] developed time-dependent diffusion models for an
experimental design to elucidate the origin of these leakage sites at the cellular level. Their

theoretical studies led to experiments that we now discuss to study the permeability
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8
pathway at the cellular level and to confirm that cells in turn-over so indeed leak
macromolecules.

Stemerman ef al. [38] measured '“I-LDL permeability both in regions with and
without leakage foci that leaked horseradish peroxidase (HRP) in order to estimate the
relative LDL fluxes through the transcytotic and the leaky junctional pathway. They found
that the permeability in the regions containing leakage foci is 20-50 times higher than that
without the leakage foci. Lin et al. [14, 15] carried out in vivo experiments on rat aortas
using hematoxylin as a marker for dividing cells and two different sized tracer molecules,
EBA and lucifer yellow tagged to low density lipoprotein, called LY-LDL, to identify
leakage sites. Figure 4a shows that fluorescent EBA surrounds a dividing endothelial cell
in telophase three minutes after tracer injection. Almost 99% of the cells in the mitotic (M)
phase were leaky to EBA. These experiments suggest that the endothelial cell junction
gradually becomes larger during M phase and EBA can pass easily through an enlarged
junction pore. Figure 4b shows a similar experiment ten minutes after the LY-LDL tracer
injection. Almost 80% of the cells in the mitotic (M) phase were leaky to Lucifer yellow
(LY) LDL. In addition, LY-LDL seems to be able to pass through the leaky cleft when the
initial part of M phase is almost complete [14, 15]. Chuang ef al. [7] found that the
frequency of the leakage sites at the arterial intercostal branch areas of the rat was about
two times of that at non-branch areas. Therefore, atherosclerotic lesion prone areas are
associated with the regions of increased density of cellular level leakage sites with
endothelial cell turnover for macromolecules (LDL).

In 1992, Truskey et al. [30] measured LDL permeability in the arterial wall with en
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Jface quantitative autoradiography (Hautchen preparation). They mapped [11] the LDL
permeability in the intercostal, celiac, and iliac branches of the normal rabbit aorta. They
found [30] that about 25% of the areas of elevated grain density had high densities of
mitotic endothelial cells. These areas had higher permeabilities than others with fewer
mitotic cells. Furthermore, these en face preparation pictures clearly showed the **I-LDL
concentration distribution in the arterial intima near a leakage site.

These experiments [31] show that significant transendothelial transport occurs via
cellular level leakage sites associated with arterial endothelial cells of the thoracic aorta in
turnover [2,7,11]. Such cells are indeed rare (less than one cell in 2000 in rat at any given
time; less than half that in rabbit [2]). Since Evans blue binds to elastin in the IEL, it
becomes a permanent marker of a leakage site even after leak has closed. If we assume
that the rate of opening of new sites is the same as that of closure of old ones, the average
duration time between consecutive leaks follows from the increase in the number of EBA
leakage sites with time. From the data in [7] and [64], the average lifetime of a leaky cleft
is about one hour in rat aorta.

What happens to the fluid and macromolecules that cross the endothelium via
these leaky junctions? The experiments by Lin ef al. noted above show that they very
rapidly produce large spots that can be viewed en face. The fact that macromolecular
leakage appeared to be localized meant that any model of these processes would have to
consider the macromolecular transport both normal and parallel to the endothelium, i.e.,
had to be at least two-dimensional. The growth rate of these spots was much too rapid to

be due solely to diffusion. In addition, the leakage spots grow initially after injection, but
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seem to reach a quasi-steady state quickly, as evinced by the fact that the HRP spots
asymptotically approach their maximum size (200 um dia) after only four minutes [7],
rather than continuing to grow slowly with time. These facts suggested that a model
utilizing convection as well as diffusion was necessary. However, such models, having
either a single effective subendothelial medium [43] or two (intima and media) with
identical properties and separated by an internal elastic laminar (which in arteries, is very
likely an impermeable barrier except for these fenestrae) that would shunt the
transendothelial flow parallel to the endothelium [12], could come within a factor of five
of explaining the ultra-rapid spot size growth observed.

The key observation needed to explain these data was the recognition that the
intima, although comprising less than one percent of the artery wall, could have a
profound effect on the overall water and macromolecular transport there. Thus, when one
notices that the intima has a surprisingly sparse matrix structure [8,12,19], in fact much
sparser than that of the media, one could construct an ab initio model for its transport
coefficients [12]. This model predicts that the intimal parameters calculated in this way are
one to two orders of magnitude larger than those in the media. Thus, this parameter
mismatch, together with the likely only slightly permeable, exiguously fenestrated IEL
separating it from the media, would facilitate much faster intimal spread parallel to the
endothelium than was possible with the earlier model parameters. This model proposed in
[12] and sketched in Fig. 5 explains the HRP spot growth experiments extremely well. It
thus presumes that the fluid that passes through the endothelial layer spreads parallel to

the endothelium in the intima before seeping through the IEL's fenestrae and into the
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dense media [12,32]. The model [32] exhibits this behavior as well and also accounts for
the very high local LDL concentrations and the concentration distribution in the intima
close to a leak observed in the autoradiographic LDL spots by Truskey and coworkers in
[30].

It is our hypothesis that some of the LDL supplied from these localized leaks
becomes the LDL found in the liposomes and thus that the local accumulation of
liposomes in the arterial intima is directly linked to the local endothelial leakage.
Moreover, we propose that the kinetics of liposome formation and growth resemble those
of classic nucleation /polymerization processes. Our recent models for the growth of LDL
leakage spots in the intima [12,32] predict that the growth of the spots and their
asymptotic quasi-steady size depend primarily on the relative permeability of the intimal
matrix and the fenestral pores. The LDL concentration profiles that these models predict
and that Truskey ef al. have observed experimentally [30] (see Fig.6) show that there is a
significant radial dilution of the high LDL concentration at the leak, and thus a sharp fall-
off in the LDL concentration as a function of the distance from the leakage site, due to
water entry into the arterial intima through normal inter-endothelial clefts. It is our
hypothesis that the high LDL-concentration centers of individual leaks and the overlap
regions of multiple leakage spots would seem to be the candidate spots for larger liposome
formation, while the low LDL-concentration peripheries of the leakage spots would
generate only smaller ones.

In the research described below, we shall construct a hierarchy of nucleation/

polymerization models and use them to provide a rational explanation for Frank and
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Fogelman's histograms and the differences between them. In particular, we shall begin
with the WHHL data, since these rabbits have been hypercholesteremic for most of their
lives. As a consequence, each region of susceptible intima has experienced many leaks,
centered both far from and near to the region in question. Therefore, spatial variation
parallel to the endothelium is not an issue, and a spatially homogenous mathematical
model can explain the data. This stands in contrast to the cholesterol fed rabbits, whose
intimal regions have experienced relatively few high cholesterol leaks during the time of
the 1-2 week feeding experiments and hence their intimal liposome number and local size
distribution are highly heterogeneous. Thus we anticipate the need to incorporate spatial
variation to explain the data from such rabbits.

Before proceeding to the detailed researches below, it is important to put the
current work, extracellular lipid liposome formation, in the context of the overall picture
of atherogenesis. At the commencement of high cholesterol feeding, elevated blood
cholesterol levels lead to higher than normal fluxes of LDL from the blood into the artery
wall and in particular into lesion-prone areas. If our hypothesis is correct, then a portion of
this entering cholesterol bind to extracellular matrix and forms extracellular lipid
liposomes, each with the lipid content of one to several hundred LDL particles, in situ.
Simionescu ef al. [23] also found that after two weeks of a high-cholesterol diet,
monocytes adhere to and pass through the endothelium, enter the intima, devour the
liposomes and turn into macrophages and then foam cells. Upon being overwhelmed with
cholesterol, these foam cells can become necrotic. In the meantime smooth muscle cells

which reside normally in the media migrate into the intima and also begin to take up
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cholesterol via their scavenger receptor [35]. These cells produce connective tissue matrix
proteins and can also become necrotic foam cells. Conseguently, debris accumulates in the
intima. All these processes seem to contribute to early arterial plaque (lipid and connective
tissue such as sulfated glycosaminoglycans, collagen and fibrin are the primary
components of atherosclerotic plaques [47]) formation which may lead to endothelial
injury [47]. Figure 3 summarizes these processes.

This thesis is divided into four parts. The first (present) part (Chapter I) provides a
background for this work. The second part (Chapters II, II1, IV and V) describes the work
on artery walls. Chapters II and III introduce a hierarchy of spatially homogeneous (i.e.,
well stirred) models for the initiation and growth of extracellular lipid liposomes in the
arterial intima. They begin by describing the simplest model (with only one adjustable
parameter) and continue with various modified models that include the effects of liposome
crowding, decay, merging, etc. Even the simplest of these models agrees extremely well
with the Watanabe Heritable Hyperlipidemic (WHHL) data in [8], but none of the well-
stirred models can explain the short-term feeding data. We examine in detail why this is
the case. Chapter IV then develops a non-homogeneous model for liposome buildup in the
10-16 day cholesterol-fed rabbits. As we show, the cholesterol-fed rabbit data seem to
result from the short-term, non-uniform intimal history of LDL supply which is a
consequence of the focal nature of the transendothelial LDL flow through isolated,
transient leaky junctions. Therefore, we employ the same models used for the WHHL
data, together with this intimal nonuniformity, superimposed upon a slow, uniform

transendothelial seepage. The resulting model can then account for the short-term feeding
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data very well, where the only new parameter introduced is the uniform seepage
parameter. The end of part two, Chapter V, summarizes the artery wall work and draws
conclusions.

Part three (Chapters VI, VII, VIII, and IX) presents the work on heart valves.
Since heart valves consist mainly of extracellular matrix surrounded on both sides by an
endothelial cell monolayer, the water flow pattern, and thus the cholesterol delivery, into
heart valves is greatly differs from that of the aortic arteries (Part Two). In order to make
Part Three self-contained, Chapter VI repeats an abbreviated literature review on
lipoprotein transport and on liposome formation and growth in the arterial intima and
valves. It stresses the recent liposome freeze fracture work on rabbit heart valves that the
UCLA group [40] has performed. They have kindly provided us with unpublished freeze
etching data for liposome formation in valves for which we are very thankful (Chapters
VII and IX). Chapter VIIB describes the experimental methods used by Frank and
coworkers to perform the ultra-rapid freezing/ rotary shadow etching technique for
liposome and for the liposome size visualization just described.

As already mentioned, in order to study liposome formation and growth in valves,
one needs to first quantitatively characterize the water and macromolecular transport in
the valve. Since the valve architecture is significantly different from the artery wall’s, one
must do a series of transport-relevant experiments to guide the model development.
Chapter VIIB describes these new experiments in valves. We carry out animals
experiments on rats. This work, in collaboration with Dr. Kung-ming Jan of Columbia

University and Dr. Anli Huang of Institute of Biomedical Sciences, Academia Sinica,
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Taipei, is the subject of Chapters VIIB and VIIC. Chapter VIIC discusses the
experimental results. The first set of results show that trans-endothelial transport of large
molecules again appears to be localized to the interendothelial clefts surrounding a small
number of cells, typically 0-2 cells per valve leaflet face. Thus a two-dimensional transport
model is indeed necessary and Chapter VIII develops it, albeit for a uniform subendothelial
medium. This chapter also provides the ab initio theory for calculating the transport
parameters, based on the matrix structure observed in the freeze fracture pictures. This
theory was originally developed by Curry [79] and applied to the artery problem in Huang
etal [12].

The predicted short time HRP tracer results do not, however, agree with
experiment. These experiments in fact suggest that there is a mismatch in the matrix
structure, and thus in the transport parameters, between the immediate subendothelial
region and the deeper portions of the aortic valves. The main goal of Chapter VIII is to
develop a new picture of the water and macromolecular transport into cardiac valves and
to determine the macromolecular (LDL) distribution in the valve (sections VIIIC and D).
Section VIIID develops the new model to describe the filtration and macromolecular
transport in valves, in which the filtration model admits an analytic soiution. The results of
our model are consistent with and thus provide a potential explanation for Tompkins ef
al's [43] experimentally observed LDL concentration profiles as a function of depth in
aortic valves (Chapter VIIIE). They found substantial variation of these profiles between
subject, between valve leaflets of the same subject and even between regions of the same

leaflet. Since our experiments suggest that each face of each valve leaflet may have 0-2
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leaky cells at any instant, there are a number of possible combinations for the numbers of
leaks on the two faces. Model calculations show that the combinations for 0-1 leak per
face yield LDL profiles in agreement with those that Tompkins ef al. measured.

We then couple this model to our liposome initiation/growth models in Part Two
(with the parameters unchanged) to explain the liposomes size distribution found in the
valves of cholesterol-fed animals (Chapter IX). Finally, we provide the discussion for this

research and an outlook for future work in Part four (Chapter X).
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Part Two

II. The homogeneous models for the initiation and growth of extracellular
lipid liposomes in arterial intima.

IIA. LDL supply: As just noted, in the WHHL rabbits, spatial variation in the
intima, and hence consideration of the focal nature of transendothelial leaks, is
unimportant. As a result, we simply consider a representative position within the intima,
i.e., we use the so-called well-mixed models and allow the LDL supply L(t) to be
prescribed. Typically, L(t) will be a series of pulses, separated by latent periods. As noted,
typically one cell in ~ 4000 is leaky at any instant in rabbit, and this leak lasts about an
hour (latter data available only for rat). From Huang e al. [12] and Truskey ef al. [30]
(see Figure 6), a single leak produces a subendothelial spot of very high LDL
concentration of steady size that covers ~20 endothelial cells and a lower, gradually
tapering, yet nevertheless elevated, concentration that covers >10 times this area. Thus, at
a fixed point in the intima, the expected waiting time for the overlap of high concentration
spots of two successive leaks is of the order of 200 hours.

For specific numerical calculations, we shall simply take the LDL supply to be
pulses that are squares and of uniform duration [pulse width (w) is ~1 hour [7,32]],
concentration (h), and waiting time [time between the (T-w); one entire cycle from the
beginning of one LDL pulse to the beginning of the next one (T) is ~8 days [2]]. We shall,
however, first derive analytic results in terms of an arbitrary, prescribed L(t), thereby
allowing for arbitrary pulse shapes and varying heights.

The value for h requires some discussions, since Figure 6 shows the LDL
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concentration, even within the ~20 cells core of a leak, to be non-uniform. The LDL
concentration in Figure 6 is normalized so that a value of one corresponds to the blood
cholesterol level. To arrive at a value for h, we integrate the LDL-vs-time curve in Figure
6 (say, the lower two), divide by the area occupied by 20 cells and multiply by the blood
cholesterol value. That is, we choose an average of h that uniformly distributes the total
cholesterol in the intima during a leak uniformly over 20 cells. This turns out to be 0.54 x
blood LDL concentration.

For WHHL rabbits we take the blood value to be 500 mg/dL (h=270 mg/dL) [the
average of the 400~600 mg/dL for WHHL rabbits (J. S. Frank, personal communication)
and close to 445 mg/dL [6]], an order of magnitude above the normal values [45~50
mg/dL (J. S. Frank, personal communication), 29 mg/dL (6) or 41.3 £ 6.6 mg/dL [1]]. For
cholesterol fed rabbits, we infer values based on those in the literature. Atkinson ez al. [1]
give cholesterol values as a function of time of feeding for New Zealand White rabbits on
a slightly different high cholesterol diet (1% cholesterol, rather than 2%) from that of
Frank and Fogelman [8]. Interpolating these data to two weeks, one finds a value of about
1070 mg/dL. The rise time of blood LDL after the start of feeding decreases sharply and
the peak increases moderately as the percent cholesterol in the feed increases (18 vs 8
weeks and 2100 vs 2700 mg/dL as the feed LDL goes from 0.5% to 1%). Thus, for 2
weeks at 2% feeding it seems reasonable to assume an average value of 700~1000 mg/dL.

IIB. Simple nucleation-polymerization: The vast majority of LDL entering the
arterial intima via the leaky junctions sweeps through the artery wall and is picked up by

the lymph system; that is, only a small fraction of it ends up in liposomes [15].
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Furthermore, before rabbits are fed a high cholesterol diet, normal rabbit intimas do not
evince the presence of lipid liposomes [8]. Thus binding to intima matrix must be a rare
event that only occurs appreciably at a sustained high LDL concentration. The simplest
way to model initiation is as a process that occurs only when the local concentration
exceeds a certain threshold or as a first order process. The former model would require
much more data than are available to pinpoint this threshold. Moreover, it is hard to
picture a simple reaction mechanism that could account for such threshold behavior.
Finally, Nievelstein ez al. [17] note the presence of small isolated liposomes throughout
the intima after a 2 hour bolus LDL infusion, presumably in regions of the intima in which
the LDL concentration was not extremely high. This argues against a threshold process
and thus we choose the first order model. If L represents free LDL, M, represents a
liposome (i.e., bound to the matrix) composed of the lipid from a single LDL particle, and
if the concentration of matrix is in excess, the nucleation "reaction" is represented by L —
M, with a small rate constant (k°).

From the freeze etchings of Frank and Fogelman [8], one can observe the growth
of the liposomes that have already formed by merging with fresh "monomers" supplied by
a non-zero LDL concentration and with neighboring liposomes. Frank and Fogelman also
note that the larger liposomes must have formed in vivo because, taking into account the
surrounding matrix structure, their mobility is vanishingly small. We assume that the rate
constant for the growth of liposomes (k') is sufficiently slow that the chance nucleation of
a liposome in a normocholesteremic rabbit is unlikely to grow. Moreover, for lack of data

and to minimize the number of parameters, we take k' to be size-independent. If this is
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indeed the case, it would correspond to liposomes of all sizes being equally reactive. One
way of rationalizing this would be if each liposome, independent of size, had a preferred
site on its surface for appending free LDL. However, no evidence for this exists. The rate
of growth from a liposome composed of j monomers (M;) to one of j+1 monomers (M;.)
will be k' times the product of the concentration of sporadically abundant L(t) with the
much smaller concentration of M;, whereas that of the merging between a liposome of size
j with one of size k will be proportional to the product of two small quantities: the
concentrations of M; and My. Thus liposome growth in hypercholesteremic rabbits will
proceed predominantly via the merging of existing liposomes with the L(t) and our first

simple model consists simply of nucleation and of growth, viz.
L—~ sM, (1)
M, + LY 5M(j=1234,.) (1b)
Because only a very small fraction of the LDL in any leak ends up in liposomes, one may
presume that these processes do not significantly affect L(t) and that one may still
prescribe L(t). As such, if one uses the same symbol to represent both a species and its

concentration, the corresponding kinetic equations are:

dM

— =k =kE'M)L
dt ( ) (2a)
""ff — kLM -1~ M), 2 2) (2b)

Sometimes, it is cumbersome to retain the discrete nature of Equations 1 and 2, where

liposomes have integral sizes, particularly when one progresses to more complex models.
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Moreover, since j>>1 for a mature liposome, one would expect this discrete nature not to
be important. Thus, we also consider a continuous-size (x) liposome model which obtains
by replacing the difference in liposome concentrations in Equations 2b by a derivative.
This yields a one-dimensional traveling front equation

M (x, 1) M (x,1)

—————+k'L———— =0(1 £ x < 0);M(1,1) = M, (¥) 3)
a &

The discrete-size model in Equation 2 leads to a simple solution for the intimal

liposome number distribution in terms of a single integral of an arbitrary L(t). For an

initially liposome-free system, the solution is

o j=-1 an

_k ®
Mj(2) = P [1-e ()Z;)(._n_!_)] )

where a(t) is the time integral of the coefficient of M, in Equation 2a: o' k! L(s)ds and s is
a dummy variable. For the square pulse L(t) described above, a(t)=a’= k' ht where tis a
time variable that openly advances when the LDL supply is on and remains fixed when the
supply is off { T=iw+(t-iT) during the i* pulse (iT <t <iT+w ) and =(i+1)w during the i"
waiting period [iT+w <t < (i+1)T]}. The total number and mass of liposomes, the latter in

units of LDL masses, satisfy the simple equations

A =kL LS M, = kLIS M, (5a.b)
dt <5 dt 5 =
the solutions of which, either directly, or via summation of Equation 4, are

Z.iM,:%a(t) (62)

J=i
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k

iij =J'(:k°L(s)[l+a(s)]ds = Py [a® +%(a° )1 (6b)

J=1
The solution for the continuous-sized liposome model proceeds by the method of
characteristics for boundary and/or initial conditions of M(x,0)=0 and M(l,t) given by

Equation 2a; it is

o

M(x,0)=0,( <1t"); M@xn=MQU,t-1)= 7";,—[1 —-e M=) (7ab)

where t' satisfies x-1 = fo" k' L(s)ds. For L(t) as described above

0

M(x,t):i—l[l—e”"“o"'],(tZt') (7¢)

The total number of liposomes in the continuous-liposome case is just the integral
of M(x,t) over all x from 1 to oo plus M(1,t) because there is a non-zero contribution
from the x=1 limit of integration. Its time evolution derives from integrating Equation 3
over x and adding Equation 2a; this procedure simply gives k°L, the same as the right side
of Equation 5a. The total liposome mass, M(1.t) + [;” xM(x,t)dx, changes by virtue of the
increase in the mass of existing liposomes plus the creation of new liposomes. One
calculates the former by multiplying Equation 3 by x and integrating from 1 to o so that,
after integration by parts, it gives k'L times the total number of liposomes. The latter is the
rate of creation of new liposomes at x=1, just determined to be k’L. Note that the
-k'M,(t)L in Equation 2a, which expresses the growth of existing liposomes is already
included in the former integral. Thus, the right side is the same as Equation 5b and

therefore the solutions Equations 6a and 6b hold for the continuous case as well. Note that
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Equations 6a and 6b also follows from direct integration of the solution for the M(x,t) in
Equation 7.

IIC. Comparison with experimental histogram: Even the simple models in Simple
nucleation-polymerization can explain the observed WHHL histogram extremely well,
despite having essentially only one adjustable parameter. That is, the solutions Equation 4
or Equation 7 depend on the ratio of k%k' and a(t)=k' J;* L(s)ds for t, the fixed time
corresponding to the age of the rabbit at the time of the measurement (experimental
time). However, because k’k' multiplies the concentrations of all liposomes, it controls
only the total number and mass of liposomes and is irrelevant to their size distribution.
Thus, it is only the value of a(t) that one may adjust [via, equivalently, adjusting either k'
or the various parameters in L(t) , e.g., h, w, T or i] to fit the data.

Figure 10 is a plot of the number of liposomes of a given size versus j for both the
discrete and the continuous models of L(t) corresponding to different numbers of square
pulses. w and T have the values in LDL supply, and we choose k'h to be the value 5.8 hr’!
(k' =0.043 dLmg'h™") that best matches the WHHL histogram at 5 months (19 leaks), the
average age of the WHHL rabbits in Ref. 8. Note that the continuous model yields curves
that resemble a step function moving to the right with increasing a(t) [in this case by
increasing the number of pulses (i) while holding k' and pulse shape fixed] while the
discrete solution is similar but drops off somewhat less sharply. Apparently, for any given
value of a(t) the populations of the small liposome sizes reach steady state very quickly,
the large liposomes are not yet populated and the transition region of j, which

corresponds to liposomes that are populated but not yet steady, is very thin.
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Conversion to a bar graph plotting number vs. diameter (d) to conform to the way
Frank and Fogelman [8] present their histograms introduces a geometric factor. Because j
is proportional to the liposome volume, if the liposomes are, say, spherical, then the
number with diameters d; < d < d, is the total number of liposomes comprised of j
monomers, where 4/3xmx(d1/2)® < jx4/3xnx(23/2) < 4/3xnx(d2/2)*, where a single LDL
particle has a diameter of 23 nm. Figure 11, which labels the abscissa with both d and j, is
a comparison of the Frank and Fogelman data with the best fit (by varying the value a(t),
i.e., k', for the fixed time t at which the rabbit was killed) discrete and continuous model
solutions. This curve corresponds to the 19 leak curve in Figure 10. Note that the ratio of
the sizes of the first two blocks is essentially not adjustable since the populations of all of
the liposomes of those sizes are steady. The height of the third block is determined by the
position of the curve in Figure 10 at which the step occurs, and one chooses this by
varying a(t) to fit the data. This optimum value of a(t) corresponding to 19 leaks is 220.5,
or k'=0.043 dLmg'h™'. Note that these models, particularly the continuous version, yield a
probably artificially sharp size cutoff as a result of the exponential character of the
solutions that follow from including only first order processes. Finally, Figure 12 shows
another shortcoming of these models: each successive LDL pulse leads to a larger increase
in total liposome mass than the previous one and will, in fact, alter the distribution. We
shall discuss models that can remedy this situation in MODIFIED MODELS.
Before moving on to model modifications, a word about k° is in order. From the
very clear freeze etching pictures of Frank and Fogelman (Figure 3 in Ref. 8), it is possible

to count the number of liposomes present and to estimate their number density in their
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Figure 3 as 3.5x10"/cm’. If this etching from the WHHL rabbit were representative of the
entire intima in that region of the rabbit's aorta, one could estimate k® from Equation 6a
and the parameters in LDL supply and Comparison with experimental histogram as 0.4
h™'. This value is almost definitely quite high, i.e., an upper bound, since the etching shown
was probably picked because it was particularly dense with liposomes compared with its
surroundings. A value a few times smaller than this, and much smaller than k'h in Figure
10 is consistent with binding being a rare event, even in the absence of the modifications

described in MODIFIED MODELS.

ITI. Modified models:

IIIA. Size-dependent growth: One way to correct for the sharp size-cutoff that the
simple models display might be to allow the growth constant k' of the liposomes to be
size dependent. Since the data are insufficient to justify most choices, the natural
presumption is that k' is proportional to the liposome's surface area, which goes as j** |
ie, k' ()= k' j**. Although one can solve the model with the above modification
explicitly, it is easy to see that the result cannot fit the WHHL data. The reason is that, as
before, at any given value of a(t), there will be a narrow transition between liposomes
whose concentrations are steady and those that are unpopulated. The number vs j curve,
instead of resembling a step function, will follow the steady curve (k%k'®)j*” until the
transition region, where it will quickly decay to zero. Plotting the result as a number vs d
bar graph involves essentially integrating this function over j between limits that are the

cubes of the diameters d, and d, corresponding to the edges of the bars. Since the
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integration of j** from d,’ to d,’ is equal to 3(d»-d,), the result is proportional to the
difference between the diameters at the opposite edges of the bar; it follows that the first
two bars will be of approximately equal size since they are of equal width. Thus, such a
model will give a worse fit to the WHHL data than do the section II models. This will be
true irrespective of a(t), as long as a(t) is large enough to place the transition region
beyond d=120 nm, a necessary condition to guarantee the existence of any large
liposomes.

IIIB. Crowding: As noted in Sized-dependent growth, the simple models allow an
unbounded growth in the total liposome mass, which is certainly not physically correct. On
the contrary, one would presume that the WHHL rabbits' intima had reached some sort of
steady state before monocyte entry. To correct for this, one can augment the simple
model with a standard crowding term. The model equations for the discrete case are just
those in Equations 2, with the right side of each multiplied by the factor [1-S(t)/K], where
S{t) is the total liposome mass and K is the total holding capacity. This factor slows the
rates of all of the reactions as S(t) approaches the K that, presumably, the WHHL rabbits
have essentially reached. As such, crowding should not affect the liposome size
distribution for a given S(t) at all, but because it slows the evolution of the latter, it also
slows the evolution of the former. One can see this mathematically by noting that if one
can come up with an explicit expression for the S(t) as a function of time, then the effect
of crowding is just to rescale time by dt --> (1-S(t)/K)dt; thus the analytic solutions M;(t)
or M(x,t) from the simple models above remain valid, with only the definition of a(t)

altered to a.(t) by this rescaling, where a.(t):=k'fo' L(s) [1-S(s)/K]ds.
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In fact, one can solve for S(t) explicitly. If N is the total number of liposomes, then

appropriately summing (as in Equation 5) the model Equations gives:

S

SE) = LK + BN O - 52 (8a,b)

I as()
i

dt

M =k°L[1-
di

Let a=(1+2Kk"/k%)"? B=ak’/(k'K); and y=(o+1)/(ct-1). The solutions for N(t) and S(t) are

0

o 1k
SO =N@+ -5 N0 )

k° kO 1 - e PO
N@) = —a,(t)= ———(1 +a) (10)
k! k' y + e 0

Note that both S(t) and N(t) now are bounded as t — o, with the total mass approaching
K and the number approaching (co-1)k%/k'. Figures 12 & 13 show the total liposome mass
and the liposome size distribution, respectively, as functions of the number of pulses for
the discrete model and the square pulse example discussed in LDL supply. They both
display the slow-down in growth as the system approaches its local capacity. Note that
because K itself controls the extent to which the step-like number-vs-size distribution
progresses to the right in the number-vs-j plot (Figure 13), one can fit the WHHL rabbit's
liposome size distribution to the same degree of accuracy as in the simple model just by
choosing K appropriately. As long as a(t) is large enough to ensure that the K is almost
reached, the fit will be almost completely insensitive to k' and L(t) which go into a(t); one
may choose them so as to satisfy any other constraints. K = 24,531 (also in units of K%k");
the value that gives the correct total mass for the WHHL rabbits is the value in Figures 12
& 13, and the value k'=0.148 dLmg'h™' used in Figures 12 and 13, or any larger number,

will ensure that the WHHL rabbits have reached steady state.
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ITIIC. Phagocytosis by macrophages: Liposome decay. Up to this point our models
do not consider any element of recovery of the intima when lumen LDL concentration is
reduced, i.e., total liposome mass is, thus far, non-decreasing with time, regardless of L(t).
Such a situation is unrealistic for a number of reasons. First, it is well known [26] that
infants can develop early plaques while on mother's milk and that these plaques quickly
disappear after the infants are weaned. Second, with the passage of time, the integrals
defining a(t), and a.(t) will increase monotonically (a.(t) in a bounded and a(t) in an
unbounded manner), even for normocholesteremic individuals. Because the models in
Simple nucleation-polymerization and Crowding provide a total liposome buildup solely
on the value of a(t), they would predict that normocholesteremic individuals would
develop the same liposome accumulation as hypercholesteremic individuals, albeit at the
later time required by the normocholesteremic individual to attain the required a(t) value;
conversely, at a fixed age, the normocholesteremic individual would have an existing
distribution of liposomes equivalent to a younger hypercholesteremic individual. This
certainly does not conform to experimental observation: Frank and Fogelman [8], for
example, found no visible liposomes in control rabbits. Thus, the models need a means for
cleaning up liposomes when LDL concentrations are reduced or when a chance small
liposome forms in a normocholesteremic individual. Such a depletion mechanism would
also have the effect of limiting the total growth of liposome mass without need for the

explicit crowding terms.
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In fact, such a mechanism exists, Simionescu ef al. [22] showed that blood borne
monocytes adhere to endothelial cells above intimal regions with a high LDL
accumulation. The monocytes enter the intima there, transform into macrophages [9] and
consume LDL by phagocytosis [22]. Because phagocytosis is a process in which an entire
liposome is ingested the decay rate will not depend on the size of the liposome.

We now choose the simplest type of recovery mechanism, a first order decay of
liposomes of each size, with a single rate constant ks for all liposome sizes, as a
phagocytotic process would dictate. The resulting model for, say, the continuous liposome
case becomes

-%/171 = (k" —k'MVYL - kM,

—k,M(x,1),( < x <o) (11)

M (x,1) kLo’IW(x t)
&

Again, the method of characteristics provides an analytic solution; the solution, however,
is no longer a function of a(t), the time integral of the coefficient of M, in Equation 2a, but

rather of M in Equation 11, namely, b(t) = [¢' (k'L(s) +kq)ds, viz.
. b(t) 5 K° ¢
M=~ O e db—k j o dsle’® = o BO[EW __k, j'o eVds]  (12a)
M@, O)=M(Q,t-t)e*" (t21), M(x,)=0,( <1?),(continuous) (12b)

(t)-— (3 b(()[J‘ b(1) odb—k J'.ds]n Hh(s)
(12¢)

== "’“)Z("J —k,) I J's' J. [e?¢Y — b (”S')]dsl ds,, (discrete)
i=0 J= 0 ]
where, as earlier, t' satisfies the equation x-1=a(t'). For L(t) a sequence of square pulses,

one can, as usual, carry out these integrations explicitly. If one divides the solution into

two parts, the "on" phase during a pulse and the "off" phase between pulses, it gives
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M(1,t-t)=M(1,t-t") and b(t)=ik'hw+k'h (t-iT)+kgt, iT< t < iT+w for "on" and M(1,t-t"
=M(1,iT+w-t") e *¢T  and b(D)=(+1)k'hw-+kqt, iT+w < t < (i+1)T for off. Here
M(1,t) is

t k° =b{t) ¢ ,b(t) 1
M(l,t)=k—€ {(:‘ —l—kdm
da

1

(13)

ol
klh " 1 itk ho+k,T)

[eb(t) 1+ eA ho (ede _ekdm)
d

I}

1 _ek'haude

We omit the explicit discrete liposome size solution for the square-pulse series L(t),
because it is cumbersome. Because the continuous- and discrete-liposome solutions are
quite similar, the discussion applies to both.

The novelty in the present model is that phagocytosis removes liposomes and this
leads to a dynamic variation in liposome numbers even during periods between LDL
pulses (see Figure 12). Thus, none of the liposome sizes maintains a strictly steady
concentration in response to a stream of LDL pulses. Rather, the smaller liposomes
achieve a steady concentration cycle forced by the repetitive, assumed identical pulses.
The full-cycle, time-average total liposome number and mass for this L(t) are (w/T)hk"/k,
and (W/T)hk/ka[ 1+hk'/k4], respectively. In particular, they are bounded. Also, a cessation
of high LDL pulses will result in a first order decay of liposome number (see Figure 12
between pulses).

Another manifestation of phagocytosis appears in the number vs. j plot after 5
months or 19 leaks (Figure 14) that, to the left of the transition region, follows a steady
curve that decreases in a step-wise fashion as one moves to the right. This behavior

derives from the alternate step supply of LDL followed by a pure phagocytosis decay
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phase. As in Figure 6, an initial pulse creates a step distribution which here slants
downward due to phagocytosis; it then decays (lowers slightly) almost uniformly during
the LDL off phase. The next LDL pulse and the traveling response nature of the solution
basically displace this slightly reduced step to the right while creating a new step identical
to the original one in its place. Subsequent pulses maintain this pattern.

Unfortunately, we do not know of data that would allow us to evaluate k4
accurately as yet. Phagocytosis should be slow enough to account for the WHHL rabbits'
liposome accumulation and be fast enough so as to more than balance the formation and
growth terms for normocholesteremic rabbits, basically decaying with high probability the
chance-formed liposome before the next overlapping leak occurs. However, this latter
restriction is hardly constraining. From the data of Huang er al. [12], one sees that the
blood LDL concentration of a normocholesteremic rabbit is less than 1/10 that of the
WHHL rabbits. Our simplest models in THE SIMPLEST MATHEMATICAL MODELS
(Equation 6b) that the total liposome mass after 1 or 2 leaks of the normocholesteremic
rabbit is on the order of 1% of that of the WHHL. Thus, even a modest decay between
leaks is sufficient to prevent the growth of the chance-formed liposomes in the
normocholesteremic rabbit. On the other hand, one also requires that the absence of LDL
supply during the off phases would not eliminate or degrade most of the liposomes in
hypercholesteremic rabbits. Thus, to get a rough upper bound for kg, suppose that, say,
40% or more of the liposomes present after a pulse survive until next pulse, then, because
the ratio of the liposome numbers at the end and the beginning of an LDL-free waiting

period of length 200 hrs is e *¥*°° > 0.4, one has kq < .005 hr''. A better estimate of kq
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follows by noting that phagocytosis could be the mechanism that limits the growth of the
liposome distribution and thereby could be responsible for the Floquet (i.e., average over
one input cycle)-steady limit of the liposome accumulation in the WHHL rabbits. From
Equations 12 and Figure 14, one can see that, for the step-pulse LDL supply and for the
Floquet-steady M; value (M,*), the steady part of the liposome number vs. j curve, i.e.,
the part that lies to the left of the transition region, decreases and satisfies M;%e™**
DTN M(x, t) <M P kDT kW) - Ay either bound, one can, by integration, calculate
the theoretical ratio of the first two bars in Frank and Fogelman's [8] WHHL rabbit data
(Figure 11) in terms of kg and set it equal to their experimental value of 2.35; one finds k4
=0.01 k'hw/T. One may then choose k' to adjust the position of the step in Figure 8a so
as to match the experimental result of the third bar. The corresponding floquet limit of the
ratio of the WHHL second to third data bars at infinite time is then 1.94, which compares
with Frank and Fogelman's value of 1.42. Figure 14 chooses its parameters (k,=.00097 h™',
k'=.078 dLmg™'h™") in this way and Figure 11 shows the comparison with the experiment.

IIID. Merging of liposomes: Whereas any of the above well-stirred models is
capable of accounting for the WHHL rabbit data, none (in their homogeneous intima
incarnation) can account for the cholesterol-fed normal rabbit data. The technical reason
for this is that, to keep the ratio of small-to-medium sized liposomes as high as in Figure
9b, or even simply greater than one, these models produce essentially zero large
liposomes, contrary to the data (see Figure 15, dash-dot curve and corresponding number
vs. j plot in Figure 10). Conversely, equating the number of medium and large liposomes

requires the ratio of the number of small to medium liposomes to be significantly <1.
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Whereas slight adjustments in the parameter values may slightly perturb the resulting
liposome distributions, these generic features derive from the model, irrespective of the

! Naively, one might seek to append steps to the mechanism

precise parameter values.
that alter the liposome size distribution without abandoning the homogeneous intima
framework. As noted earlier, the freeze etchings of Frank and Fogelman [8] seem to
suggest one possibility, the merging of liposomes of different sizes. This merging of any

pair of existing liposomes (M;+Mi —> M. j, k=1) leaves the equation for the total

liposome mass unchanged (Equation 5b) while skewing the distribution towards larger

liposomes.
For merging rate constant k,,, the equations for this model are:
damM , 1 il
_d_’z(k"—an)L—anl(M|+ZA/[,-) (14a)
f j=
LM arg estint egcr‘_.i

= ki L(M; -1~ M) — knMi(M + S M) +en S Moy - i j 22 (14b)
n=1

n=1

! One might suggest that the liposome distribution in Figure 9b is the result of pooling the data from two
rabbits that were fed for 16 days and one for 10 days. A simple calculation in terms of the continuous model belies
this conjecture. It is reasonable to presume that 16 days is short enough so that crowding and other effects are
negligible and the simple model (2)-(3) suffices. Let us approximate the solution in Figure 6 by a step function 1-
©(j-k'Lt) where © is the Heaviside function (@(x)=1 if x > 0, ©(x) = 0 if x < 0) and assume that the pooling
contains 1/3 data from the one 10 day fed rabbit and 2/3 from the two 16 day fed rabbits. The resulting histogram,
plotted as in Figure 10, would be 1 from 0 to some value (k'L)10, 2/3 from 10(k'L) to 16(k'L) and 0 beyond. In
order to fit Figure 9b, there must exist some large liposomes, i.e.. 16(k'L) > 142, or 10k'L > 89 > 28. The ratio of
the first to second box is then 28 / | (10k'L-28) + (142-10k'L) x 2/3 | for 10k'L<142 and 14/57 for 10k'L>142,
Neither can match the experimental valuc of 6 for this ratio in Fig. 9b for any positive value of k'L.
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The equation for the total number of liposomes involves the sum of M;’. The equation for
the evaluation of M;* leads to an infinite hierarchy of equations. Although one can
simplify these equations greatly with Z-transforms, we choose to show (Figure 14) the
numerical solution of the model equations for the first few hundred j values for parameters
chosen to favor a large ratio of small- to medium-size liposomes, in accordance with the
short-time feeding data. The lower curves in Figure 14 show that merging depletes the
small liposomes and gives the liposome distribution a large liposome tail. The magnitude
of km controls this effect. To mimic the cholesterol-fed rabbit data, i.e., to adjust the ratio
of small- to medium-size liposomes to the experimental ratio of 6, one would need a low
a(t), and to obtain large liposomes, a large k.. The dotted curve in Figure 14 % and the
corresponding dashed curves in 15 show that the number of large liposomes is still too
small. Increasing the k,, further raises the number of large liposomes at the expense of
lowering the number of small liposomes; it also introduces significant populations of
liposomes that are much larger than those observed in experiment. When these large kn,
values are run for 5 month old WHHL rabbits, the numbers of liposomes that are much
larger than those found by Frank and Fogelman [8] become very large, contrary to

experiment.

>That this curve should have a maximum is not immediately clear. At the conclusion of a pulse, the
distribution is indeed monotonically decreasing, resembling a step function that is slightly sloping downward and
having a tail. During the waiting period before the next pulse. the merging terms serve only to deplete the smallest
liposomes and, due to their low concentration. only to increase the values along the tail. On the other hand,
liposome sizes initially near the right edge of the step are both produced by the merging of smaller liposomes and
destroyed by their merging with other liposomes. So, even though their absolute numbers decrease during the
waiting period, they decrease slower than the numbers of smaller liposomes. This accounts for the maximum.
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IV. The 10-16 day cholesterol-fed rabbit: the non-homogeneous intima:

At this point, recall that the short feeding time in the experiments on normal rabbit
strongly suggests that one must account for the nonhomogeneity of the intima. In
particular, Frank and Fogelman [8] note that the intimas of these rabbits display localized
clusters of liposomes of varying sizes and, in addition, small individual liposomes outside
of these clusters. Moreover, the larger clusters appeared just beneath the endothelium.
From Huang et al. [12], the LDL concentration distribution about a leaky junction
achieves a steady state in the order of five minutes, and the experiments by Chuang ef al.
[7] show that the leakage lasts on the order of an hour. Moreover, this steady spatial LDL
distribution is relatively flat under the leaky cell and then, due to a dilution flow of water
through normal inter-endothelial clefts, decays fairly rapidly with distance from the leaky
cell's perimeter (Figure 6). That is, there is a small region of high LDL that is close to the
lumen concentration and a relatively larger region of lower LDL concentration. It is the
former, together with overlap regions from different leaks, that may account for the large
and medium-size liposomes, and it is the latter that may generate the abundant smaller
ones. In addition, there is suggestive evidence [11,21] (based on a total LDL balance) for
an additional slow uniform transendothelial LDL seepage that is superimposed on the
leak-based LDL supply. This seepage would tend mostly to increase the number of small
liposomes. On this point, Nievelstein e/ al. [19] note the presence of small liposomes of

the same size (23nm) as a single LDL particle (which they distinguish from free LDL by
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virtue of their extensive connections to matrix and collagen fibers) "dispersed throughout
the matrix" in addition to the larger liposome clusters.

The generic feasibility of such an idea to account for the data should be clear: one
could crudely model the high concentration regions as a variable-area fraction with
uniform a(t) values chosen to give equal numbers of medium and large liposomes; the low
concentration regions would simply have an a(t) value chosen to produce only small
liposomes; variation of the area fraction would yield an arbitrarily good fit of the data.
Below, however, we perform a computer simulation that is somewhat more realistic. We
choose a square corresponding to an area of intima (say 50 x 50 cells) that is large
compared with the extent of a single leak. Then we subject this area to leaks that occur as
a Poisson process (in time of occurrence and in duration) at random locations in the
square with periodic boundary conditions. The spatial and temporal frequencies of the
leaks (the means of the distributions) conform to experimental observation.

We started with a liposome-free intima and allowed the leaks to temporally
generate liposomes and a local liposome size distribution at each site on the 50x50 grid.
For each leak, we need a precise steady LDL concentration profile as a function of the
distance r from the center of the leak. Figure 6 shows one of the predicted profiles of
Huang et al. [12] (with r normalized by the radius R of an endothelial cell) for the LDL
distribution around a cellular level leakage site. Because the present results show that the
liposome size distribution is sensitive to the precise nature of the concentration profile
used, we preferred here to use the enlargements of the autoradiographs kindly provided by

G. Truskey's group. These autoradiographs provide a detail distribution of radioactive
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LDL particles near a leakage site obtained from Héutchen preparation (Figure 5D in Ref.
30 and Figure 9B in Ref. 16). A manual counting of the dots as a function of distance r in
photographically enlarged reproductions of these two autoradiograms yields the other two
curves in Figure 6 (Truskey's group has sent us a number of such photos and the profiles
in Figure 3 are representative of them.) At each grid point within the square, we calculated
the distance from the leak and from its periodic images in the neighbouring 50x50 cell
squares and thus the L(t) there. From the L(t), one then updates the a(t)/k' values at that
grid point due to the present leak. Using the liposome models developed above, we
calculated how this leak changes the local distribution of the different-size liposomes at
each grid point at each time step. To keep the calculation tractable and because the
feeding experiments being modeled are short-term, we employ the basic model in Simple
nucleation-polymerization with the same parameters and neglect any crowding, merging,
or decay. Moreover, we approximated the solution in Fig. 4 by a step function (in number
vs. j plots) which travels to the right with speed k'L(t); thus, each leak simply moves the
local histogram to the right by an amount [Aa(t)] for the L(t) at that location due to that
leak. Finally, at the end of the number of leaks corresponding to 10-16 days, we sum up
the local distributions to get an overall histogram to compare with the cholesterol fed
rabbit data. Figure 9 shows the results both with and without a superimposed uniform
seepage. As one can see, the spatial dependence even without the uniform seepage is a
major improvement over the uniform intimal models. It gives a population of large
liposomes comparable to the population of medium-size ones while allowing the

population of small liposomes to be larger than either of these, and it does not generate
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exceedingly large liposomes. The fit becomes much better simply by superimposing an
adjustable slow, uniform leakage [the rate of seepage is the product of a seepage constant
(ks) times the lumens LDL concentration] onto the model, with k,=0.003 (see Figure 16).
Both of these fits are closest to the data for a blood LDL concentration of 730 mgdL™,
which is in the range given in LDL supply. Perhaps a more clever choice of parameters
could lead to an even better fit without reliance on seepage, but we chose to retain the k'
value from the WHHL fit. Finally, at long times (~5 months) and WHHL blood cholesterol

concentrations, this model, with the same parameters, reduces to the WHHL histogram

(see dotted curve in Figure 11).

V. Summary and Conclusions:

Frank and Fogelman [8] observed an accumulation‘ of extracellular lipid liposomes
in the arterial intimas of both WHHL and normal, 10- to 16-day cholesterol-fed rabbits.
The liposome size distributions in these two types of rabbits differ significantly, with the
liposomes in the former being mostly medium and large in size. In contrast, the
normocholesteremic rabbits have an overwhelming majority of small liposomes and almost
equal numbers of medium and large liposomes. It is worth noting here that these data
derive from a small area of aorta from a small number of specimens (2 WHHL rabbits and
3 cholesterol-fed rabbits). Frank and Fogelman constructed these histograms based on
measurements of 130 and 100 liposomes for the WHHL and cholesterol fed rabbits,
respectively. These came from examining ten different micrographs from ten different

areas of intima per animal. Their implication (J. S. Frank and A. M. Fogelman, personal
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communication) is that the WHHL distribution is representative of these animals because
the cell-free, liposome-rich regions were plentiful and similar to each other. Of course, the
small number of animals suggests that the absolute magnitude of the populations in the
two histograms may not be accurate for a larger sample. However, the difference in the
shapes of the profiles is so striking and the numbers of intimal areas examined and
liposomes counted are sufficiently large that the trends appear general and compelling. We
construct a hierarchy of nucleation-polymerization type models, almost all of which admit
exact analytical solutions; even the simplest of these explains the WHHL data extremely
well with only a single adjustable parameter. In addition to the nucleation and
polymerization of liposomes, these models can include liposome decay, crowding and
merging as well as a polymerization rate constant that depends on liposome size.

None of these models alone, however, can adequately account for the
cholesterol-fed normal rabbit data. We argue that the reason lies in the difference between
the cholesterol histories of the intimas of the two types of rabbits. In the WHHL rabbits
which have long been hypercholesteremic, the intima is homogeneous because each region
has witnessed numerous leaks. In contrast, after short periods of cholesterol feeding, the
normal rabbits' intimas are highly heterogeneous, with regions that happened to have been
near the center of a leakage spot having large- and medium-size liposomes and regions on
the periphery of a spot exhibiting only small liposomes. With this view and the leakage
spot's LDL concentration as a function of position taken from measured data [16, 30], one
can account for the normal rabbit data quite well while employing the same intrinsic

model parameter (k') as in the WHHL rabbit case. As a result, the sharp difference
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between the liposome histograms for the two populations of rabbits argues for localized
intimal cholesterol leaks as being the mechanism for the formation of the large and

medium size liposomes in cholesterol-fed rabbits.
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Figure legends:

Figure 1. Low density lipoprotein cholesterol (LDL) consists of cholesterol, cholesterol
ester, apoprotein B and a hydrophilic coat that makes this package blood soluble. It is a major
cholesterol carrier in the bloodstream. Its principal function is to deliver cholesterol to body
cells, which utilizes cholesterol to build cell and organelle membranes and, in the case of

hormonal secreting cells, as a chemical raw material for the production of hormones [33,34].

Figure 2. The inner convex region of the aortic arch of a hyperlipidemic rabbit after 2
weeks of high cholesterol diet. The intima contains extracellular liposome-like vesicles(el)
associated especially with microfibrils(mf), elastic bundles(eb), and internal elastica(ie). The
extracelluar liposomes(el) are found beneath the endothelium(e). |1 and m represent lumen and

smooth muscle cell of the media; ¢ represents collagen.(x28,000)

Figure 3. Summation of the processes of plasma low density lipoprotein (LDL) entering
the subendothelial space and being oxidized, and the consequent formation of foam cell.
These processes seem to contribute to early arterial plaque (lipid and connective tissue such
as sulfated glycosaminoglycans, collagen and fibrin are the primary components of

atherosclerotic plaques [47]) formation which may lead to endothelial injury [47].

Figure 4. The association of an EBA leaky spot with a dividing endothelial cell (arrow)

in the telophase. Fluorescence photomicrograph of an en face preparation of aortic
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endothelium stained with hematoxylin. Bar=20 um [14,15].

Figure 5. A convective-diffusive model of transendothelial transport flow of water and
large molecules such as LDL by Huang et al.[12]. The model assumes that the inter-cell
junctions around the rare endothelial cell that is in mitosis or that is during allow a solute-
bearing convective flow from the lumen into the intima. The convection spreads mainly
parallel to the internal elastic lamina and is diluted by a water flow that is free of large solutes
across the normal inter-cell junctions into the intima. This model accounts for the
experimentally observed [5] tracer spot size growth very well and provides the concentration

as a function of distance from the leaky cell in the intimal region.

Figure 6. LDL concentration in the intima as a function of distance from the center of
a cell whose perimeter leaks. Curves obtained from Truskey et al. ’s [30] experimental data
by counting the dots in concentric annular shells and from Huang et al. s [12] theoretical
prediction data. This non-uniform concentration is normalized by the plasma LDL

concentration.

Figure 7. The fracture images for the cholesterol fed rabbits show clusters of liposomes

close to the endothelial side of the intima, surrounded by virtually liposome-free areas (From

Frank & Fogelman [8]).

Figure 8. After 21 days cholesterol feeding, there are numerous packets of aggregated lipid
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particles in the A-V valves. These lipid particles with different sizes were enmeshed in the

extracellular matrix microfibrils.

Figure 9 a,b. Bar Graph shows liposome size distribution in WHHL and cholesterol-fed

rabbits. (From Frank & Fogelman [8] ).

Figure 10. Section II's model predictions for the liposome size distribution after different
number of leaks. Both liposome monomer number j and the corresponding diameter are
shown on the absissa. Solid and dashed curves represent continuous and discrete models for
WHHL rabbits, respectively, with the parameters: T=8 days, w=1hr, k'=.043 (dLmg'hr™),
and uniform LDL concentration h= 270 (mgdL™). Dot-dashed curve represents 16 days of
feeding for NZW rabbits the same k' as above. Matching to the given liposomes number
distribution [8], one can obtain h=394 (mgdL™), or a lumen LDL concentration of 730

mg/dL.

Figure 11. A comparison of the Frank and Fogelman's [8] data (solid curve) with the best fit
solutions of the Section II's model. Long dashed curve is for both the discrete and continuous
models with k'=.043 (dLmg'hr™"), h=270 (mgdL™), T=8 days, w=1 hr, t=5 months, which
gives a(t)=220.5. Short dashed curve is for the simple models above with phagocytosis:
ks=.00097 hr'!, k'=.078 (dL mg™' hr'"). Dotted curve is for non-homogeneous model with 5
months of cholesterol feeding; all parameters are the same as in the long dashed curve except

that the blood cholesterol level 500 mg dL™, corresponding to h=270 mgdL™".
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Figure 12. The time evolution of the total liposome mass in response to five identical square
impulses. The comparison is between the initial model and models modified that include
phagocytosis and crowding effects. The solid, dotted, and dashed curves represent the initial
model, the initial model with phagocytosis, and the initial model with crowding, respectively.
In the initial model, k'=.043 (dLmg™hr"), h=270 (mgdL™"), w=1 hr-1, T=8 days, t=5 months.
When the model includes phagocytosis, k'=.078(dLmg'hr") and ks=.00097 hr’. When it

includes crowding, k'=.148 (dLmg™ hr'') and K=24,531.

Figure 13. Liposome size distribution for different numbers of pulses for the discrete model
modified with crowding. The holding capacity K for crowding is K=24,53 1, which is the total
liposome mass divided by (k%k"); thus K turns out to be dimensionless. k'=.148 (dLmg™ hr).
All the cholesterol supply parameters are the same as in Fig. 10 and correspond to the WHHL

rabbits.

Figure 14. Liposome size distribution for models that include phagocytosis (5 months at
WHHL rabbit's cholesterol levels, ks=.00097 hr'') or merging (10 days cholesterol-feeding
and 5 months at WHEHL rabbit's cholesterol levels for values of ky, listed on the graph. All
merging curves use k'=.03 dLmg'hr and the same LDL supply parameters as previous

curves).

Figure 15. A comparison of the simple and modified models with Frank & Fogelman's

experimental liposome size distribution for cholesterol-fed NZW rabbits. The initial models
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with k'=.043 (dLmg™ hr") and h=394 (mgdL™") produce no large liposomes with diameters
d > 120nm. In the model modified with merging with k'=.03 (dLmg'hr"), k,=.005 hr’

produce larger liposomes with diameters d > 397nm, contrary to experimental observation.

Figure 16. Histogram shows liposome size distribution for the cholesterol-fed rabbit data and
the computer simulation of liposome formation and growth, both with and without seepage.
All model parameters are the same as in the initial models except that we take the time t=10

days and h=453 mgdL’ correspond to the short time cholesterol feeding experiments.
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Part three  Liposome formation and growth in heart valves

VL. Introduction

Background: As noted in Chapter I, atherosclerosis is a disease mainly of the large
arteries. The prelesion events of atherosclerosis include the lipid transport across the
endothelium and accumulation in the arterial intima, followed by monocyte migration from
the blood into the arterial intima, their transformation into macrophages, smooth muscle
cell proliferation and progression of these two cell types to foam cells [48, 55, 56].

Does atherosclerosis occur in other vessels? The pulmonary artery only is
susceptible to atherosclerosis in hypertensive patients [91]. Walton ez al. [44] has found
that cardiac and A/V valve leaflets also showed the evidence of lipid accumulation and
Iesion formation similar to that commonly associated with atherosclerosis. Under normal
conditions, atherosclerosis does not occur in veins. On the other hand, lipid accumulation
also appears in veins grafted into arteries as in coronary artery bypass procedures
[85,86,87]. Boerboom ef al. [85] has studied the cholesterol and apolipoprotein-B
accumulation by grafts from animal models of graft atherogenesis. They found that
distention pressure, i.e., chronic exposure of a venous graft to arterial pressure (which is
much higher than native venous pressure), is a primary factor for vein bypass graft
degeneration.

Van Beusekom ef al. [86] studied the vascular wall of saphenous vein

aortocoronary bypass grafts after the implantation of a wall stent. They examined the
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grafts by light microscopy, immunocytochemistry and both scanning and transmission

electron microscopy. They found that a large amount of platelets and leukocytes began
surrounding the stent wires several days after the implantation. After 3 months, the wires
were layered by a new intima, which contained smooth muscle cells in a collagen;)us
matrix. After 6 months, extracellular lipids and cholesterol crystals appeared in the stent
wires. In order to confirm lipid concentration is a factor of the atherosclerosis disease in
coronary disease. Gotto [87] performed clinical trials by reducing the lipid concentration,
and the result showed that lowering lipid reduces coronary disease's risk.

Clearly, lipid can accumulate in locations other than in the large arteries, and the
vessel type and the conditions to which it is exposed seem to play important roles in
determining the vessel’s susceptibility to atherosclerosis. We would like to understand
why lipid accumulates in some areas but not in others. Qur working hypothesis is: If one
can understand how vessel wall structure and pressure conditions affect the mechanical
processes by which water and lipoprotein cholesterol are delivered to the interior of vessel
walls and by which they accumulate there, then the resulting accumulation differences
might shed light on the different observed susceptibilities.

Here we focus on such differences between arteries and valves. We leave the study
of other vessels such as veins and vein grafts to future work. At this point we simply
concern ourselves with the more restricted question, are the mechanisms of transport and
accumulation in the valve and the artery the same, modulo the differences in geometry?
The most recent theoretical studies on water and lipid transport in arteries and in valves,

each with experimental underpinnings, are Huang ez al. [12], and Tompkins e7 al. [43],
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respectively. Huang ef al. [12] demonstrated that lipid transport in arteries is convection

dominated. Tompkins ef al. [43] only considered one-dimensional diffusional transport
without convection in their theoretical model. But, as we shall see, their model cannot
account for all of their experimental observations. Therefore, we need to see if the
postulated mechanism/principles in arteries, which are in fact convection-dominated, are
also consistent with the valve data. These data include Tompkins e al.’s [43] trans-leaflet
macromolecular concentration profiles. In addition, Frank has generously provided us with
numerous freeze-etchings of valves taken from cholesterol-fed rabbits. Below we measure
the liposomes in these freeze-etchings and compile a histogram of liposome sizes to
compare with predictions of the new two-dimensional, convective-diffusive/ liposome
formation and growth theory that we develop below.

Literature Review: Valves such as the aortic and the A/V valves are comprised of
three leaflets that can close to obstruct or open to allow flow. During the ventricular
systolic period when the pressure in ventricularis is higher than that in arteries, the aortic
valve is open and blood is pumped from the ventricularis through it to arteries. During the
ventricular diastolic period, the pressure in ventricularis is lower than that in arteries, and
the aortic valve is closed to avoid blood back flow.

In 1931, Gross ef al. [62] mapped out the topographic anatomy and histology of
valves. They found that the aortic valve is attached to the aortic wall at the annulus
fibrosis. The leaflet of the aortic valve consists of two opposing layers of endothelium and
an interposed collagen matrix. The surface that is close to ventricularis is called the

downstream aspect of the leaflet, and the other, which is close to arteries. is called the
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upstream aspect. The downstream ventricular face sees a relatively low average pressure

while the upstream aortic face is exposed to a relatively high average pressure. The
.nterposed collagen matrix is a backbone of connective tissue with a dense collagenous
layer (fibrosa) on the (aortic) face that is exposed to high pressure, and a loose layer
(spongiosa) on the (ventricular) face that is exposed to low pressure, with no IEL layer
between them. Elastic elements are rare. See figure 20.

In contrast, the subendothelial arterial intima, which abuts only one endothelium,
has a sparse matrix structure [8,12,18] that consists of collagen fibers, elastin, microfibrils,
proteoglycans that is separated form the media by an internal elastic lamina. Although it
shares constituents with the valve, the normal aortic intima is significantly thinner
(0.5~1.0um rabbit, 0.1~0.5um rat [12]) than valve leaflets (~100um [43]). Obviously
then, both the geometry and the structure of the arterial intima and the valve leaflets are
different; consequently, one expects the flow and molecular transport patterns to differ as
well.

In 1972, Rasche ef al. [63] performed in vivo transport studies and showed that
heart valvular endothelium is more permeable to macromolecules, i.e.. albumin and HRP.
etc., compared with the arteries. In 1989, Tompkins ef al. [43] measured LDL and
albumin concentrations profiles across the valves using quantitative autoradiography. They
theoretically analyzed the macromolecular transport across the valves using a one-
dimensional diffusion model without convection and with permeabilities for each

endothelium that were fit by comparing the model with the data. The model assumed
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uniform properties across the valve. Tompkins ef al. [43] also calculated that endothelial

permeability to LDL is much higher in valves than in the aorta in rabbits but that lesions in
valves appear slightly later than those in the arteries [40]. Their three parameter model fit
the data well in each region they examined, but showed significant parameter variation,
and indeed significant transport variation, both between different leaflets and even
between different regions of an individual valve leaflet. Clearly a one dimensional model
cannot account for this variation in the direction normal to the overall transport, and one
must study the detailed trans-endothelial transport mechanism across the endothelia to
describe it. We shall experimentally investigate if endothelial leakage in valves is uniform
or, as appears to be the case in the artery, is localized to isolated, leaky cells. We shall
then look to see if the transport through the interposed region is purely diffusive or
convective / diffusive in character; and if the interposed region behaves like a uniform
medium due to the absence of an internal elastic laminar or if it shows evidence of having
layers with significantly different properties.

Liposome formation and growth in valves: Since valve leaflets are essentially all
intima, they are much easier to study than arteries. It is easy to isolate an intact valve for
in vitro preparations following lipid feeding and there is therefore much more data on lipid
deposition and liposome size distribution in valves than in arteries (see figures 18 and 19).
In early 1970, Walton et al. [44], using an immuno-fluorescence technique, found there
are lipid packets in the pre-stage of valvular lesion. In 1977, Zahor and Czabanova [42]
showed that heart valves in rat frequently accumulate lipids within proliferated

extracellular matrix. The topography of the valves shows that early in a 6 month
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cholesterol diet, most of the rat’s lipid streaks and lipid spots occur on the ventricular

surface of the mitral valve and on the aortic surface near the region of attachment of the
aortic valves. Later the lesions grow thicker.

In 1987, Simionescu and coworkers found [41] that atherosclerotic lesions can
form in heart valve leaflets and alter their normal functions. They studied the initiation and
development of valvular ultrastructural changes in cholesterol-fed rabbits and found that
extracellular lipid deposition in heart valves is a very early event in atherogenesis. It can
occur even during the pre-lesional period, with extracellular liposomes appearing within
two weeks after the rabbit begins a high cholesterol diet. The numerous extracellular lipid
liposomes of various sizes that form in the hyperplastic basal lamina of the valves are
similar to those found in early atherosclerotic lesions in the aortic intima. After the second
week of the high cholesterol diet, monocytes begin to adhere to and migrate through the
endothelium covering the fibrosa region of the valve (see Figure 17). They then migrate
through the fibrosa which contains numerous interstitial cells. At about eight weeks into
the new diet, interstitial cells progressively accumulate lipid deposits. Consequently, after
a long period of this diet, most of the interstitial cells become foam cells and become part
of an advanced lesion (24 weeks in hamsters and 12 weeks in rabbits). At this point the
marked deformations of the valvular leaflet begins to affect normal valve function. Finally,
Frank [40] found that lipid accumulation in extracellular lipid liposomes is much faster in
valves than in arteries and that these liposomes are associated with collagen strands within
the extracellular matrix (see figure 8).

The first attempt to model the formation of extracellular lipid liposomes in the
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arterial intima was presented in the first half of this thesis. It consisted of a hierarchy of

locally well-stirred kinetic models of the nucleation/polymerization type which easily
explained the observed liposome sizz distribution in genetically hypercholesteremic
(WHHL) rabbits. With coupling to either Truskey ef al.’s experimental or Huang et al.’s
theoretical curves for the intimal LDL inhomogeneity, it also explained the histograms
deriving from the short term feeding experiments.

What'’s to come?: Our goals here are to explore the differences in water and
macromolecular transport as well as in extracellular lipid accumulation between valves and
arteries. Below, as in the paper [61], we focus exclusively on the first stages of the
atherosclerotic process, those of lipid transport and accumulation in the form of
extracellular liposomes in cardiac valves. We begin by presenting experiments that
characterize the qualitative aspects of this transport, which serve as prerequisites for
constructing a sensible model. We show that HRP molecular transport across the valve
endothelium is localized to isolated leakage sites associated with individual endothelial
cells and that the transport in valves shows a surprising transport pattern in the interposed
region. The size of valvular endothelial cell and leakage frequency have been measured by
our experiments. Based on these experiments and observations, we shall propose a new
water and macromolecular transport model to study LDL convective and diffusive
transport in valves. This new model will confirm that convection is dominant near cell
leakage sites, as in large arteries. We then combine the new transport model with our
liposome model [61] to explain liposome formation and growth in the valves and compare

with Frank's experimental results.
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VII. Experiments on transport in valve leaflets

A. Questions and objectives

i

As we discussed earlier, the geometry and thus the convective/diffusive pattern in
heart valves is completely different from that in arteries. Thus it is necessary to develop a
new permeability/filtration model for the valve and to measure the corresponding
parameters. The resulting theory, combined with the liposome formation and growth
models of Chapters II will yield a theory for the liposome distribution in the valves of
rabbits exposed to high serum cholesterol for short and for long times, in analogy with the

artery wall theory.

Before we start our theoretical modeling, we need to know answers to the
following questions:

1). Do macromolecules such as HRP or LDL cross the valve endothelia uniformly
or are there isolated leaks? In the former case, a one-dimensional model, with variation of
the dependent variables in the direction normal to the endothelia, would be an appropriate
model. In the latter case, even assuming azymuthal symmetry, one would need at least a
two-dimensional model, including one independent variable parallel to the endothelium.

2). Is macromolecular transport diffusion or convection dominated? In the former
case, one would only need a diffusion equation for the tracer motion, whereas in the latter,
a convective-diffusion equation would be necessary. Moreover, if trans-endothelial
transport is localized, then the former would result in a spot that would grow continuously

in time, whereas in the latter case, one would expect the existence of a limiting size, and
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this limit would be achieved rather rapidly.

3). Is the assumption that the interposed region between the two endothelial layers
is a uniform medium with uniform, isotropic properties a good o1.2? Whether or not this
assumption is reasonable will greatly influence the transport pattern. If yes, then transport
will mainly be in the direction normal to the endothelia (the “vertical” direction). If trans-
endothelial transport turns out to be localized, one would expect a horizontal spread of a
short-time macromolecular tracer away from its point of entry that was comparable to its
vertical spread. In addition, one would expect a gradual variation in tracer concentration
with distance from the endothelium. These features are quite different from the situation in
the artery wall. On the other hand, if the answer is no, and if there are layers with different
properties, then one might find a very different spot size spread and depth profile.

4). Are the endothelia on both sides of the valve permeable to macromolecules? If
so, are they equal? The permeabilities of these layers control the entrance and exit of
macromolecules such as LDL into and out of the valve leaflet. As such, if macromolecules
can enter, they must also have the possibility to leave. It stands to reason that either both
or neither surface will be permeable. These permeabilities will determine the
macromolecular diffusion and convection across the endothelial cell layers, which appear
in the boundary of our theoretical models. In the preliminary work that we present in this
thesis, we shall assume, after showing experimental evidence that the trans-endothelial
transport is localized, that the two sides are permeable and that their characteristics, i.e.,

leakage duration, resemble those of the artery wall.

5). Is this true that macromolecular transport across the endothelial cells is co-
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localized with leakage sites? This is critical to our modeling. It links the transport supply

of LDL to the formation and growth of liposomes. If the answer is yes, after LDL enters
the intima, the majority of it transports out of the valve leaflet, but a small fracticn binds to
extracellular matrix and forms liposomes. We shall work under the assumption that this is
true. We shall then test it by seeing if the combined transport and reaction model, using
the liposome formation and growth models from the artery wall with the same parameter
values, can predict the liposome size distributions which we shall extract from the
unpublished data provided us by J. Frank.

In order to explore the questions above, we performed the following experiments:
Chuang et al. [7] and Stemmerman ef al. [38] used HRP as a tracer to identify leakage
sites in the study of the macromolecular transport across arterial endothelia in rats.
Therefore, we performed the experiments in valves using the same technique. The reason
for using HRP tracer is that it is much easier to obtain, to work with and is much cheaper
than labeled LDL. If HRP transport is localized, then LDL transport is most likely
localized as well since macromolecule LDL is larger (a factor of three in diameter) than
HRP. On the other hand, if it is not localized, then we can conclude nothing about the
larger molecule’s transport. Thus, to address question 1, we injected HRP into a rat for a
very short circulation time (one minute) and looked at the valve leaflets en face with light
microscopy to see if the HRP infiltration into the wall was uniform or localized in isolated
spots. In addition, we looked to see if the infiltration occurred on one or both sides of the
valve leaflet (question 4). Should the results show localized leakage, we would then repeat

this experiment for various lengths of time to get an idea of the spot spread with time.
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To address question 2, A. Huang, our collaborator from the Institute of

Biomedical Science of the Academia Sinica in Taipei, injected a rat with HRP tracer for a
circulation time of four minutes. She then examined transverse sections under the
electronic microscope and observed the transendothelial HRP profile. Finally, Frank and
coworkers did rapid freezing/rotary shadow etching studies of rabbit valve leaflets for
rabbits on a high cholesterol diet for various lengths of time. Below we shall review in

detail the experimental procedures used in each of these experiments.

B. Experimental Methods

B.1 Huang’s experimental methods. Huang [67], from the Institute for Biomedical
Science of the Academia Sinica in Taiwan, used Sprague-Dawley rats (about 300 gm) for
her experiments. She anaesthetized the rats with pentobarbital (30 mg/kg intra-
peritoneally). She dissected and cannulated the right femoral artery and the left femoral
vein with needle catheters. Then HRP (Sigma Type II dissolved in 0.5 ml of saline and at a
dosage level of 10 mg/100gm body weight) was injected into the femoral vein of the rat.
After 4 minutes, the rat was sacrificed by an overdose of pentobarbital and circulation was
terminated. In order to prevent blood coagulation, ten seconds before the termination of
each circulation period, 0.2 ml of heparin (5000 USP units/ml; China Chemical &
Pharmaceutical, Taipei, Republic of China) was injected through the femoral vein. A
catheter was placed in the carotid artery and connected to a pressure reservoir in order to
keep a physiologic pressure of 100 mm Hg during the perfusion. The perfusion with a

heparinized saline solution continued until clear fluid flowed from the egress site. The
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perfusion took about 10 seconds. Then the perfusate was switched to 60 ml of 2%

glutaraldehyde for preliminary fixation. The valves were then cut from the heart. She
pinned the cone-shaped valve onto a dental wax plate with the endothelial cell layers
parallel to the wax plate and then incubated them for 1 hour at 37° C in 30 ml of the
reaction solution (0.05M Tris-HCL buffer, pH 7.4, containing 45 mg of 3.3' -
diaminobenzidine tetrahydrochloride and 20 pl of 30% H>0,).

The valvular specimens were then processed for electron microscopic examination.
Huang dissected them into small pieces, further fixed them in a 2% glutaraldehyde solution
(in 0.1M sodium caco-dylate buffer, pH 7.4) for 30 minutes, and then used Karnovsky's
method (66) for contrast enhancement with a mixture of 15 tannic acid and 1.5%
potassium ferrocyanate (in 0.1 M sodium cacodylate buffer, pH 7.4) for 1 hour. Next.
after rinsing the specimens, she postfixed them in 1 % osmium tetroxide (in 0.1 M sodium
cacodylate buffer, pH 7.4) for 90 minutes. Then, the specimens were washed with distilled
water, stained with 2% aqueous solution of uranyl acetate at 60° C for 15 hours,
dehydrated in a graded series of ethanol, infiltrated by propylene oxide and embedded in
Epon 812. Finally, the specimens were properly oriented during embedding so as to be cut
perpendicularly to the long axis of the vessel. Ribbons of such ultra-thin sections with the
reflection color of silver or pale gold were cut with a diamond knife on an ultramicrotome
(Reichert-Jung, Vienna , Austria) and collected on Formvar-coated single-slot grids
without post-staining. As a result, more than one specimen blocks was examined in the

JEM 1200EX electron microscope (JEOL, Tokyo, Japan) for each set of injections. The
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concentration distribution of HRP was observed in the inter-endothelial cleft with a

densitometer (IRIS video-digitizer, Boulder, Colorado).

B.2 Yin's experimental methods. We used Sprague-Dawley rats for our
experiments. We weighed the rats (about 300mg) and then anesthetized them according to
their weight using 5% chloral hydrate (3~5 ml / per rat 300 ~ 500 g weight). We then
removed the hair near the region of the right femoral vein.

After the rat was ready, we prepared a 3,3'-diaminobenzidine (DAB) (from Sigma
Chemical Company) solution as follows: We began by making a 03M Tris
[hydroxymethyl] aminomethane (from Sigma Chemical Company) solution and adding 5
ml of this Tris solution to a 50 ml container with 25 ml H,O. Next, we gently added
0.045gm of DAB to the previous solution and stirred until completely dissolved. Finally,
we added 20 micro-liter of 30% Hydrogen peroxide (H>O,) and adjusted the pH of the
solution to 7.0 with a 1.0 mI/LL HCL solution.

The next step was the valve dissection. We cannulated the right femoral vein and
injected 0.2 ml of heparin prior to a slow injection of 4 ml of HRP into the right femoral
vein. After circulation times of either 20 seconds, 1 minute, 2 minutes or 4 minutes, we
sacrificed the rats with an overdose of pentobarbital intravenously and opened the heart
immediately. The heart was perfused first at room temperature with a heparinized saline
solution (PBS), then the perfusate was switched to 10% formaldehyde and allowed to
flow over night. Finally, we carefully dissected out the aortic valves under a micro-
dissection apparatus and washed completely with PBS solution.

The final steps were the staining and subsequent microscopic examination. We first
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tested the staining time and found that the optimal time for staining for valve endothelial

cells with Harris' Hematoxylin (from Sigma Chemical Company) was about 45 seconds.
We then stained these valve samples accordingly, immediately flushed them with PBS
solution for three times (10 minutes each time) and mounted them onto a glass slide and
cover-slipped for microscopic examination. The pictures were taken under the microscope
and printed out.

B.3 Frank et al's experimental methods. Frank et al. [40] performed an ultra-
rapid freezing and rotary shadow freeze-etching technique that provided a clear picture of
liposomes of various sizes in rabbit aortic valves. It was from these pictures that we
measure the detailed valve matrix structure for the transport theory and the liposome size
distribution to test the combined transport/liposome accumulation model below. For the
sake of completeness, we reproduce their experimental methods section below.

Freeze Fracture Experiments: New Zealand White rabbits were maintained on a
high cholesterol chow diet for a certain number of days (i.e., 29 days). The rabbit was
killed by an overdose of pentobarbital. The heart was removed immediately and put into a
dissection dish with oxygenated physiological Hanks' Trizma maleate buffer (mmol/L:
NaCl 133, KCL 3.6 CaCl;'2H,0 1.0, Trizma maleate 5.0, dextrose 16, pH 7.25, 27°C).
The aortic valves were dissected from the left ventricle. The valves were incubated either
with 25um/mL LDL-gold conjugated in PBS/NaHCO; buffer supplemented with
4.5mg/mL freshly thawed human lipoprotein-deficient serum for 4 hours or with

300pug/mL LDL for 2 hours in a 5% CO; incubator. Then, oxygenated buffer was used to
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rinse the valves. Tissue pieces were cut from the valves for ultra-rapidly freeze etching.

Each frozen piece of valve was fractured very superficially (about 10um) to insure
that the fracture plane was within the area of good freezing. Fracturing was performed at -
150°C and a vacuum of 1x107 mm Hg. During the deep etching period, the specimens
were maintained at -110°C for 3 minutes, followed by 3 minutes at -100°C and 2 minutes
at -95°C. The fractured and etched surface of the specimen was rotary replicated. It was
then digested from the replica with household bleach, rinsed in distilled water, and put
onto Formvar-coated grids.

C. Experimental Results

This section presents experimental results found by A. Huang and Y. Yin together
with the questions that motivated them. These results will be the foundation of our new
theoretical models that will adequately explain macromolecular transport and liposome
formation and growth in valves.

C.1. Yin’s Experiment. Let us begin with the measurement of the average
endothelial cell radius, the length scale by which we will be non-dimensionalizing our
models. Figure 23 shows an en face view of the rat valve endothelium for a rat that was
sacrificed after 30 seconds of HRP circulation. The black spots are Harris' Hematoxylin
staining products for endothelial cells, which represent the nuclei of the endothelial cells.
The brown areas are the HRP tracer’s DAB reaction products. Since the endothelial cell
mono-layer tiles the surface of the valve (approximately 1 mm 2), one can estimate the

average area per endothelial cell area from this picture as the total area of the picture
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divided by the total number of nucleus spots. If one assumes that each endothelial cell is

roughly circular (even though circles do not tile the plane), the effective radius (R;) of the
endothelial cell in our experiments becomes about 11.71pum, which is similar in size to that
(15um) in arteries.

Recall that our first question that requires experimental investigation were whether
macromolecular leakage across the valve endothelium is uniform or localized to the inter-
endothelial cell junctions around isolated endothelial cells. In the case that the transport
turns out to be localized in this way, it would be usefiil to see how the spot generated by a
tracer traversing such an isolated leak grows with time. Such a measurement would shed
light on potential faults in our assumptions as to the detailed structure of the valve and, at
the same time, provide a valuable quantitative test for our transport models to reproduce.

Again we appeal to the en face view of a rat endothelium from an animal that had
been sacrificed 30 seconds after HRP injection. We chose 30 seconds because HRP is
significantly smaller than LDL and, in fact, leaks through even normal junctions in rat
aorta that are impermeable to LDL after about 5 minutes. However, at short times. the
HRP only penetrates the larger junctions. The experiments show that the brown areas only
appear in very few, localized parts of the valve endothelium and not uniformly
everywhere. This indicates that HRP transports across the endothelial cell layer appears
to be localized. This suggests us that, as in the aorta, we should use localized leakage
model instead of uniform leak model to study the macromolecular transport in valves. This

distinction is significant, because the resulting model must have at least two independent
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spatial variables, the distances z into the valve and r radially from the center of the

localized leak, rather than simply z, with no variation in r. This additional dimension
complicates he model substantially, but appears to be indicated by experiment.

Having established the locality of macromolecular leakage, we now estimate the
endothelial cell leakage frequency. First we measured the total number of the leakage sites
in an entire valve face and the total area of the face. The average area per leak is the total
area of the valve divided by the total number of leaks it contains. As in the artery work,
we again assume that the endothelial cells are effectively circular. Then the radius of the
periodic unit (§) is 624 pum. If we denote leakage frequency as @, the relationship
®=R,%/E? gives the leakage frequency ®=.00035.

We next repeat the above-mentioned experiment for different HRP circulation
times in order to observe the average growth rate of the HRP spot. We located the
leakage areas in en face examination of rat endothelia taken from rats sacrificed after
different circulation times (0.5, 1, 2, 4 minutes) and measured the area of the brown spot
for each of them. Figure 31 plots the results with solid circular symbols. The abscissa
represents the HRP circulation time and the ordinate represents the HRP spot size. Since
the valve does not appear to have an internal elastic laminar (IEL) and a matrix that
appears to be essentially isotropic in a region of many microns beneath the endothelium,
one would expect a more-or-less comparable rate of spreading in the r and z directions
inside the valve. That is, one would expect the growth rate of the spot in the radial

direction, i.e., as observed form en face examination, to be significantly slower than that in
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the aorta, which has an IEL that apparently acts as a barrier to transport in the z direction

and has a thin sub-endothelial intima that has a much sparser structure than the deeper and
much thicker medial layer. Together with the convection-dominance of the
transendothelial macro-molecular transport, this line of argument leads to the conclusion
that transport in the aorta encounters vastly less resistance in the r direction than in the z
direction. It follows that one expects extremely fast spot growth in the aorta, and much
more lethargic growth in the valve.

In contrast to these expectations, however, Fig. 23 shows that the HRP spots in
the valve grow only about 23% slower than in the aorta. This entirely unexpected result
was repeated in 10 rats, and seems to be a trustworthy result. Since the growth rates of
the spots in the valve and in the artery only differ quantitatively and not qualitatively as
one would have expected, it is tempting to suspect that the transport mechanisms in the
valve and in the aorta are similar. But, other than postulating that they are both
convection-dominated, how can they be similar, since, as noted, the valve apparently lacks
a sparse sub-endothelial intima and an IEL? In our initial model (Section VIIIC) we shall
quantitatively test if simply assuming convection dominance can account for the measured
spot size growth. If not, then this puzzle might seem to suggest that despite the absence of
an IEL, a thin, sparse, low resistance layer may indeed exist in the sub-endothelial domain.
As such, we have a motivation for the experiment of Huang described below.

C.2. Huang'’s experiment. The goal of this experiment is to examine directly if the
HRP spread into the interior of the valve proceeds at isotropically. To do this, we examine

a rat valve under the more discerning EM in cross section. This allows us to assess both
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the r and the z spread simultaneously and to compare them. If the rate of spread in both of

these directions is comparable, then one would expect to see a gradual decrease of tracer
intensity as a function of distance from :he leak of comparable magnitude in both the radial
and depthwise directions. Figure 21 are the electron micrographs of the transverse
sections of the valves of rats sacrificed after 4 minutes of HRP circulation. In the figure.
the lumen is on the top and the endothelial cells are aligned horizontally. Under the
endothelial cells, there are areas labeled by HRP tracer (the dark areas), collagen fibers
and interstitial cells. The dark areas appear directly under the endothelial cells and in the
junctions between the endothelial cells. This latter fact indicates that the HRP tracer
transports across the endothelial cell layer through the said junctions.

Furthermore, it is interesting that the tracer is evident in these dark areas primarily
located in right underneath of the endothelium of the valve. One only observes a very thin
layer of such dark areas, followed by an abrupt change in color to a much lower tracer
concentration. That is, one finds these dark areas directly beneath, i.e.. within a few
hundred nanometers of the endothelium, and there seems to be a sharp boundary beneath
which the tracer is no longer evident. There are at least two possible explanations for this
observation. First, there is always a level of detectability in the DAB reaction which is
dependent on the exact conditions used in conducting the DAB reaction. As such. the
darkness would need to be internally calibrated in order to translate darkness into
concentration. In addition, the development can lead to a rather narrow concentration
range, over which the tracer product changes intensity from almost black to almost white

(67). That is, there may be a detection threshold that is rather sharp, and thus would
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explain the thin dark layer as simply being the region having concentration above this

threshold; the white area close to the abrupt transition might have concentration that is
only slightly lower, and thus the true concentration profile might indeed be continuous
rather than abrupt. Arguing against this interpretation is the fact that the darkness does
seem to persist in the r direction for a rather long distance. Thus if the falloff in
concentration were comparable in the two directions, one would expect a dipping below
this threshold in the r direction close to the leak as well.

A second interpretation is one that would be consistent with the suggestion at the
end of the discussion of Yin’s experiments above. It would propose that, after the HRP
transports across the endothelium, it indeed spreads primarily in the direction parallel to
the endothelial layer in the tiny area which is closest to the endothelial cell layer. The
reason for this might be the presence of a thin, sparse, immediately sub-endothelial layer
with very little resistance to flow. The reason why it has not been observed previously
might be because of the absence of an IEL demarcating it and because it is many orders of
magnitude thinner than the adjacent denser layers. One might call this tiny area the “thin
layer of the valve” and the other region farther away from this tiny area the “middle layer
of the valve.”

If there is indeed such a thin layer, Huang’s EM pictures would allow one to
estimate its size by measuring the depth of the dark layer in the EM. We say estimate
because of the problem with the threshold of detectability of the DAB reaction discussed
above. With this in mind, the thin layer of the valve is about 200nm thick. This dimension

is in the same order as the thickness of the arterial intima in the normal aorta (100~500nm
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rats [12]). Again, despite the absence of an IEL in valves, it appears that HRP still

transports primarily in the thin layer of valves in a manner similar to that in the sub-
endothelial intima of arteries. This suggests that the matrixes fur the thin layer and the
middle layer may be very different and that this mismatch in both matrix structures and
thicknesses of adjacent layers may in fact be much more significant in dictating the overall
flow pattern than the presence or absence of an IEL.

Below we shall first investigate if a single-layer model for the interposed layer can
account for the spot size growth with HRP circulation time. If it cannot, we shall then
construct a thin-thick layer model similar in spirit, but different in geometry. to the one in
the aorta work. We shall then test the feasibility of such a model by seeing if it can explain
all of the above data. If that turns out to indeed be the case, we shall calculate the change
in transport parameters that would result from the use of LDL rather than HRP as the
tracer (LDL is significantly larger). Using these values, we shall solve the flow model and
the subsequent convective-diffusion equations for both LDL and HRP tracers. We will
compare the HRP results with the spot size data above. We shall then combine the LDL
convection-diffusion results with the liposome formation and growth models of the first
half of this thesis (with the same rate parameter values) to predict liposome size
distributions in valves for given feeding times. These results can then be compared with
the data garnered from Frank’s measurements, reported on in Section VIIC3. If all of
these comparisons turn out to be successful, we shall then propose, but not carry out,
future experiments to directly test whether such a sparse layer actually exists and to

observe it.
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C.3. Experimental Liposome Histogram. J. Frank has generously provided us with

her unpublished experimental freeze fracture pictures. Figures 18 and 19 are examples of
such visualizations. Based on her experimental data, we manually counted the number of
liposomes for each of the range of liposome sizes, i.e., diameters between 23nm and
70nm, 70nm and 120nm, 120nm and 170nm, 170nm and 220nm, etc. These measurements
determine the liposome histogram shown by the solid curve in Fig. 35. This figure is
similar to the one given by Frank and Fogelman [8] from the arteries of rabbits that have
been on a high cholesterol diet for short feeding times, but the current histogram contains
liposomes that are larger (about 0.30% with diameters larger than 170nm) than any of
those observed in the artery work. We shall develop a new theoretical model for valvular
filtration and macromolecular transport and combine the new model with the liposome

model used in the arteries (Chapter VIIID) to explain the valvular liposome histogram.

VIII. Theoretical modeling of water and macromolecular transport in the valve
leaflet.

A. Basic geometry.

Let us now construct a theory for the filtration flow through the valve. We model
the valve as two parallel endothelia separated by an interposed media of one or more
layers, each of which is a uniform, isotropic, homogeneous medium. Fluid and
macromolecules enter from the upstream (aortic valve: aortic) side, progress through the
media and exist through the downstream (aortic valve: ventricular) endothelium. There are

two issues that we need to clarify before proceeding to write down the model. The first is
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whether the macromolecules such as HRP or LDL cross the valve endothelium uniformly

or, as appears to be the case in the aorta, via localized cellular leaks. Our short time HRP
experiments that showed localized brown spots in en face light observation strongly
suggest that the latter is indeed the case. We presume this and thus postulate a two-
dimensional model. The second issue is how to describe the interposed layer as an
effective medium with effective transport parameters.

Consider a valve leaflet, which is approximately Imm? in area. In the Experimental
Results Section, we noted that each valve face has approximately 2300 cells and appears
to have 0-2 or, on average, one leaky cell at any given time. Thus, let the face in question
has a single leaky cell which, for purposes of axisymmetry, we place exactly at its center.
Should the model be successful, we can then examine the effects of having this leak at an
off-center position. We again simplify the geometry by assuming that the face is now
axisymmetric about the central leaky cell, as shown in Figure 24b. We shall detail below
the Darcy and continuity equations for the water flow and the convective-diffusion
equation for the solute flow, along with the appropriate boundary conditions on the two
endothelial surfaces in the next section. However, before doing so, we develop the ab
initio theory described in [12] that Huang ef al. use to construct transport parameters,
such as the Darcy permeability of the interposed media and the solute diffusivities, based
on the fiber matrix structure of this region, as determined from the freeze etchings. The
exposition below follows theirs very closely, since it is essentially the same theory.

B. Fiber matrix model for the thin layer

As in the arterial subendothelial intima, the layer interposed between the two
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endothelia in the valve is largely comprised of proteoglycan and collagen fibers (see figure

22). Frank provided us clear freeze fracture pictures of the ultra-structure of this layer,
and this allows us to measure the dimensions of the proteoglycan and collagen fiber
constituents. We then estimate the permeability K, and solute diffusivisity Dr by using
these measurements in a random matrix theory for these parameters [78-81]. We assume
that the resistance comes from the proteoglycan and collagen fibers.

From Frank's photos, we find that the proteoglycan matrix has a typical spacing of
35~45 nm. The proteoglycan core protein diameter is 3.5~5 nm, as is its central filament
(3.5~5 nm). Compared with any of these proteoglycan components, the collagen is much
thicker, and therefore, its length per unit volume is much smaller. So we consider the
proteoglycans and collagen separately in this matrix model. and assume that their effects

add like capacitors in series, i.e.,

1 1
= + L ( 1 5)
Kpttorat) Kpirc)y  Kpico)

Levick [78] calculated Kypg) previously as the permeability of the proteoglycan matrix
with the collagen included simply via an excluded volume factor, and K similarly for
the collagen. In order to avoid ad hoc geometric corrections such as excluded volume, we
follow Huang er al. [12] so that our Kypg) is the permeability of a pure proteoglycan
matrix without excluded volume correction.

First we calculate Kypg, , which we simply denote as K,. Frank's pictures (Figures
18,19) show that there are many more proteoglycan than collagen fibers, and proteoglycan

fibers appear randomly arranged. Therefore, K, should follow the Carman-Kozeny
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expression [79-81] with a random matrix comprised of fibers of a single radius a with a

void volume € and the Kozeny constant G.

ae’
K, =———— 1
* T 4Ga-¢y (16)

The Kozeny constant G is a rapidly increasing function of the void volume £ when the
void volume is high (€>0.9). Happel and Brenner [82] found the following relation
between G and € for the beds of electrically neutral and uniform cylindrical fibers:

If the flow is parallel to the cylinders, G, becomes

Gr = —2 (172)
Qa -a)[21n(1_€)—3+4(l—6)—(1—8)2

If the flow is perpendicular to the cylinders, G, becomes

G = K (175)
=)~y

If the cylinders are oriented randomly in three dimensions, the Kozeny constant G is

2

3 Gy (17c)

G ==G-+

u|.—-

We consider a proteoglycan core protein PCP with an average fiber spacing
aligned in a hexagonal array, cylinders (radius £) of which we take to be periodic in space,
as in Figure 22. It can be shown that the total fiber number N in the areas n&” for this
geometry is

N =1+3n(m+1) (18)

where n=[£/5]. Since & is much larger than &, N is close to 3n’. One can estimate the
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volume fraction of proteoglycans if one assumes that the core proteins extend across the

entire layer thickness and adds an additional length for the central filaments themselves.
Before doing this, one needs to define an effective radius r’, since the proteoglycan
constituents have non-uniform thicknesses. Comparison of the fiber spacing (35~45nm)
measured from Frank's pictures and the dimensions of the fibers in the freeze etching with
data from cartilage condroitan sulfate proteoglycan (CSPG) [82] suggests that the
interposed layer in the valves appear to have proteoglycan aggregates arranged along a
central filament. Aggregates generally consist of proteoglycan monomers (comprised of a
proteoglycan core protein (PCP, radius r,, about 2.0nm) with CSPG rich
glycosaminoglycans (GAG) (radius (rg) about 0.6nm) attached to it along a central
filament of hyaluronic acid. As our group did in the artery treatment [12], we assume that
the radius rcr of the central filament is about 2.0nm, which is same as that of the core
protein. In order to calculate the effective radius 1", we introduce the ratio f of the total
GAG to total protein core lengths and the ratio o of the total protein core to central
filament length in the thin layer. Figure 22 shows the geometric meaning of these symbols.

Curiously, the freeze etching pictures for some reasons do not show the GAG
fibers, probably because the preparation environment has caused them to collapse onto the
PCP, or because they are beyond the resolution of this technique. In any case, we treat the
GAG:s as if they are aggregated along the core protein of the proteoglycan monomer. As
such, the sizes that go into our model are just the ones read from the freeze-fracture

picture.
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Let us now begin the volume fraction estimate. Define an effective monomer

radius ry for a hypothetical fiber of uniform size that would have the same total volume as
the combination of GAG and PCP and the same length as the PCP. Then ry satisfies

ry =Bl +rce]” (192)
Recall that r is to be defined for the whole proteoglycan matrix or aggregate. The

effective radius is supposed to include a fiber with both the same total volume and total

length as the combination of the monomers and the central filament, i.e.,

2 2
r'=(wM+’CF)l/2 (19b)
a+1

This leads to a PG volume fraction estimate of

1-s =dy@thy (19c)
£ a

Monoclonal antibody studies [88] have identified CSPG as the predominant
proteoglycan in the arterial intima. Unfortunately, we are not aware of any such studies on
valve matrix. As such, based simply on the similarity of the freeze fracture photos of the
arterial intima and the valve, we guess that they have similar matrix constituents, in which
case o is about 3~10 and P is about 5~10. One can obtain K,pg by combining the
expressions for r and € with the equation [16].

One also needs to consider the contribution to the hydraulic resistance from the
collagen. Sangani and Acrivos [83] calculated the hydraulic resistance from the exact
solution for Stokes flow perpendicular to a parallel, periodic array of infinitely long

circular cylinders. Tsay and Weinbaum [84] have found a simplified approximation for K,
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K, = 0.0527az(-A-)2377 (20)
a

P
where a is the fiber radius and A is the open spacing between fibers. Therefore, the ratio of
the resistance of the composite proteoglycan fiber of radius r” and collagen fibrils of radius

Tce is well approximated by

K . ”
KPG) (’_C‘G_)o‘sn( Apg )-.377 1)
Kp(cG) r Acg

In arteries, Huang et al. [12] estimated that the fractional volume of collagen is
about 5% from measurements of Frank’s [8] rotary shadow freeze etching. This value of
collagen of about 5% gives A approximately 120nm. Since the freeze etchings of the
interposed layer in valves and of the arterial intima look similar and since we are not aware
of monoclonal antibody studies to identify the types of proteoglycans in valves, we use
this value of A for arterial intima for valves as well. Therefore, combination of expressions
(21) and (15) gives the total resistance of K.

One can estimate the effective diffusivities in a manner exactly analogous to that
used in arteries. Ogston ef al. [65] derived an expression for the diffusion coefficient for a

solute of radius r,in a fiber matrix as

D.

3

=D, exp[(1-£)"2(l +:—‘)] (22a)

To compensate for the presence of the collagen, we replace the D¢ by Desr.

I/(‘G / B
Dy = D expl~(—2)"*(1 -=)] (220)

*CG

where = 1- (Vcg+Vps)/V is a tortuosity factor. D¢ is available for LDL and albumin, but
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not for HRP. Since our experiments have been conducted with HRP, we need to model

HRP transport in valves and thus we need to know the parameters for HRP, i.e., Dr. The
following s an indirect method to get D¢ for HRP. D satisfies the Stokes-Einstein
equation [80]:

kT 23

! " em,

where T is the absolute temperature and k is the Boltzman constant and p is the fluid

viscosity. Equation (23) implies a relationship between the D¢ for albumin and for HRP:

_Q.C”"ﬁ)_ = L 24
Df (albu min) rHRP

Since D¢ for albumin is known, an estimate D¢ for HRP follows from equation (24).

C. Preliminary model

Recall, we consider the aortic valves as a uniform, homogeneous, isotropic
medium, bordered by upper and lower endothelial layers. There are two lumen regions,
one above the aortic face at a higher pressure and the other below the ventricular face at a
lower pressure (see Fig. 20). Water transports from the aortic face to the ventricular face.
Tompkins’ one dimensional model [43], which does not consider isolated endothelial
leakage, suggests that the hydraulic conductivity of the aortic face is larger than that of the
ventricular face [43]. For a preliminary calculation, we presume that the conductivity of
the ventricular face is uniform; the conductivity of the arterial face is uniform as well,

except for a local increase due to the presence of a leaky cell at the center of the face.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91
Addition or removal of leaks to or from either face is certainly possible within the context

of this model. If a face only contains one leak at its center, then let £ be the face’s radius.
If the face has more tha.1 one leak, then assume that the leaks are far enough apart so that
the face can be divided up into roughly axisymmetric regions (of radius &) having no fluid
or macromolecular flux between them, i. e., forming a periodic tiling of the face. Let
A=nE? be the area of a unit cell (see Figure 20). This abuse of geometry greatly simplifies
the analysis and is common [12, 32].

C.1. Equations for the velocity field in the valve. Figure 24b is the filtration model
for the aortic valve, in which U and W represent the velocities in the directions parallel
and normal to the endothelium, with r and z representing the corresponding coordinates.
These velocities can be denoted as V =(U, W). The origin is at the center of leakage site
on the aortic face. The edge of periodic unit is r=£; the aortic face is z=0, and the
ventricular face is z=1. R, is the radius of the endothelial cell. Assume that the leaky cleft
is circular and stretches from r=R; to r=R,. The subscripts e; and e stand for the leaky
endothelial junction and normal endothelial junction, respectively, and L is the valve
thickness. Subscripts 1 and 2 represent arterial and ventricular surfaces. (L;); is the
hydraulic conductivity in the leaky junction on the aortic face, and (L,).: and (L;).2 are the
hydraulic conductivities in the normal junctions on the aortic and ventricular faces,
respectively. K, is the medium’s Darcy permeability and pu” is viscosity of the fluid. Let
(Ly*) = K'y/'L’ be the hydraulic conductivity of the valve’s interior media. P is the

pressure in the valve, Pyp* and Px* are the average pressures in the lumens above the
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aortic face and below the ventricular face, respectively. AP* is the difference between

these two pressures (AP* = Pyo* - Pxo* ).
We use non-dimensional variables throughout. The superscript * represents a

dimensional variable. The non-dimensional coordinates and velocities are

oLz (25)
L

v
L'

= '—Q—' W= —W—— (26)
(Ly), AP (L), AP

The non-dimensional pressure and hydraulic conductivities in the intima are

In the interposed region, assume that the water velocity and pressure obey Darcy's
law, whose dimensional form is U™ = -(K'p/p.') oP'/or" and W' = -(K‘,,/u') OP'/6z". The

non-dimensional form of Darcy's law is

Y=-YPorU =--ZTP; w —-% (28)

The velocities in the interposed region satisfy the continuity equation

ZoK:Oor-a—U-+g+a—W= (29)
o r oz

To obtain a boundary value problem for the pressure, substitute equation (28) into (29):

P 1P &P
vP=0or 52295 - 30
S ror oz (30)

Symmetry at r=0 and no flux at =€, either by periodicity or because r=£ is the edge of the

valve, yield the boundary conditions
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U=-—a—}:=0 atr=0r=¢ 31
or

The hydraulic conductivity of a layer is the constant of proportionality of the
assumed linear relationship between the fluid velocity and the local pressure difference
between the two sides, i.e., the local driving force. On the (aortic) face (z=0) outside of
the leaky cleft (at O<r<R;, R,<r<€) and on the entire ventricular face, the hydraulic
conductivities (L,,'),, and (Lp).2 characterize the normal junctions. The water velocity
across the leaky cleft (at Ry<r<Rj) is related to the separate hydraulic conductivity (L, )q;
of the leaky junction. On the (ventricular) face of the valve, there is negligible pressure
(near zero when the valve is closed) compared with the pressure (over 100 mm Hg) on the
(aortic) face. We use the dimensionless variables to describe the boundary conditions. The
dimensionless pressure P, near the aortic face (lumen in ascending aorta) is equal to 1 and
P, near ventricular face (lumen in the ventricle) is equal to 0. Therefore, The
corresponding boundary conditions on both faces of the valve (at z=0 and z=1), which

completes the specification of the boundary value problem, are

v ="37P =(L) [1-P] a0 =r- R).(R;r- £)iz=0 (32)
P L
W=-—==(L),[1-P] at(Ri<r~R9,z=0 (33)

W=-Z—P=(LP)QP at 0<r&z=1 (34)
z

C.2. Solution method jfor water flow in the valve. In order to solve this.problem for

P, we write the solution as a superposition of a contribution Py, representing the solution
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for an endothelium without any leaks, and P, representing the difference induced by the

leak, i.e.,
P=p,+ P, (35)
All of the boundary conditions for P, are the same as for P except for (33), in which one
replaces the hydraulic conductivity of leaky cleft by that (L, ).; of the normal cleft. The
problem for P, becomes one dimensional (in z) and its solution is simply
Pi=ciz+c: (36)

where ¢; and ¢, are

(L)ei(Lp)es
)= 37
¢ (Lp)ei+(Lp)e2t(Lp)ei(Lp)e (37)

(Lp)el + (LP)eI(LP)L'Z
= 3
“ (Lp)er+(Lp)ez+(Lp)et(Lp)e> (38)

The boundary conditions (32 and 33) for P, become

_%+(LP)EIP;’:f(r)=[(Lp)cj-(Lp)clj[l'P/-P_,] at Rl“:r‘ R2,2=0 (39)
—%-F(Lp)clpz'—’o at (0-r- RI):(Rz' o é‘),’z=0 (40)

Using the method of separation of variables and boundary conditions (34 for P, 39 and

40), one easily finds
Pz=ao(z+1,)+ X aj[sinh (A,2) + &,cosh(A,;2)1Jo( A7) (41)
i=l

where J, is a Bessel function of the first kind of order zero, }; is the ji zero of JI(A£)=0. |,

and y; are
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lp = 1 + (Le)ez . _ Aj + (LP)L'ZIanh(/?.j) (42)

(Lo)e ' Ajtanh(d,) +(Ly)e:

and
; Rz
Q0= T ,;[ rfe)dr' (43)
P R
T A TE I D J rifr) Jo(A,;r)dr (44)

1

The expressions (41-44) for P, are in terms of an as yet unknown function f{r).
Then, after substituting equations (36) and (41) into (39), one can obtain that function f{r)

needs to satisfy

iﬂj Jo(A;1) fr'f(}")./o(,‘{jr')dr' =[lq-l,fr'f(r9dr'] 43)
=t R, R,
where
2 H;cosh(A)((Lp)o-(Lp)e)

= —— ]+ L 6
ﬂJ & Jo‘(ljé’)[ i ,U]-(Lp)cl‘ﬂ_, ] (46)
Iy =[(Lp)cj’(Lp)e1](1'CZ) (47)
[’=i[(LE)q-/g'1] (48)

& [(Lp)uly-1]
Due to the boundary condition equation (39), f{r) also needs to satisfy f(r) = [(L)
- (Lp)al][1- Pi- P2] in the clef, i.e., for Ri<r<R; and z=0. Because this region is very thin
(10°~10" times) compared with the domain of r, its resolution would require an
astronomically large number of terms in a standard Fourier-Bessel series. Weinbaum e al.

[31] illustrated one solution technique to obtain the unknown function f{r) that arises in
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the problem of finding the Greens function for Laplace’s equation on a region having

homogeneous boundary conditions except on such an extremely thin, but not infinitely
thin, ring. The basic idea is as follows: they essentially impose two artificial homogeneous
Neumann boundary conditions at r = R; and R,. This allows the construction of an
orthonormal basis (relative to the standard inner product for cylinder functions with
weight function r) for the subspace of C'[R;,R;] having zero endpoint derivatives as the
eigenfunctions of the resulting eigenvalue problem. They then expand f{r) in this basis,
substitute into (45) and take the components of this equation in terms of this basis.
Completeness of the basis implies linear independence of the resulting equations for the
unknown coefficients {D,,} in the f{r) expansion, and so truncation will lead to a solvable
(non-singular) matrix equation. The integrals in (45) involving f{(r) can then be done
analytically and one can solve for the {f3;}.

What troubled these authors, though, was the restriction of imposing the Neumann
conditions at R, and R,. They attempted to alleviate it by expanding the interval at each
end by an amount Ar much smaller than the endothelial cell leakage width (R,-R;). (The
user would later numerically vary Ar in an attempt to find a situation where the solution
was insensitive to its exact value.) The Neumann conditions, and thus the resulting
eigenvalue problem, would then be applied at the endpoints of the expanded interval,
rather than at R; and R,, but the integral that formerly represented the inner product
would remain unchanged. It would, simply loose its significance as an inner product and

require calculation of integrals of what used to be the inner products of orthogonal
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functions, and the values of these integrals now would clearly be linear in Ar rather than

zero. As such, the solutions become insensitive to Ar only when the distinction between
the original and the expanded intervals is irrelevant. The lack of completeness of the
eigenfunctions on (R1,Rz) (they no longer allow representation of functions that are not
well-behaved at R, and R;) no longer guarantees non-singularity of the resulting matrix,
although the user can numerically try to invert it anyway. However, the thinness of the
region (Ry,Rz), whether or not it is expanded by a small Ar, together with the Neumann
endpoint conditions and the absence of high derivatives in the governing equations, do not
allow the function to bend over this interval. Thus, despite the numerical acrobatics. the
solution, with or without the added complication of Ar, is essentially a constant over the
leak.

Since (i) we originally did the calculation via the method described above, and
realized these shortcomings only after having done the calculations; (ii) the solutions
agrees with simply assuming that the solution is constant over the interval (R;,R;). with
the value of this constant determined via the simpler method not invoking Ar; and (iii)
since this model’s results, as shown below, do not agree even qualitatively with
experiment, we did not repeat the calculation using the simpler method. As such, we
present the equations that make up the method of Weinbaum et al.

First, let R.:=R,+Ar and R.:=R;-Ar with Ar<<|R;-R;|, and suppose

. dfer
df(’)=0,r=R=R1-Ar.‘ _-.f(L)=0, r=R'=Ro-Ar (49a,b)
dr dr

We plug the eigenfunction solutions
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{Kan(1):=Jo(0teml)-Tr Yo(Qmr), m=1,2,..; Ko(r):=1, m=0} (50)

(where Y, is the Bessel function of the second kind with order zero) into the Bessel’s
equation that results from the separation of variables in (30) into (49) to arrive at the
eigenvalue problem for {Om,Tn}:
Ji@nR)-T,Y (@nR)=0 (51a)
Ji@nR)-T Y (auR)=0 for m=1,2,... and op=0 (51b)
With {om, Tm} and thus the eigenfunctions known, we assume we can expand f(r) in terms

of the unknown coefficients {D,,;m=0,1,2,...} as
f(r)=D0+ZDm[J0(am’)"'TmYO(amr)] (52)
m=/

To obtain the D,,, we multiply (45) sequentially by the product of each of the pseudo-basis
functions with the weight function r, and integrate from R; to R, ( rather than from R.to

R.: which would have been the true inner product). The result is:
>4 j ) Jo(A,r)dr’ j K (") Jof ;7" )dr"=[1,=1 I P )dr ') j Ka(r")dr".n2 0 (53)
Jj=1 R

This generates a set of linear equations for the unknown D,,, m=0,1,2,3,... in equation
(53). After substituting series representation, equation (51), for f{r) and the pseudo-basis
functions K(r) (n>0) (51), one can obtain

mK,
Z,B,Ir {Ds +ZD [Jo(an? ) - _;-—R—,))_YU(amf)]}JO(/ljr' Xar'

[ r17otanr) =225y ) ot cnr i
* n - o(Cn¥ o(Am?
er o Y (@R a @ r
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Ra ke Jl(aan)
={~1({rmD D, (Jo(@mP )=—————Yo(@ mr"
{, ,ir[ﬁmZ:l wolamr )= =S Yolant' ) )
[rttotar) 2y siar for n> 0 54
) o(an Yi(anR) o(Cn or n> 0, (54a)
Ji{anR) ”
Zﬁ,jr {D, +ZD [Jo(am? )~ V(@R Yolam? )} Jo( A1 )dr RJI"Jo(l,"‘)d"
R)

R R2
={l - j (D, +ZD (Jo(@mP )— Yolanr'))jdr } [r'dr (n=0)  (54b)

m=l YifamR)

Then, we define the following parameters to simplify the above equations (54)

R=(R:-RY/2 (55a)
R2 » R
= 7 o3t = =116, (55b)
Ry J R;
W Re
£t = f [o@nr)= Tt ofanryirar = [ L2al) 7 p L@alD | 7 (s
m Qm

Ry

JAjJolam?') Ji(A,1)- amJl(/?.m")JO(l;r)}l

R:
Ss(m,j) = I" Jolamr')Jo(A;r')dr = [+
R

: a m-l 7 R,
(55d)
R2 ’ ’ 7 ' -
Fetm ) = T, [ ¥ Yo@nr')Jo(,ryae = T, [ 2k el@ol DI 1D on Py R ) Je i)
Ry az”'-/lz.l Ri
(55e)

fi=fi(m), fr=fi(n), fs=fi(m,j), fi=fu(m,j), fs=fi(n,j) and fe=fi(n,j). Substituting equations

(55) into (54), one obtains
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DO[IrRz+Zﬂjrj2]+Z_Dm[erfl+Zﬂj"i(f.i"f-l)]z l4R, n=0; (56a)

Doﬂrsz'*'iﬂjrf(fz'fa)]_*'i Dm[l"flf2+iﬂj (fs=fIfs-fd] =1 1>,

n-0 (56b)
If we truncate the hierarchy in n in equation (56b) at some value N, the j sum at J and the
m sum at N as well, equations (56) constitute N+1 linear equations in N+1 unknowns D,,,

m=0,1,....N.

J N J
D0[1rR2+Zﬂjr.r'z]'*'ZDm[Ierl+Zﬂjl‘j(f3"f4)]= LR, n=0; (57a)
3=l m=] j=1

Doll, [sR+S B S s=F I+ Dafl, fof s+ 5B, (F s~ F IF 5= T )1 =1o] 5.

m=1

n=1,...N+1  (57b)

The solution provides D, and thus the function f{r) has been solved. The complete

solution for the pressure and water filtration results can be obtained through these

equations (28, 35, 36, 41, 51, 57). By using this filtration solution, one can analyze the
macromolecular , i.e., LDL, distribution in the valves.

C.3. Boundary value problem for the concentration profile in the valve. Let the

variables C* and C;, denote the dimensional LDL concentration in the valve and in the

plasma, respectively. The variable C:= C'/C_. represents the dimensionless LDL

concentration in the valve. The axisymmetric convective-diffusion equation for C is

oC FC o8C oC oC C FC
—_— — ]~ /[P P —4+pP — 58
o o * ror N oz* I-1F, o e r e oz / (58)
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where P (= fLU/YD) and P., (= fLW'/yD) are the non-dimensional water velocities in

the form of Peclet-numbers in r and z directions. D and f are the diffusion and retardation
coefficients. U” and W" are the r and z components of the dimensional water velocity
profile described above. y is the volume partition coefficient.

The filtration model yields the pressure distribution P(r,z,t). U™ and W’ follow
consequently from equations (26) and (28) and enter the Peclet-numbers P.. and P.,. The
initial condition for equations(58) is C=0 at t=0, which corresponds to an animal that is
initially tracer-free; the experiment introduces a pulse of tracer. The boundary conditions
are: (a). 0C(r,z,t)/0r=0, at =0, r=; 0<z<1. That is, there is no tracer flux either at r=0
due to axisymmetry or at r=§ due to periodicity; (b). g;(t)= -yDAC"(R,,0,t)/6z
+W'(R1,0)C"(R1,0,t), at R; <r< R,, z=0, where gj(t)= (e"¥-C;(t))/(e"¥-1) and P;=fWh/yD
[70]. This prescribes the mass transport across the leaky cleft of the aortic face as the sum
of diffusive and convective contributions; (c). fC'(r,0,t)W(r,0,t)-yD8C (r,0.,t)/dz = ky(Cy-
C'(r,0,t)), at 0 <r <R, R; <r<§g; z=0. This corresponds to the mass transport across
the normal cleft of the aortic face; (d). fC(r, 1,t)W'(r,1,t)-yDAC(r,1.t)/8z = ko(C'(r, 1,t)-
CL), at 0 <r <E, z=1, which corresponds to the mass transfer on the (ventricular) face.
Here k; and k, are the permeabilities to LDL of the normal endothelial surfaces. Note that
these boundary conditions can be phrased non-dimensionally in terms of Bi; (Bi;=k;L/D)
and Bi, (Biz=k,L/D), the Biot numbers for the normal cleftis on the aortic face and the

ventricular face, respectively.

C.4. Solution of the water flow problem and comparison with experiment. The
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dashed curve in figure 24c shows the pressure distribution in valves right underneath the

endothelial cell layer (at z=0) for this preliminary model. It represents the pressure as a
function f radial distance r from the center of the leaking cell. The figure shows that the
pressure drop for the preliminary model is very quick and levels off within about two cell
radii. This means that the horizontal velocity quickly drops to near zero within a couple of
cell radii. Thus convective solute transport in this direction must also be small. Therefore,
this model can only predict a small leakage spot. In contrast, our experiments (see Section
VIIC) have showed that the leakage spot in valves, even after 2-4 minutes of tracer
circulation, is indeed large and in fact similar in size to that in arteries. Thus, we find that
this preliminary model cannot account for the experimental data. We need to appeal to
these data and the other data that we have thus far gathered in order to formulate a new
theoretical model.

C.5. Suggestive evidence for the possible existence of an intima-like layer in the
valve sub-endothelia. As just noted and as learned from our group’s artery wall transport
models [12], to generate a large HRP spot from a single endothelial cell’s leaking junction
requires a significant subendothelial convection in the “plane” parallel to the endothelium.
The preliminary model above was based on a uniform, isotropic interposed layer between
the two endothelial layers and was unable to generate such convection. In the artery wall
this so-called lateral convection was due to two factors: the presence of a continuous
internal elastic laminar (IEL) which did not appear to allow straight forward fluid
progression from the endothelium through the intima and into the media. Rather, it

apparently forced the advancing fluid to shunt perpendicular to the prevailing flow
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direction and spread out in the intima until it found enough IEL fenestrae to handle the

entire flow. This brought the calculated spot size to within a factor of five of Lin ef al’s
spot size measurements. However, in order to easily match the observed spot size, it was
necessary for us to look at the matrix structure in the intima and to compare it to that in
the media. To our surprise, we found that the intimal matrix structure was significantly
less dense than the media’s. In fact, the intimal albumen space was close to 90%, whereas
that in the media was circa 1%. As a result, an ab initio theory for the intima’s Darcy
permeability showed it to be one to two orders of magnitude higher than the media’s.
Inclusion of this calculated (not fit) permeability value resulted in the observed spot sizes.

The valve endothelia do not seem to have continuous, directly subendothelial
elastin layers. In addition, to the best of our knowledge, no one has yet suggested that the
immediate subendothelial matrix in valve is any different from the matrix that characterizes
the deeper regions of the valve. It is worth noting, however, that until we examined the
ultra-rapid freezing/rotary shadow etchings of Frank and Fogelman, no one had made a
similar suggestion for the artery wall either.

Let us then reexamine what might lead us to such a conjecture. In addition to the
spot size data, if the valve matrix is homogeneous, uniform and isotropic, then one would
expect water, and thus a convected or simply a diffusing tracer, to spread in the
subendothelial space at more-or-less comparable rates both normally and tangentially to
the endothelium. Recall that in the experiments reported above, our collaborator Anli
Huang did a 4 minutes HRP circulation experiment, after which she sacrificed the rat and

examined transverse EM sections of the valve. Rather than finding a gradual variation in
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HRP reaction product intensity with distance from the endothelium, or from a focal leak,

she found (see Figure 21) a very dark, immediately subendothelial staining 100-200 nm in
thickness, and only very faint stainirg below. It is hard to see how any model assuming a
uniform, homogeneous, isotropic media could possibly account for this observation. On
the contrary, comparison with the artery wall work certainly suggests the possibility of
there being a thin subendothelial layer of much higher voidage, and thus much higher
Darcy permeability, in valve as well. That is, this mismatch in transport parameters in the
valve might perform more or less the function with regard to water and macromolecular
flow that the IEL plus a similar mismatch perform in arteries. Since this explanation seems
to be qualitatively consistent with both the en face spot size measurements and with the
transverse EM sectioning results, we shall now develop a new model that incorporates this
Ansatz. Our goal is to see if the agreement is quantitative as well, and thus if this model is
indeed a plausible explanation of the observations.

Below we incorporate this mismatch in transport parameters (high permeability
through a loose matrix just below the endothelium and low permeability through a dense
matrix in the interior) into a new model of water filtration and macromolecular transport
across valves. We model the interposed region of the valves with three different layers, a
relatively dense matrix layer (called area II) in the middle of the valves, and two relatively
loose matrix layers that cover area Il in the upper and lower surfaces (called areas I and
II1, respectively). Each thin layer is covered by an endothelial cell layer. Because of our
inability to make direct hydraulic conductivity measurements on such thin layers and due

to the fact that the direct observations [40] of the matrix structure there did not specify
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near which valve face the crack plane lay, we take the hydraulic conductivities in areas I

and III as to be the same, and a value that is significantly smaller than area II’s as
calculated in section D.4.4. We anticipate that tl.s will result in flow patterns that differ
significantly from those calculated assuming a uniform matrix as above. Moreover, the
void spaces for large tracers are significantly different in these areas (1, II, and III) because
area II is much denser than areas I and III. Consequently, HRP and LDL should spread
out more in the directions parallel to endothelial cell layers after entering the intimas than
in the preliminary model. Therefore, the expected LDL concentration profiles, and thus
the spot sizes derived from them, should be qualitatively different from those resulting

from the uniform matrix assumption. The new model is described in detail in the next

subsection.

D. New theoretical model

In this section, we use the ideas just discussed to develop a new model for
filtration and macromolecular transport in valves. The filtration model again allows an
analytical solution. However, the convective and diffusive macromolecular transport
model again requires numerical solution.

D.1. The geometry of the model. In this model, as noted above, the interposed
layer in the aortic valves is considered as a three-layer porous medium, surrounded by
upper and lower endothelial mono-layers. There are two lumens; one is above the aortic
(upstream) face at high pressure and the other is below the ventricular (downstream) face

at a lower pressure (see Figure 20). Therefore, water convects from the aortic face to the
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ventricular face. As noted, the interposed region is divided into three layers (see Figures

25a and b), in which the relatively dense matrix (middle) layer is surrounded by thin upper
and lower relatively loose matrix (surface) layers. We assume these two thin layers have
similar matrix structures and thus the same permeability and conductivity properties. The
permeability (K, ) in the middle layer is smaller than that (K, ); in the surface layers
because of its assumed much denser matrix structure. In order to introduce a desired level
of symmetry into the problem that significantly simplifies its solution, we assume that there
is in a given valve leaflet face either: no leaks; one endothelial cell located at its center that
is leaking; or that there is more than one leak per valve face, but that the leaks are far
enough from one another that one can partition the face into roughly periodic regions.
each having precisely one leaking cell at its center. The most unrealistic assumption here is
that if both leaflets have leaks, the above implies that they are aligned. We call either an
entire leaflet face in the leak-free or single leak case. or one of these regions in the latter
case, a “periodic unit.”” In the latter case, we again abuse the geometry of the plane by
taking these periodic regions to be axisymmetric, i.e., cylindrical; in the other cases this
assumption is far less objectionable. The area A of each periodic unit is equal to the
inverse of the average density of leakage sites. Similarly, we draw a circle (with radius £ =
(A/m)" and centered at the leaky cell) to obtain the periodic cylindrical unit for the aortic
valve,

The dimension of the two thin layers can be measured from Figure 21, where, as

discussed, HRP has presumably penetrated through the loose matrix with high
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permeability, but not yet into the more dense, lower permeability region. The depth

measured from Figure 21 is about 150nm. Tompkins' experiments show that the whole
trans-valvular thickness varies from 30um to 160um. Therefore, in our moael we will use
an average value of 100um for the trans-valvular thickness. Since these thin layers only
account for circa 0.3% of the total thickness, the thickness of the middle layer (having the
dense matrix of low permeability) comprises over 99% of the valvular thickness, as was
the case for the intima in the aorta.

D.2, Boundary value problem for the velocity profile in the valve

D.2.1. Geometry and variables. Below we present the equations for the filtration
flow in the valve leaflet. Figures 25 show one “periodic unit.” Figure 25a is the filtration
model for the aortic valve, in which P;", U;" and W;" (i =1,2,3) represent the dimensional
(denoted by °; the non-dimensional quantities — see below — do not have the 7 pressure
and velocities in the directions parallel and normal to the endothelium in three layers i
=1,2,3, with r and z representing the corresponding cylindrical coordinates, respectively.
The origin of the coordinates is at the center of the leaky cell, here chosen to be on the
aortic face. Coordinate z increases from the aortic face z=0 to the ventricular face z=1.
The leaky cleft is assumed circular and stretches from r=R; to r=R,. The edge of the
periodic unit is r=€ and the centerline =0 (see figures 25a and b). The subscripts j and e
stand for the leaky endothelial junction and the normal endothelial junction, and L is the
valve thickness, here taken (unrealistically) to be uniform. When necessary, subscripts a

and v represent arterial and ventricular surfaces.
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P10 and pyo are the average dimensional pressures in the lumens above the aortic

face and below the ventricular face, respectively and Ap’ is their difference (Ap’ = p1o -
P20). K'p)i and (L",); (i=1,2(=m),3) are the permeabilities and hydraulic conductivities in
the three regions of the interposed layer. The hydraulic conductivities (Lp)e and (Lp)ev.
refer to normal junctions on the aortic and ventricular faces. As noted, localized leakage
can occur on either the aortic face and/or the ventricular face. We assume that the
hydraulic conductivities (L,);” in the leaky junction are same on the both faces when there
are leaks on both faces. In addition, we take (L',,)I = (L‘p)3 since we assume that the two
thin layers have the similar structures. We shall assume that (L',,)m is similar to that of the
media of arteries [57].
We use non-dimensional variables throughout. Distances are non-dimensionalized
by L, the pressure by the pressure p'. in the lumen above the aortic face, and the velocities
| by the product (Kp);(L'p)mAp', where (K;); are the Darcy permeabilities (i= 1,3)
dimensionalized by the Darcy's permeability in the middle layer. The product (K)i (L p)m is
the hydraulic conductivities in the thin layer (i=1,3). The non-dimensional hydraulic

conductivities of the endothelia and the leaky junctions are

(Ly), . (L)
(Li)y===52,i=12, (L), =— 59
D a7y >9)

D.2.2. Governing equations and boundary conditions for the fluid flow problem.
In each of the three regions of the interposed layer, we assume that the water velocity and
pressure obey Darcy's law; the dimensional equations are U” = -(K'p)i/u") p #/&r and

W= -(K'p)/n") 0p'i/dz’, where u’ is viscosity of the fluid. If one defines (L,*)n=
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(K‘p)m/u’L' and uses the dimensionless velocities, the dimensionless form for Darcy's law

becomes
oP, oP,
b P =i =123 60
U= Wi=g 1 (60)

The velocities in each of the regions of the interposed layer satisfy continuity:

L A9, (61)

Substituting equation (60) into (61) gives an equation for the pressure in each region of

the interposed layer:

OE 198 T8 _,  i-123) (62)

or’ ror 0z°
The edge r = £ of the periodic unit allows no flux of liquid or of solute, either because of
symmetry (if there is more than one leak per face) or because r=€ is the edge of the leaflet
(if there is either 0 or 1 leak per face). Along the centerline (r=0) symmetry, i.e., no flux,

also prevails. Thus:

U=-%J'-=0 atr=0r=¢ (=1,2,3) (63)

On the (aortic) face of the valve (z=0), the water velocity across the normal intact
endothelial layer excluding the leaky cleft, i.e., at 0<r<R;, R,<r<g, is the product of the
hydraulic conductivity (L, )e1 in the normal junctions and the local pressure drop across
the aortic face. Similarly, the water velocity across the leaky cleft (at R;<r<R;) is the
product of the hydraulic conductivity (L,:)cj in the leaky junction and the local pressure

drop. Thus for the case of a single leak on the aortic face and none on the ventricular face,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1106
the hydraulic conductivity (L).; of the latter face is uniform. When the valve is closed,

the pressure on the (ventricular) face of the valve is low (close to zero) compared to the
pressure (over 100 mmHg) on the (aortic) face [71,95,96]. When the valve is open, the
pressures on both faces are essentially equal to each other and to the systolic value; during
this period, there is no driving force for flow. We employ the time average pressure values
[97] in our model. The dimensionless pressures P, near the aortic face (the lumen in the
ascending aorta) is equal to 1 and P, near the ventricular face (the lumen in the ventricle)

is equal to 0. The boundary condition on aortic face of the valve (z=0) becomes

W ='%§L=(LJ4[1-P,] at (R, 'r- Ry)z=0 (64)
w =B )z = 65
(= = (Lo ull-B] atf0-r “R)(Ri~ r-§)iz=0 (65)

and for the ventricular face,

W3='?£=(Lﬁez@; at0-rg  z=l (66)

Let z;, and zy; be the z-positions of the interfaces between the layers denoted by
their subscripts, the interfaces where the matrix mismatches occur. Here the pressures and
velocities are continuous: P;=P,, (K;)10P1/0z = 0P./0z at z = z13; P3=P,, (K;):0P:/0z =
OP,/0z at z = z3.

D.3. Governing equations and boundary conditions for the tracer concentration
problem. Let the variables C%; (i=1,2,3) and C." denote the dimensional LDL
concentrations in valve and in the plasma, respectively. Dy is the diffusivisity in the middle

layer of the valves. C; (= C;"/C.) and t (=Dt'/L) represent the non-dimensional LDL or
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other tracer concentration in the valve and the non-dimensional circulation time (see figure

25b). The convective-diffusive equation for C; is

aC, . &C; 8 C 8°C; d C; C; o’ C;
_—= =] [P =——— 4 P ==+ P —— 67
a t [ a’_Z + y ar + az- ] [ er ar + er r + ez az ] ( )

where P.; (= fLU"i/yiD;) and P (= fLW"i/;D;) (i=1,2,3) are the non-dimensional velocity
represented as Peclet-numbers in the r and z directions. D; and f; are the diffusion and
retardation coefficients in the different layers i of the matrix discussed in the previous
section (VIIIB) and v; is the volume partition coefficient for the tracer in layer i relative to
the lumen. The velocity profiles U’; and W";, and thus the Peclet-numbers P.; and P, are
the solutions of the filtration model.

We turn now to the boundary and initial conditions. Before proceeding, we use the
results of a local model that describes the macromolecular transport in the leaky cleft
(subscript j). We assume that the leaky cleft in this model is a circular ring-source. Recall
that the lumen concentration is equal to 1. The tracer concentration Cy(t) in the leaky cleft
is different from that in the lumen due to tracer convection and diffusion. Wen ef al. [70],
used a 1-D quasi-steady convection-diffusion equation to get the relationship between the
macromolecular flux gj(t) and the possibly time-varying tracer concentration Ci(t) in the
leaky cleft concentration and found

e™ —

Pej C ¢
q,(O= —ej;',—_‘l(—) (68)

Here P,; = £W; h/y;D;. f;, D; and ¥; are the retardation and diffusion coefficients and the

volume partition coefficients in the leaky cleft and h is the endothelial cell layer thickness.
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Figure 25b illustrates the boundary conditions for macromolecular transport. The

initial condition is Ci(r,z,t)=0 (i=1,2,3) at t=0, which corresponds to an animal that is
iuitially tracer-free; the experiment introduces a pulse of tracer at t=0. The boundary
conditions are: (a). 0Ci(r,z,t)/or=0, at =0, r=t; 0<z<1. No tracer mass transfer at the
boundaries =0 and r=€, which correspond to the axisymmetric condition at r=0 and the
periodic condition (or the edge of the valve leaflet, as discussed above) at r=§; (b). gj(t)=
11D18C;"(R1,0,t)/0z +HW'1(R1,0)C;"(R1,0,t), at R; < 1< R, z=0, with g(t) given by (68).
This corresponds to the mass transport across the leaky cleft on the aortic face; (c).
£, (r,0,t) W' (r,0,t)-y:D,8C, "(1,0,t)/6z = ky(C-C,'(1,0,t)), at 0 <r <R;, Ry, <r <& and
z=0, which corresponds to the mass transport across the normal clefts of the aortic face:
(d). iC57(r, 1,))W's(r,1,t)-y3D38C; (1, 1,1)/0z = ko(C5'(r, 1,t)- CL), at O <r <&, z=1, which
corresponds to the mass transfer across the (ventricular) face. Here k; and k; are the tracer
permeabilities of the corresponding endothelial surfaces; (e). C; (r,zi2,t)=C; (I,zi2,t),
£.C1 (1, 12, )W 1(1,212,1)-71D10C) (1, 212,)/02 = £C5 (1, 212, )W oI, 212,t)-12D20C, (1, 212,1)/ Oz,
and Cs'(r,z23,8)=C2 (r,223,t), £3C3"(r,223,)W s(r,223,t)-¥3D38Cs5 (1, 22,102 = £:C5(r,223.1)
W'z(r,zzg.,t)-nDzaCz'(r,zz3,t)/62, which corresponds to the concentration and flux are

continuous at the interfaces z = z;; and z = z,;.
D.4. Solution Method

D.4.1 Filtration model. Since the boundary value problem for filtration is

independent of that for macromolecular transport, one can solve the former separately
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from the latter.

The boundary conditions for P; on the aortic face are

—aa%=(Lp)e,[1—P, ], O<r<R,R <r<é&z=0 (69)
oP . . _
. Lp)al1=R J+[(L,)y —(L)all-F), R <r<Ry,z=0 (70)

In principle, this yields a boundary value problem where the thickness R»-R, of the
cleft, the characteristic length over which the pressure varies dramatically from its average
value in the cleft to its values far from the cleft, is much smaller than the characteristic
distance & in the radial direction. In principle, this would require one to retain an extremely
large number of terms of the general solution of (62), a number comparable to the ratio £/(
R2-R)), here equal to 31,200. Experience with such problems garnered from [31.89.90]
suggests that an accurate solution of (62) subject to these boundary conditions yields a
functional dependence of P on r which is essentially uniform across the cleft. Near the
cleft, the value then decays to background over an intermediate length scale. The reason
for this is that the solutions cannot bend much over such a short distance R;-R; without
extremely large second derivatives when linked by continuity to much larger (§,R;>>R,-
R,) adjacent regions over which the curvature is significantly smaller. As such, we simplify
the problem by setting the pressure Py(r,0), Ri<r <R, on the upstream (aortic) surface
within the leak equal to an unknown constant Pr. Let Co=[(L;)ej~(Lp)e1][1-P1] and B=(R,’-

R,%)/E2. Using the method of separation of variables, one can easily obtain
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P =[a,z+a,1+3 [a,_ " sinh(4,z) +a, " cosh(4,2)1,(4,1) (71a)

)=l

or, in matrix form,

P a® a,® _ a af)siMﬂ)
|, ® o [ 2 %) () || sS4,z
P, |=|a,"”’ a, +> & a, Jo(4,7) (71b)
o o (1) 7= W oy \cosh(4;2)
P as ag as a

The boundary conditions for P; at =€ determine the eigenvalues A;: J1(A;€)=0, j=1,2,3,...
The values of the constant coefficients in the matrices on the right side of (71b) depend on
these eigenvalues A;. These coefficients can be solved from the boundary conditions on z
at the surfaces z=0, z,,, z3, 1. Let us begin with those at the aortic surface z=0, equations
(69) and (70). The procedure at the other surfaces will be similar. We begin by

substituting (71b) and the definition of C, into equations (69) and (70):

[01(0) "'(Lp)cl az(O) +(Lp)c| )]+i [/q'kal(k) _(Lp ),_,, a:(/")]‘]0 (ﬂkr)

-Cy, R, <r<R,

=t 0 O<r<R,R,<r<é¢

(72)

To solve for the unknown a coefficients in (72), we take the components of this equation
with respect to an orthonormal set of basis functions for C[0,£]. These basis functions are
the appropriate collection of Bessel functions (together with the constant function) for the
homogeneous Neumann boundary conditions at =0 and r= and the corresponding inner
product uses the weight function r. To find these components, we take the inner product
of this equation with each of the basis functions; in doing so, we make use of the

orthogonality relations for the Bessel functions:
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J"J A A, rde = L2024 550k
, oA A dr = 67 jé) (. k) (73)
where 8 is the Kronecker delta. To find the component along the constant function
direction, multiply equation (72) by rJo(Or)=r and integrate dr from O to & using the

boundary conditions J;(0)=J,(A£)=0 to get the relation

[al(O) ~(L,)q az(O)] =1 (74a)

To get the remaining components of (72), multiply (72) by rJo(A;r) and integrate dr from O
to &, using the orthogonality relation (73) for the Bessel functions Jo(Ajr) to get

}Lal ~-(L, Yaa,? = —C, (74b)

2

where 7 < g J (;. o 1, "" 0(}' j’)d’ . Next we invoke the same procedure to exploit the

continuity of pressures and velocities at the interface z=z;,. Substituting equations (71)
into the boundary condition P,=P, at z=z,, and rearranging the equation, one finds, in
analogy to (72), for 0<r<k:

©_, © ©__©

[(al )212 + (az —a, )

+ 3 Uy ® - a;®ysinh( 2,250+ (@, ®) = a, B yoosh( 2,2, (4,1 =0 (79)

One again multiplies equation (75) by rJo(A;r) (=0,1,2,3,...; A=0), integrates dr from O to

€, uses the orthogonality relations (73) for the Bessel functions Jo(Ar) to get
(al(O) - a3(°))z|2 + (az(O) - a4(0)) =0 (762)

(0, = a,")sinh( A,2,,) + (@, —a,”)cosh(2,2,) = 0 (76b)
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Treating the condition of continuity of velocity at z=z;, in exactly the same manner gives:
K, ha ©@_ as(O) =0 (77a)
[(Kp)l al(j) _ as(j)]cosh(zjzlz ) + [(Kp )1 az(f) _ a4(j)]sinh( Ajzlz) =0 (77b)

An identical treatment of the corresponding conditions at the interfaces z=z,; gives for the

continuity of pressures and velocities there:

(03(0) _as(o))z23 +(a4(0) —as(O)) =0 (78a)

@, —a,"”)sinh( Azy)+ (@, - as(j))cosh(}{,.zz;) -0 (78b)
(K,)sa,” ~a, ¥ =0 (792)

[(X )50, = a,"Jcosh(A,2,,) +[(K ), a5 —a,]sinh(A,2,,) = 0 (79b)

Finally, the boundary condition equation (66) at z=1 yields the following relations:

[1+(Lp)z]as(0) +(Lp)2a6(0) =0 (80a)

[(2; cosh(4,)+ (L), sinh( z,)]agf) +[(4, sinh(4,)+(L,), cosh(4,)]al’ =0 (80b)
Combining equations (74a)-(80a), one can obtain the matrix relation:

(a”) (-0 +BCN

(0) 0

© =
F7el oy |= (81a)

i
© o oo

a° |\
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(

O

(1 -,
z, 1 -z, -1
F(o) - (Kp)l - l
where - z, 1
1 0 -

and the missing matrix elements are all zero.

1+(L,),, (L))
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— 2, -1
X,); 0O

Similarly, for each j=1,2,3,..., by combining equations (74b)-(80b), one obtains the

matrix relations:

( afj) w
aéj)
§))

a

W |73 —

F * B =

af,’)
)

as

)
\ %6 J

(=
C S O O O -

;'j _(Lp)el
sinh().jzlz) cosh().jzlz) -sinh(/‘l.jzlz) —cosh(}l.j::lz)
(Kp)l cosh(i.jzlz) (Kp)] sinl\(ﬂ.jzlz) —cosh().j:n) —sinh(ljzlz)
sinh(ﬁ.j 293) cosh(i.j 293)
cosh(ﬁ.j 293) sinh().j 253)

and the missing matrix elements are all zero.

(81b)

—sinh(ﬂ.j:n) —cosh(ij:23)

_(A'p)3 cosh(2j223) -(;;p)3 sinh(;,l;n)

).j c:osh(ﬂ.j)-f-([,p)2 sinh(Aj) AJ- sinh(lj)+(Lp)z cosh(i.J)

For each j=0,1,2,3,..., inverting the (presumably non-singular) matrix in equation

(81) determines the coefficients a,® (i=1,2,3,4,5,6, j=0,1,2,3,...).
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This procedure can be carried out analytically using computer algebra packages

such as Mathematica or Maple. Here we used Maple package and obtained the solution
for the inverse G (G9=(g9)s,c=[F”]™). Since the solutions are quite long for G (j>0),
we only show solution G as follows:

G[1..6,1]=

{I- ) Lp)ea),

[ (Kpi(Lp)ea(1 - z23 — (Kp)s (z12-223)) + (Kp)1 + (Lp)ez (Kp)s 212) 1,
[-Kp)1(Kp)s(Lp)e2],

[ K [Lpea1 + (Kp)s-Dz23) + 11 ],

[-(Kph(Lp)e2],

[(1 + (Lo)z)(Kp)i] } /mod1 (82a)

GY[1.6,2]=

{ - &) o)z Wpderd,

[-(Kp)z (Lp)e2l,

['(Kp)l (KP)3 (Lp)el (Lp)eZ]a

[ (Ko Lper (Lpdea( 1+ (Kp)s-1) z23) +1) 1,
[-Ko)1 (Lo)er Lp)ezl,

[Kp)i Lot (1 + (Lp)ea)] § /mod1 (82b)

GY[1..6,3]=

{1 @ @z (2 -1 + Ky (212 - z2)) -1) 1,

[ L)z (z23-1+(Kp)s (z1z-223)) -11],

[ Kp)s (Lp)e2 (1 + Lp)er z12) 1,

[ - @Lper Lp)ez ((Kp)s 1) z23s +1)zpp - (Lp)ex (1+ (Kp)s-1) 223 ) - 1 - (Lp)erzaz 1.
[ L)z (1 + (Lp)er z12)],

[ - (1+ (Lpdet 212 )(1+ (Lp)ez ) 1} /mod1 (82¢)

G[1..6,4]=

{[ - Qoo L2 Ko ),

[ = (Lp)cZ (Kp)3],

[ ‘(Lp)cl (Lp)c2 (Kp)l (KP)3 ]’

[ Kps Lp)ez ( (Kp)r -D(Lpler zi2 - 1) 1,
[ = (Lp)cl (Lp)ez (Kp)l ],
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[ Lper (1 + (Lp)ea) (K1 1} mod1 (82d)

G9[1..6, 5=

{ [ @)a (M2 z-1) - D],

[ Lp)ez (z23-1) - 1],

[ @Cp)er K1 (Lplez (z23-1) -1)],

[ -( Lp)e2 (1-223) + 1)(Lp)er (1 - Kp)1 ) z12 +1)],
(Kot (Lp)er (z12 - z23)~(Lp)er zi2 -1)(Lp)e2 1,

[ (1 + Lp)e2)(Kp)r (Z12 - 223) - z12) - (1+(Lp)e2) ]} /mod1 (82e)

GY[1..6,6]=

{I- & @ 1,

[ - (Kp)3 ],

[ = (Kp)l (Lp)el (Kp)3 ],

[ Kp)s (Lp)er (Kp)1-1)z12 -1) ],
[ - (K @Lp)er 1,

[ L) Kp)i ( Kp)a (Zi2 -2z23)+ z23) - (Kp)a z12) - (Kp)s ]} /mod1 (82f)

where mod1= (Lp)er (Lp)ez [(Kp)1 ( (223-1) + (Kp)s (212 ~223) ) - (Kp)s Z12] - (Kph (Lp)er -
(K;)s (Lp)ea. Collecting the solutions for all of the unknown coefficients that we have
determined, and plugging into equations (71), one can obtain P; in terms of the unknown

constant Cy as

P PO P® .
) ) o[ 2 @ sith(4;2)
B =B [+ B | =-1L,)y + BCIBY| T |-1C.D BY Jo(4,1), (83)
, Q) ) F 1 = cosh(4,z) J
A) \A A" /
g”(O) g2|(°) ' g,,":’ gz.(’?
where BO =| g, @ g, @ :BO=g g, @ lare known analytically and J;(A;£)= 0.
(0 © 6)) 0))
&1 e &5 e

Finally, we now calculate the unknown constant Cy, which is equivalent to determining the
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unknown, assumed-constant pressure Py in the cleft. From equation (83),

P, =FR({R,0)= _[(Lp )a +BC, ]gzl(O) -7Co i ng(j)Jo(ﬂ.le ) (84)

Substituting the definition C, =[(L,),, — (L,),][1- £z] gives

(0)
_ 1+(Lp)¢|gzl _ . (85)
[(L,)y = (Lp)al" ~ 1B +7 2 8o (4R

Go

Equations (83) represent the complete solution for the pressure; combination with
(60) yields the water velocity distribution in the valves as well. This solution will act as an
input into the convection-diffusion equation for the space-time evolution of the tracer

concentration.

D.4.2 The macromolecular transport model: With the complicated velocity profile
(equations (60) and (83)) derived in the last section, it is unlikely that one can find an
analytic solution of the corresponding convection-diffusion equation (67). Consequently.
we shall numerically solve this convection-diffusion equation for the macromolecular
(tracer) concentration Ci(r,z,t) profiles.

We have implemented an implicit Euler method to solve this problem. The method

is an efficient and stable for solving general transport equations of the form

LD - e (86)

where C(r,t) is the concentration, r is the position vector, t is time and F is a general
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convection-diffusion differential operator. With backward time differences, the above

equation can be calculated by the implicit Euler steps, vis.,

Con' = Com + ARG (87)
Here At is the time step, Fy is the finite difference form of the convection-diffusion
differential operator. C*,n is the concentration at time t, = kAt, and position r=nAr, z, =
mAz; k, n, and m are natural numbers.

Since the cell leaky junction (R;-R)) and the thin layer depth (L;or L;) are much
less than the radius of the periodic unit () and the depth of the middle layer (L), we
transformed coordinate system (r,z) to (x,y) coordinate system in order to increase the
resolution.

r=ax’+bx*+c.x, (88a)

by (-y+1)

z= ay[eb’y -11,0 <= y <= 0.5 —z+1=aqe -1],05<y <=1 (88b)

where the constants ay, by, cx, a, and by are determined by the following conditions: r=£/L
at x=1; =Ry/L at x=0.1; =SR//L at x=0.5 and z=0.0015 at y=0.05; z=0.5 at y=0.5. We
used 100 grids in each r and z direction in our calculation. Based on this transformation,
there are 4 grids in the thin layer of the valve and one grid for cell leakage. Equation (87)
is implicit and thereby in need of an iterative solution. The calculation is easily convergent
and stable with a reasonable time step compared with a simple explicit iteration method
such as {At<0.5/[(Ar)*+(Az)?]}, which is about 10®}. To check convergence, we halved
the time step and recalculated the solution until we found the relative error {[C**!-C¥}/C*}

to have varied by less than 10™. This led to a value of At=5.2x10 in our calculations.
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D4.3 Note on the calculation method used in the discussion section below. Recall

that the analytic solution of the filtration problem presented in Section D4.1 for the three-
section interposed layer model is, in principle, exact except for the assumption that the
pressure is uniform across the thin cleft. Nevertheless, one must still numerically
experiment so as to determine where it is safe to truncate the infinite sum on j so as to
retain sufficient detail to resolve the relaxation of the pressure field close to the cleft. Once
this has been done, one then takes the resulting velocity field, obtained by differentiation
of the pressure field, inserts it into the convection-diffusion equations and solves them via
the finite difference procedure. Here one must again experiment with grid size so as to
guarantee sufficient resolution in the near-cleft region. Rather than implement these two
procedures and go through two independent numerical procedures each with the same
goal, we have chosen at this stage to solve both the filtration and the convection-diffusion
problem by the same finite difference procedure. The goal here is to assess the feasibility
of the said three-layer interposed region model and to do some basic calculations for
comparison without limited data set. Our ultimate goal is to take much more extensive
data and, provided that the current comparison proves fruitful for the data at hand. to then
implement numerical calculations based on the analytic solution of the filtration problem.
This is in fact the plan before publication. In order to substantiate this approach we note
that in Fig. 24c, based on the single layer interposed region model, we present a

comparison of both approaches and note how well they agree with one another.

D.4.4 Constants and parameters used in the model: Most of the constants and
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parameters in the models are summarized in table 1, which includes the related references.

Several important parameters are illustrated below. As we discussed in the motivation for
the three-layer interposed region, the experiments described above strongly suggest that
there are thin subendothelial layers sandwiching the main layer of the interposed region
and that these thin layers have much higher void fractions than this main layer. That is,
there appears to be a mismatch transport parameters at z;; and at zp; in the valves. The
permeability and diffusivity in the thin layers that result from our ab initio calculations
based on Frank and coworkers’ ultra-rapid freezing rotary shadow etchings are much
larger than those of the middle layer. These calculations used the images of the
proteoglycan monomers, collagen and central filament in these etchings in a fiber matrix
model similar to Huang et al. [12] for the arterial subendothelial intima. Not surprisingly,
many parameters, including the permeability and diffusivity in the thin layers of valves,
turn out to be similar to those in sub-endothelial intima of arteries. Since we do not have
direct measurements of the transport parameters in the middle section of the interposed
layer, we use the same values of the permeability as in the media of the arteries. We use
values for the permeability to LDL of the intact endothelial cell layer and for the solute
diffusivity in the middle section of the interposed layer from Tompkins’ experimental
measurements in the valves of squirrel monkey. We discuss the calculated values described

above in the beginning of the next section entitled Results and Discussion.

E. Results and Discussion

E.1 Permeability and tracer diffusion coefficient in the thin layers of the valve.
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The Darcy permeability K, in the subendothelial thin layers, as we have described above, is

a function of the fiber spacing §, the ratio B of GAG to protein core length, and the
sroteoglycan’s effective radius r. The permeability K, as a function of the core protein
spacing & is shown in figure 26. As one can see, K, varies between 0.6 and 1.6x10"? cm?
for B=5~15. Furthermore, these permeability values for HRP and LDL are only about
25% less than those found in the arterial intima [12]. This suggests that the permeability
values in the thin layer of valves are similar to those in the arterial intima.

Similarly, figure 27 shows the tracer diffusion coefficient D; in this tissue as a
function of the physiological fiber spacing 8, in which the solute radii r,=3.0 and 11nm
represent HRP and LDL, respectively. The value for the molecular diffusivity Dy used for
LDL is the value in [30], and that for HRP is the value for albumin, a molecule of similar
size, since we don't know the D¢ value for HRP directly. This latter value was then
modified by using its the effective radius as described in section VIIIB. The results show
that the diffusion coefficient for large molecules (LDL) is almost one fourth that for the
smaller molecule (HRP) in the thin layer of the valve. We shall also need diffusivities for
the thick layer of the interposed region. Since we do not have direct measurements for this
region, we note that, neglecting inter-species differences, the values determined by
Tompkins et al. {43] in squirrel monkey valves for LDL can serve as upper bounds. The
reason for this is that Tompkins e al. attributed all solute transport to diffusion. In
contrast, in our model convection accounts for part of this transport and thus a lower

diffusivity can account for the difference. Moreover, although Tompkins e a/ had only a
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single layer interposed region, the middle layer of our model’s interposed region in rat

valves comprises over 99% of the total valve thickness. We shall discuss the precise
determination of this value in Section E.4 below. Comparison of the resulting D values
with those for the thin and thick layers of the interposed region substantiates the mismatch
assumed in the postulation of the three-layer interposed region. That is, water permeation
as well as macromolecular diffusion should be much faster in the thin layer than in the

middle layer of the valve due to the much higher void there.

E.2 Pressure distribution and velocity profiles in the thin layer. Figure 28 is the
pressure distribution result of the new model for the case of a single leak occurring on the
top surface (aortic face, z=0) and no leak occurring on the bottom surface (ventricular
face, z=1). The coordinate z=0.5 represents the position in the middle of the valve. The
figure shows the pressure distributions as a function of the horizontal direction (parallel to
the endothelial cell surface) from the leak at three different depths (perpendicular to the
endothelial cell surface) into the valves. Each of these three depths is located in one of the
three layers of the interposed region, with z=.5 in the middle of the thick layer. Unlike the
situation in the artery wall, our new theoretical filtration model shows that about 30% of
the total transmural pressure drop occurs across each of the two endothelial cell layers. In
Fig. 28, solid and long dashed curves show the position z=0 and z=z,, respectively. These
two curves are very close. Similarly, the dotted curve (for z=z,3) and the dashed curve (for
z=1) are also very close. This suggests that there is nearly no pressure drop across these

two thin layers of the valve (the thin layer right underneath the top endothelial cell layer
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and right above the bottom endothelial cell layer), as a simple scaling analysis would

predict. The radial gradient in pressure is by far the steepest in the cleft region. Notice
how it is significantly damped away from the endothelium. It is this radial derivative of the
pressure profile that determines the radial velocity in the thin subendothelial layers and
thus the en face observed spot size from our experiments. As such, we have reproduced
this curve on Fig. 24d for comparison with the result of the preliminary model. The radial
gradient of the solid curve has a much longer range of non-zero slope than does the dotted
curve.

Figure 29a shows this lateral velocity U; and Us in the thin layers at the z=0
(aortic) and z=1 (ventricular) faces, respectively. Here again, the velocities U are non-
dimensionalized as local Peclet numbers in order to weigh the contribution of the
convection relative to diffusion. Similar to figure 28, in figures 29 curves for z=0 and z;;
are very close, and curves for z=1 and z=z,; are very close. Figure 29a clearly shows a
large lateral velocity (convection dominance in the r direction) in the thin layer near the
aortic surface close to the leak and radial convection remains important there even far
from the leak. These characteristics decay to almost zero in the subsequent layers in the
case of a single leak on the aortic surface and no leaks on the ventricular surface. Figure
29b and Figs. 29¢ and d, the dimensional versions of 29a and b, show that the velocity in
the normal direction (perpendicular to the endothelial cells) is much smaller than that in
the lateral direction in the thin layer just below the aortic face. (Note that the z=0 curve
exhibits anomalous behavior at the edge of the cleft at =1 due to the discontinuity in the

value of L, there. There is a relatively high pressure at z=0 very close to r=1 which locally
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produces a reduced normal driving force across the endothelium. As the distance from the

leak increases, the intimal pressure decreases and thus the normal velocity increases. This
consequence of the imposed discontinuity disappears at z values far from this
endothelium.) By comparing figure 29¢ and 29d, one can find that radial velocity is about
2 orders of magnitude larger than the normal velocity within about 7-8 cell radii in this
thin layer. Therefore, the radial velocity is dominant there in the vicinity of the leakage.
This large lateral velocity appears to have the potential to create large spot sizes, clearly
extending to at least 7-8 cell radii, where the lateral velocity has decayed to a small value.
As we shall see in the next section, this trend will indeed be borne out. Thus it does seem
that the mismatch in matrix structure between the thin layer (loose matrix with high
permeability) and the middle layer (dense matrix with low permeability) accounts for most
of the role that we had attributed both to matrix mismatch and the presence of an internal
elastic laminar in the artery wall. That is, it causes a large radial pressure non-uniformity,
and thus radial velocity, near the leaky endothelial cell. Since, as we have seen, the vertical
velocity is significantly smaller than the lateral velocity in the neighborhood of the leak. the
HRP spot will grow mainly in the lateral direction in valves, as it does in arteries.

Figures 30 and 31 show dependencies similar to those in figures 28 and 29 for the
case of no leak on the aortic side and one on the ventricular side (figures 30) and one leak
on each of the two faces (figures 31). Similarly, curves for z=0 and z,, are very close, and
curves for z=1 and z=z,; are very close. In the former case, note that the dimensional
velocity in the thin layer beneath the upstream, i.e., aortic, face is now predominantly

vertical, whereas that near the downstream, i.e., ventricular, face is now predominantly
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horizontal. This illustrates the barrier function of the lower endothelium coupled to the

high permeability of the lower thin layer. Fluid entering almost uniformly through the leak-
free aortic face traverses the thick layer and then flows inward through the downstream
thin layer towards the ventricular face’s leak. When we couple this flow to the convection-
diffusion equation, we can formulate certain expectations. First, if diffusion is not
negligible relative to convection, we can expect some tracer to diffuse in the direction
opposite to the prevailing flow, from the lumen through the leak in the ventricular face and
into the valve’s lower thin layer. Moreover, since diffusion within this layer is much easier
than through the thick layer, a large diffusivity could actually lead to a large spot on the
ventricular face as well. Convection dominance in these regions, on the other hand, could
keep such spots from forming in this way; it could, though, sweep whatever tracer crosses
the aortic face into the ventricular face’s thin layer to be swept out mainly through its leak.
It was Tedgui and Lever [92] who noticed these possibilities long ago. As we shall see,
this concept, as well as the case below, will be very useful in explaining the tracer
concentration profiles across the leaflets of Tompkins ez al’s squirrel monkeys [43].

As for the case of leaks on both faces (figures 31), there are large lateral velocities
in each of the two thin layers as fluid spreads from the upstream leak and then converges
towards the downstream leak. The prevailing flow in the thick layer is still vertical. The
large lateral velocities near the ventricular face clearly corresponds to the fluid looking for

the easier way out of the leaflet through the large leak that offers less resistance to flow

than the normal clefts.
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E.3 HRP concentration profiles. After one has found the velocity profiles, one can

analyze the time-dependent macromolecular concentration profiles in the thin layer of the
valve. In order to compare this theory with our experiments, we focus on macromolecular
(HRP) transport. Due to a lack of direct observation, we take the value of the HRP
diffusivity in the thick layer to be the average value 11x10® cm%s determined by
Tompkins ez al.[43].This calculation is very insensitive to the tracer permeability of the
two endothelia . In fact, this insensitivity is the basis of this spot size measurement. We
take a value 5.2x10 7 cm/s which is about three times LDL's value, simply because a value
is needed. The values in Tompkins ignored isolated leaks and had very high standard
deviations. Thus they were not reliable for our study. With these values, Figure 32 plots
the radial HRP concentration profiles after different circulation times in the thin layer of
the valve leaflet. As usual, we normalize the HRP concentration by the lumen
concentration. The abscissa again represents the position in the thin layer normalized by
the endothelial cell radius. Note that since fiber matrices fill the valves, the available
volume for HRP is everywhere less than 1. Furthermore, since there are matrix
mismatches at the boundaries z;; and z,; between layers of the interposed region, there is
the possibility of macromolecular (HRP) sieving in the thin layer of valve leading to local
concentrations (C>1) above the lumen value.

Figure 32 shows that the lateral convection of the macromolecules in the thin layer
(0<z<150nm) is indeed very large for the HRP transport close to the cleft. Thus even over

the shortest times of circulation of the corresponding experiments, the HRP spot
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generated in this region will be large. The concentration in the leading edge of the

convective front is much lower than the lumen HRP concentration. Since the HRP
concentration is not yet zero in the thin layer even for very large values of r/R;. the exact
spot size will depend upon the level of delectability of the HRP reaction product in the
particular experiments in question. Since there is uniform seepage on the surface of the
valves (k; kz), the concentration in figure 32 does not go to zero as r gets large; it slowly
decays to a non-zero background. The figure does show a non-trivial slope even at 7-8
radii, and thus the spot size will most certainly fall within this domain, in agreement with
our experimental observations. It is noteworthy that such HRP spot size values are again
similar to those found in the artery wall. As we did in the artery study, we choose a
threshold value C” of C to define the edge of the spot in order to fit the experimental data
at a single circulation time and maintain this value for all other times. The threshold value
for our model, when the 60 seconds circulation time is used as the point of reference, is
C"=0.127. Figures 33 show the corresponding early time growth of the leakage spots. The
filled circles symbol shows the short time en face HRP spot growth after 30 seconds, 1
minutes, 2 minutes and 4 minutes circulation from both the above theory (figure 33a for
30 sec. and figure 33b for 60 sec. as the reference curves) and our experimental
measurements. The figures show that the theory (solid curves) is consistent with the
experiment data.

E.4 LDL concentration profiles in the valve leaflets. In a manner exactly
analogous to the way in which we obtained the HRP concentration profiles in the last

section, Figure 36a calculates and plots the corresponding LDL concentration profiles for
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a similar experiment that substitutes LDL for HRP as the tracer molecule. To generate

such a figure, one must decide on values for the permeabilities k; and ka of the two-
endothelial layers to LDL and / or the diffusivity D of LDL in the thick layer. To this end
we appeal to figure 2 of Tompkins ef al. Curves 2-5 and 9. Let us focus on curve 9, which
we reproduced in figures 34 and 35. We begin by using this curve to check our numerical
code. We turn off convection and set the void fractions of both the thick and thin layer
equal to Tompkins ez al's value of 0.17. Using Tompkins et al.'s values for k; k> and D,
we recover his fit, as shown in figure 34. In 35, we introduce the convection from the last
section. k; and k. control the total amount of LDL entering the value during the
experiment. However, convection will tend to skew the distribution in the downstream,
i.e., ventricular direction, whereas D will tend to smooth it out. Thus, upon resting
convection and the large € in the thin layers, we anticipate needing to readjust k; upwards
and k, downwards with k;+k; fixed so as to obtain a good fit to curve 9. Fig. 35 shows
that the fit for, k; =14.x10® cnv/s, k; =4.x10° cm/s, D=7.8x10"° ¢cm?%/s. we shall keep these
values fixed for all further calculations. Note that in the absence of leaks, the problem is
still one-dimensional, Thus there is full symmetry in the x and y directions, where z is the
direction normal to the endothelial surfaces.

Let us return now to Fig. 36a. This figure contains the concentration of LDL as a
function of radial distance from the center of the single leaking cell on the aortic face at
different LDL circulation times. If we take a level of detectability as 0.127, then Fig. 36b

shows the spot size growth as a function of time. Notice that as in the artery wall, the
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LDL spot growth is substantially slower than that of HRP. Note that since LDL is much

larger and thus diffuses much more slowly, the circulation times vary from ’l minute to 30
minutes, including the steady state, as in Tompkins ef al. ' s experiments [43]. As in the
HRP experiments discussed in the last section, the mismatch in matrix structures in
between the three layers of the interposed region in thé valves generates mismatches in
volume availability for LDL, and thus in LDL diffusivity, between these layers as well. In
fact, a conservative upper bound for the LDL space in the artery wall's media is that for
the much smaller molecule albumin, which is well known to be 0.08 [92]. This is much
smaller than the value 0.5 that we calculated [12] for LDL in the arterial intima. By
comparison, the LDL space that we calculate for the thin layer in the valve is 0.602; for
the thick layer, we take the Tompkins ef al's experiment value 0.0925 [43] which, as
noted, is also a very conservative upper bound. Below we shall use Tompkins ef al.’s data
in a bit more clever way to extract a better value.

As a result of the noted mismatches, one can again expect LDL concentration
sieving in the thin layer of valve. Figure 36a indeed shows this elevated LDL
concentration close to the leak that then decays away from the leak. Note that this sieving
actually increases the local LDL concentration near the leak with time until a steady state
is reached. Again, as one would expect for a convection-dominated process, the spot size
reaches a steady value, here after about 10 minutes, although the concentration profile still
varies very slightly for approximately another half-hour. This time of about 10 minutes is

longer than the 4-5 minutes in the artery wall. It must be noted though, that the aorta
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contains what appears to be a much more effective barrier, the fenestrated IEL, to fluid

and macromolecular transport, in addition to the matrix mismatch between layers. Indeed,
it is remarkable that the absence of an IEL in valve only has a minor qualitative effect on
the flow patterns and the dominant effect is the result rather of the matrix mismatch alone.
Note the spot sizes are significantly lower for the larger tracer.

Let us now turn again to Tompkins e7 a/’ experiments on squirrel monkey and
rabbit valve leaflets. Recall that his data (see Figures 37) show profiles of various
magnitudes and shapes, including high maxima only on the aortic face, only on the
ventricular face, on both faces, or only small maxima on both faces. We note again that the
variation in Tompkins et al’s curves does not result from a difference in experimental
procedure, yet has been until now unexplained. Here we compare individual measurements
from their paper with the four possible calculations described earlier, and thus attempt to
provide just such a rational explanation.

As we have already discussed, it is the profiles that have uniformly low
concentrations with only small maxima near both endothelia (note the scale of the
ordinate, which is about a factor four smaller than those of the other figures) that we
surmise come from valve leaflets that during the course of the experiment had no leaks on
either the aortic or the ventricular faces. In that case, the transport is simply one-
dimensional (in the z-direction), accounted for by convection and diffusion and the
pressure and concentration fields are uniform in the horizontal direction. Consequently the
lateral velocities are zero, and one would only observe a faint uniform staining on the

ventricular face, rather than a localized spot. Since both the filtration and the convective-
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diffusion problems are by far the simplest here, we have used their solution and these data

to find values for the permeabilities k; and k, of the two endothelia to tracer and the
diffusivity of LDL in the middle layer as outlined above. We then retain these values for
the solutions having one or more leaks on each valve face, which we compare with
Tompkins ef al.’s other experimental profiles.

(Alternatively, another rough method for estimating k; and k; is to appeal to our
artery wall work that has been given in great detail in the first part of this thesis. In Section
IV, we calculated the liposome size distribution that should form in a normal rabbit that
had been on a high cholesterol diet for 10-16 days. The intimas of these rabbits were
spatially highly heterogeneous, with certain areas having been subject to close-by leaks
and others mainly only far-away leaks. However, in order to obtain the magnitude of small
liposomes found in experiment, we found it necessary to superimpose on this cellular-
leakage-derived LDL a uniform seepage from the lumen across the endothelium and into
the intima. We set the magnitude of this uniform (in the lateral direction) leakage equal to
the value that produced the best agreement with the measured size distribution. It seems
reasonable to take this same value as a given here and to calculate the resulting LDL
dependence on z. That value would be 1.4x10%cm/s, which compares well (9.3x10® cm/s)
with the values determined from Tompkins e al. Clearly the values from the last
paragraph are more reliable.)

Figures 38 show the LDL concentration across the valve depth (z), including both
sample Tompkins et al’s measurements and our theoretical calculations that we discuss

presently. It is critical to mention that these curves are not fits, but rather theoretical
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predictions based on parameters that have been or will be (see below) determined and/or

calculated by the methods already discussed, methods unconnected with the present
experiments. We choose a configuration of leaks on each face, calculate the result using
the model and then compare it with a data set from Tompkins ef al. that looks most
similar.

As we have mentioned several times above, each valve face may have zero, one or
more leaks. As throughout, the abscissas of these figures represent the normalized depth
(2) into the valve leaflets from the top face inward. That is, position z=0 is at the aortic
surface; position z=1 is at the ventricular face. The ordinates are the normalized local (in
z) LDL concentrations per unit total volume (including matrix) of valve (yC). In
particular, to generate each figure, we calculated the LDL concentration as a function of'r,
z and t. We then choose the t value corresponding to the experiment. As noted a final
fitting still needs to be done with regard to the implicit experimental spatial averaging.
That is, Tompkins et al. cut the valve into 1 thick sections by slicing normal to the
endothelia (i.e., in the z direction) They then report autoradiographic spot counts as a
function of the depth z into the valve. Clearly the have averaged over the thickness (1pt)
of the slice- that is , in the x - direction - as well as in the transverse or y-direction. They
do not , however, report the y distance over which they have averaged. Thus we take this
parameter to be a fitting parameter, again to be fit once and then fixed for all subsequent
curves. We do this in Fig. 38a. We consider curve 6 of Tompkins et al.'s Figure 4 and

compare it with the case of a single aortic face leak and no ventricular faces leak. The
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value of y that we have determined, mainly scales the curves in question, as well as slightly

affecting the steepness of the concentration in the thin layers. Finally, we have averaged
over a Az of 10% of the value thickness in the measurement in question in Tompkins e?
al’s experiment.

Let us examine Figure 38a, the situation of one leak on the top and no leaks on the
bottom faces. In this situation, a high LDL concentration appears near the top surface
region and a much lower LDL concentration appears near the bottom surface region.
Filled circles represent the experiments performed by Tompkins ef al. [43], and the dotted
curve represents our new theoretical model’s results. The shapes are similar and with
future parameter adjustments (k;, k2, D from adjustment of fit in Fig. 35) and is
anticipated to be much better, including a slight turn-up in the profile near the ventricular
face. This should result from the LDL that crosses the aortic valve having been swept
downstream to the ventricular face and not being able to exit by convection and from the
(reverse) tracer permeability of the ventricular face. See Fig. 38 for such a shape.

Figure 38b is for one leak on the top surface and one leak on the bottom surface.
The data are from Tompkins e al.’s Fig 2, curve 10. This profile is similar to that in figure
38a, but the model, with the improved parameters, should show no pronounced turn-up
near the ventricular face. In contrast to Fig. 38a, tracer entering through the aortic face
can simply be swept out of the valve by the flow that converges to the ventricular face’s
leak. Since near the leaks convection dominates over diffusion, the back-diffusion through

the ventricular face's leak(s) is ineffective in producing significant LDL concentrations in
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the valve’s interior adjacent to the ventricular face other than by quick diffusion after

animal has been sacrificed and before the fixation is complete (circa 20 minutes).

Let 11s now examine figures 38c and d. We begin with their characteristics. In Fig.
38d, the concentration of LDL in the valves is significantly smaller than in the previous
two figures. Moreover, the concentration is much higher at the downstream than on the
upstream leaflet face. Curve #1 in Fig. 37, on the other hand, has an LDL concentration
that is more than a factor of two larger than those in Figs. 38 a and b. It also has higher
concentrations near the ventricular face than near the aortic face, but the width of the high
concentration region near this face is noticeably wider in curve #1, Fig. 37 than in 38d.
The simplest way of trying to explain these shapes (ignoring for the moment the
magnitudes) of these curves is to consider the case of no leaks on the aortic face and one
or more on the ventricular face. A similar theoretical curve for Curve #1 figure 37 for one
ventricular leak (not shown) shows, however, that this scenario would indeed lead to a
concentration maximum at the ventricular face, but it would be much thinner than that
observed in these figures. As such, it does not seem capable of explaining them.

Another possibility is the situation where at the beginning of the experiment, one
or more leaks are open on the aortic face, but close during the course of the experiment.
This possibility is not as far fetched as it may sound. Recall the mean lifetime of a leak is
on the order of one hour, and the experiment lasts 30 minutes. So the potential exists for
the experiment to have caught one or more leaks open for only part of the experiment. In
order to test this possibility, at least qualitatively, to see if it generates the correct shapes,

we performed the calculation in Figure 38c. It considers no ventricular leak and a single
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aortic leak that has been open for 10 minutes and then closes. The figure plots the

concentration profiles across the valve for various times after the aortic leak closes. Notice
how the shape of the prolle changes with time. At first, it resembles the data in Fig. 38a,
with 2 maximum near the aortic faces and a uniformly convex shape that rises at the
ventricular face. However, after the leak closes, the aortic supply of tracer is almost cutoff
and convection sweeps the pre-existing tracer downstream. This quickly decreases the
concentration near the aortic face and increases it downstream, leading to a rising profile.
The peak near the ventricular face grows with time. The theoretical curve in Figure 38d
(one leak on the aortic faces closing during the experiment and no leaks on the ventricle
face) show the result of this type of model as compared with the experimental curves. It is
worth noting that this scenario would lead to a valve that, when viewed en face, would
display only a light, spot staining on the ventricular side of the valve leaflet and essentially
none on the aortic face. This staining pattern would result despite the fact that the
calculation is now both two-dimensional and time-dependent.

Note that the numbers of aortic leaks were chosen for this figure and for curve #1,
Fig. 37 so as to control the magnitude of the concentrations in the valves, and thus would
differ between these two figures. One can estimate the product of the number of aortic
leaks and the amount of time that these leaks would have to have been open (total leak-
open time) from figure 38a. One could simply integrate the total amount of LDL present
in the leaflet at the time of the experiment and comparing it with the influx rate found in
the calculation that generated the theoretical curve in figure 38a. This yields a lower

bound on the total leak-open time, since it neglects efflux. The value we find is for this
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lower bound is 5 minutes and for the best fit of figure 38d with the data is 10 minutes.

This would be consistent with about 50% of the LDL that entered the leaflet during the
experiment also leaving it during that time. Note that the difficulty in matching the
magnitudes may be the result of the LDL volume availability in the larger animal (the
monkey) may be different than for the smaller animal (rabbit).

In summary Tompkins were unable to explain the wide variation in apparent
valvular endothelial permeabilities in different regions and at different times. Their one
dimension diffusion model is not able to account for their experiments without attributing
the variation in results simply to a variation in endothelial permeability, without further
insight into the reason for this variation. In contrast, our models suggest that different leak
occurrences on the two leaflet faces and different open times of the leaks during the
course of Tompkins’ experiments may have been the source of the very different trans-
valvular LDL concentration profiles that he observed. Our theoretical model shows that
the localized leakage sites and transient leaks on different faces generate different
concentration profiles. Thus, our new theoretical models (a two dimensional diffusion and
convective model) can offer a good explanation for some their experiments. We plan on
continuing with these calculation to show similar explanation for the remaining curves in
Fig. 37, all with the same fixed values of k;, ki, D, and y. Clearly, an experimental test
where one looked both at the existence and number of leaks on leach of the two faces and
at the trans-leaflet tracer profiles would be able to test this hypothesis.

Before leaving the data in Fig. 37, we would like to reconsider the importance that

we have placed on convection in this process. Over the cardiac cycle, The valve is
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completely closed, and thus the leaflet expressions a large pressure drop across it, for 60-

70% of the cycle [96,97]. One might argue that since during 30-40% of the cycle, the
leaflet suffers no pressure drop, that the only process that could be important is diffusion.
However, as we have shown the HRP spot size in the valve is almost as large as that in the
artery. If there were only diffusion and no convection, even with the existence of isolated
leaks, and the three layer interposed region and with the use of the diffusivity that we
calculated from fiber matrix theory for the thin layer. The calculated spot size can not
match the experimental value --See Fig. 33c. This stands in contrast to the situation with
convection. In adding diffusion alone, through a localized leaks could not account for the
total mass of tracer swept into the valve by convection, which the data display that the
flux rate through leakage junction by convection is about 4 order larger than that through
the normal junctions. Thirdly, shapes such as curve 1, Fig. 37, seen to only by achievable
by virtue of convection. Note the diffusion only fit of Tompkins et al. nisses the shape
completely. Finally, our studies show that convection occurs. Its importance simply arises
by virtue of comparing its calculated effect relative to that of diffusion.

We have found that HRP and LDL concentration profiles in valves, structures that
do not contain continuous IELs as do the artery walls of large arteries. Nevertheless, the
tracer leakage spots calculated from our theoretical two dimensional models are
surprisingly similar to those generated for arteries having this IEL barrier. This suggests
that it is the mismatch in transport parameter, present in both the artery wall and in valves,
that plays the dominant role in creating spot sizes and directing the convective-diffusive

flows. Interestingly then, the IEL in the artery appears only to play a subsidiary role.
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changing the spot size quantitatively by on the order of 20%, and not the controlling role.

This may have important consequences for the transport of lipid into the walls of other

vessels and their associated potential for and susceptibility to atherosclerosis.

IX. Combination with of lipid transport and liposome formation and growth models

Method: After having obtained the LDL concentration profiles in the valve leaflets,
we must now combine these results with the liposome formation and growth model used
in arteries in order to attempt to explain liposome formation and growth in valves. The
premise, again, is that the liposome formation and growth processes should be tissue-
independent, since they reflect local lipid/matrix interactions, whereas the vessel transport
is clearly dependent on both the architecture of the vessel in question as well as on the
conditions to which it is exposed.

Since there are at least four possibilities for leak occurrence (leak on upstream or
downstream face, leak or no leak on both faces), there are four different LDL
concentration profiles in valves for short times. We generated a random function for
leakage occurrence on each of the two faces and then obtained the corresponding leak-
dependent LDL concentration profiles. Then er extended the liposome formation and
growth models for arteries to introduce spatial variation in the similar manner employed in
arteries. In contrast to the two dimensional variation of the liposome formation in the
arterial intima, macromolecular transport in valves is by nature three-dimensional. As such,
we chose a cubic grid corresponding to an area of valve (say 40 cells x 40 cells x §

effective endothelial cell diameters), which is large compared with the extent of a single
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leak.

We assumed that leaks occur at random locations (x,y,0) and (x,y,1) in these two
surfaces according to a Poisson process (for occurrence time t and duration time w). We
take the values for t and w to be one hour and one hour, just as in the artery wall. We do
this because we do not have any direct measurements of these quantities for the valve. As
it turned out in our simulation, the two faces had, on average, about one cell leaking
together at any given time. We assumed that the leaks generated LDL profiles with either
the edge of the calculation corresponding to the edge of the leaflet (zero or one leak per
leaflet face) or with periodic boundary conditions in x and y (more than one leak on a
face), in analogy to the artery wall periodicity in section IV. Figure 39 shows the
numerical simulation’s cubic grid. The top and bottom faces represent the two endothelial
cells surfaces. The four faces perpendicular to these two surfaces represent the periodic
boundaries or the edges of the leaflet.

As in the simulation for the arterial intima, we shall begin with liposome-free valve.
For each leak, one can obtain corresponding transient three dimensional LDL
concentration L(x,y,z) as a function of x , y and z from our new theoretical two
dimensional (axisymmetric) convective-diffusion solutions in the valves. Using the simplest
(nucleation and polymerization only) liposome model developed for arteries, we can input
the local instantaneous LDL concentration and integrate it forward in time at each grid
point. This leads to a localized liposome size and number distribution at each grid point at
each time. At the end of a time corresponding to the time of Frank ef al’s rabbit feeding

experiment we halt the simulation and sum up the local distribution of liposome sizes at
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either all of the sites of the grid or just at those corresponding to the thin layers (since the

crack planes of Frank’s work probably only sampled those regions) to get the overall
distributions. We then compare these results (figures 18, 19 and 40) with the cholesterol-
fed rabbits data generously provided by Frank (Section VIIC), and attempt to explain the
liposome histograms in valves.

Results: In this section, we discuss the new model’s simulation for predicting the
liposome size distribution in the valve leaflets of rabbits subjected to the short time
feedings corresponding to Frank's experiments. Frank ez a/. (personal communication)
performed their feeding experiments for 29 days before sacrificing their rabbits and
examining the rabbits’ aortic valves. The resulting liposome histogram is shown in figure
40 by the solid curve. This figure shows that a histogram that is similar to that obtained
from the rabbit aorta after a 10-16 day high cholesterol feeding experiment; that is, there
exists a large amount of small size of liposome and a small, but non-negligible amount of
large sized liposomes. Unlike in arteries though, Frank's experiments shows that in valves
there are liposomes with diameters larger than 170nm. The amount of these liposomes is
only 0.30% of the total liposome numbers in valves, but it is still novel. Our model’s
simulation is also show in the figure as the large size bar in figure 40 with the dashed
curve. The model-generated amount of large sized liposomes is the far right bar, which
accounts for only 0.49% of the total liposome number. However, otherwise the figure
shows that the model does quite well. Note that there are no new adjustable parameters
used in this fit. The uniform seepage invoked earlier is now taken into account by the

values of k ;| and k, from the convection-diffusion equation discussion. Thus, our two-
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dimensional axisymmetric theoretical diffusion and convection model, combined with even

the simplest liposome formation and growth model taken from the artery work, can
explain Frank's ultra-freeze etching experimental valvular data for short time high

cholesterol fed rabbits.

Part four Outlook and future work
X. Conclusions and outlook

Conclusions: Our experiments have shown that macromolecular transport across
the valves endothelium is localized, which is similar to the situation in arteries. Secondly,
our tracer spot size experiments indicate that there exists a mismatch in transport
parameter in the valves, which seems to play the role, formerly ascribed to the IEL in
arteries, of directing the convective-diffusive transport into the tissue to form a large spot
from a small leak. Third, our new macromolecular transport model in valves can
successfully explain the trans-valvular LDL concentration distributions measured by
Tompkins et al's experiments on squirrel-monkey valves. Finally, the new transport
model, combined with even the simplest of the liposome formation and growth models
developed in the artery work, can successfully explain liposome formation and growth in
valves.

Outlook for future work: Experimental: Before we perform further research, we
would like to carry out the experiments to directly test whether the thin layer of the valves
actually exists. In order to do this, we might use perform the ultra-rapid freezing/ rotary

shadow etching technique [8, 40] to visualize the three dimensional structure of the
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proteoglycan matrix in valves, while taking care to see how close the crack plane lies to

the endothelial surfaces. We need to see if the matrix structures from different depths in
the valves are different, especially for the areas close to and far away from the endothelial
cell layers. Our hypothesis is that Frank’s crack planes probably were in these region,
because the sparseness of the matrix structure there made these planes the weak points in
the valve’s structure. As such, we would try to confirm this as well as try to get a crack
plane well into the thick layer in order to directly show that its structure is much denser.

We might also use monoclonal antibodies technique [88] to perform
immunolocalization studies to see if the proteoglycan structure near the endothelial cell
layers is different from that far away from the endothelial cell layer.

Finally, we would like to try to perform experiments where we introduce tiny, i.e.,
10 nm bubbles or microspheres and try to directly measure their diffusivities in the
different layers. Unfortunately, the size needed for such microspheres is practically
molecular, in which case it would be difficult to make such measurements under realistic
conditions. Moreover, in order for these bubbles to freely diffuse, rather than be
convected, the valve would have to be in an environment where it had no pressure drop
across it. This, as we noted in earlier work on the effect of transmural pressures on
transport in the artery wall, could significantly influence the structure of the thin layers.

Theoretical and Experimental: The results discussed above suggest that one can
successfully describe the transport and accumulation of lipoprotein cholesterol from the
lumen into the artery wall by transport and reaction equations. In addition, it appears that

the reactions of lipoprotein cholesterol with extracellular matrix that lead to liposome
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formation and growth and thus to subendothelial lipid accumulation, at least carry over to

the valve and may be tissue-independent. This begs the question, can we extend these
treatments to learn that how LDL transports into other vessel (i.e., veins, pulmonary
arteries, etc.) walls and structures? Can we then begin to understand why calcification and
atherosclerosis occur only in big arteries and in valves and not in other vessels? One
surprising result we have found in the valve work is that the arterial IEL doesn't seem to
play as controlling a role as we had previously thought in terms of the flow pattern; rather,
it seems to be the loose subendothelial matrix and the matrix mismatch between
subendothelial layers that plays this role. Thus it is possible that the general flow patterns
that we have encountered are not restricted to the artery wall and that they are actually
similar to those found in other vessel walls. This would presuppose, however, that other
vessels also had intima-like structures, as in the case of the valve, despite the absence of
continuous IELs. We might guess that many types of vessels may have intima-like layers
due to a sparse matrix layer laid down by endothelial cells that abuts against the deeper
and denser internal matrix. This would, of course need to be experimentally tested. If this
turns out to be the case, it is conceivable that despite the lack if IELs in other vessel walls,
the convective-diffusive flow patterns in these vessel walls may still be similar to that in
the artery, albeit at much lower driving forces, i.e., transmural pressures. Since Darcy's
law satisfies Potential flow, its streamline pattern would be independent of the driving
force. However, the pressure difference (Ap) controls how much lipid is delivered into the

tissue wall. Therefore, such considerations, such as wall architecture and typical driving
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force to which it is exposed, may allow the construction of transport and accumulation

theories that can distinguish the different likelihood of different vessels towards
atherosclerosis. This could in principle lead to patient-specific choices of the vessel to be
used in coronary bypass procedures in order to minimize the likelihood of rapid restenosis.

To begin testing this vision, one needs to begin by experimentally testing if indeed
such matrix mismatches exist in a wide variety of vessels. One would then need to
investigate the flow patterns and lipid accumulation in those vessels and, in particular, the
endothelial permeabilities in these vessels and the lipid accumulation as a function of
transmural pressure in these vessels. Such a purview can potentially be the basis of a

multi-year, experimental and theoretical research program.
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Table legends:
Table:

Table 1. The constants and parameters

L(um) 100 (43) u(g/cny/s) 0.0072 (32)
h(um) 0.15 (a) Dpnx10° 1.10(HRP) (43)
(cm?/s) 0.78(LDL)
Ap 30 97 Dix10i=1,3 | 4.09(HRP) (©
(mmHg) (cm?/s) 1.02(LDL)
Ri(um) 11.7 (b) (K,); x10™ 1.1 (c)
(cm®)
AR(nm) 20 (70) Y 0.14 (HRP) (43)
0.0925(LDL)
(Lp)eix10° 15.76 (72) vi, i=1,3 | 0.92 (HRP) (©)
cm/(smmHg) 0.60 (LDL)
i=1,3
(Lp)mx 10" 7.9 &) Dgx 10’ 6.8 (albumin) (94)
(cm’s/g) (cm?/s) 2.06 (LDL) (30)
o) .00035 (b) (Kp)m x10™ 1.0 (57)
(cm®

(a) is the reference of A. Huang's experiment; (b) is the reference of Y. Yin's experiment; (c)

is the reference of the fiber matrix model combined with Joy Frank's ultra-rapid freeze etching

experiments [40].
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Figure legends:
Figure 17. Valves of cholesterol-fed normal rabbits (M. Simionescu [41]), after three weeks
of a high cholesterol diet. Monocyte-derived macrophage right underneath the endothelium
shows its nucleus (n), peroxisomes (p), and small granules (g), bl, basal lamina. x18000.
Figure 18. The extracellular matrix in the aortic valve of cholesterol fed normal rabbits has
been clearly imaged via electron micrograph of an ultra-rapid freezing / rotary shadow
etching. After 29 days of feeding, extracellular liposomes in the aortic valves were observed
by Frank et a/.[40]. Final magnification is 88,560.
Figure 19. Freeze-etch micrograph shows collagen fibers within the aortic valves for the
normal rabbits after 29 days of a high cholesterol diet. Such figures allow compilation of
liposome number and size distribution [40]. Final magnification for this sample of the aortic
valve is 51,840,
Figure 20. Aortic valve anatomy. The top figure is a circular structure, which is the view
from aortic side. The cross section of the aortic valve displays its detailed microscopic
anatomy. The aortic valve leaflet is comprised of the two opposing layers of endothelium and
an interposed collagen matrix. The upper surface is called the aortic face and the lower
surface is called ventricular face. Figure taken form Tompkins ef al. [43].
Figure 21. Electron micrograph of rat aortic valve leaflet four minutes after HRP injection.
Dark staining just below endothelium demonstrates that the density of the HRP is relatively
high right underneath the endothelial cell layer and drops abruptly deeper into the leaflet
although there is no IEL in the valve. This suggests that there is a mismatch in matrix

structure in the valves.
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Figure 22. A matrix model for calculating the transport parameter in the thin layer of the
valve. In the top view, 8 is the average of fiber spacing, ry is the monomer radius and £ is the
radius of the cylindrical region. The other figures show the structure of proteoglycan
aggregate. o is the length ratio of the monomers to the central filament. B is the length ratio
of the glycosaminoglycans (GAG) to the proteoglycan core protein (PCP).
Figure 23. Ern face experiments for the aortic valves. The figure is obtained by light
microscopy after 30 seconds of HRP circulation time and 45 seconds of Harris' Hematoxylin
staining. The primary findings are that HRP transport across the endothelial cell layer is
localized as in the large arteries. The endothelial cell layer size and the leakage frequencies
are similar to those in arteries. The small dark circles are the nuclei of the endothelial cell.
The brown spot is the leakage spot size, which is comparable to that for arteries.
Figure 24a. Tompkins ef al.'s experimental results [43]. Horizontal coordinate represents
the depth into valve and vertical coordinate represents the non-dimensional LDL
concentration.
Figures 24b,c. Our preliminary valve transport model for fluid filtration (b) and convective-
diffusive tracer transport (c). Interposed larger in valve is considered as a uniform matrix (one
layer model). These figures also show the detailed boundary conditions for fluid and
convective-diffusion problem.
Figure 24d. The comparison of the pressure in valve between our preliminary model and our
new model that containing a mismatch in matrix structure. The preliminary model considers
only a uniform matrix in the valve is interposed region. Aortic valves are considered as all

intima surrounded by upper and lower endothelial cells. There are two lumens, one above the
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aortic face at high pressure, the other below the ventricular face at lower pressure. The new
model considers a matrix mismatch in interposed region (3-layer model) as described in the
text.

Figure 25a. The new 3-layer model for transport in the aortic valve (fluid mechanics). There
is one leak on the top surface and no leak on the bottom surface. Horizontal coordinate is r,
and vertical coordinate is z., and the origin of the coordinates is the center of the leaking cell.
Governing field equation is Laplace's equation. At the interface of the layers, the pressure and
velocity are continuous.

Figure 25b. The new 3-layer model for transport in the aortic valve (diffusion and
convection of tracer). There is one leak on the top surface and no leak on the bottom surface.
Horizontal coordinate is r, and vertical coordinate is z, and the origin of the coordinates is the
center of the leaking endothelial cell. Governing field equation is the two dimensional
unsteady state convective-diffusive mass transport equation. Similarly, at the interface
between the layers, the macromolecular concentration and mass flux across the interface are
continuous,

Figure 26. Based on our fiber matrix model for the thin layer in the valves and the
experimental figures provided by Frank, we calculate the Darcy permeability (K;) as a
function of the core protein spacing 8, both with and without collagen, in the thin layer of
valves.

Figure 27. Similar to figure 26, the diffusion coefficient D; as a function of the fiber spacing
5, both with and without collagen, for the thin layer of valves. The figure shows the diffusion

coefficients for the two different sized molecules LDL and HRP.
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Figure 28. The pressure distribution in the thin layer of the valves. z=0 is for the position
right underneath the top face of the endothelial cell layer, z=0.5 is for the position in the
middle of the valves, and z=1 is for the position right above the bottom face of the endothelial
cell layer. z;; and z,3 are the two interface positions. The pressure here is normalized by the
lumen pressure. Curves for z;; and 0 are indistinguishable, as are those for z,; and 1 on the
scale of the figure.
Figure 29a,c. Non-dimensional (a) and dimensional (c) velocity distribution in the lateral
direction in the thin layer of the valves for the case of a single leak on the aortic surface and
no leaks on the ventricular surface. This shows the lateral velocity U; and Us in the thin layers
at the z=0 (aortic) and z=! (ventricular) faces. The velocities U are appropriately non-
dimensionalized in local Peclet numbers in order to weigh the contribution of the convection
relative to diffusion. The coordinate z is the normalized depth in the values. z); and zy
represent the interface positions. Curves for z;; and O are indistinguishable, as are those for
Zp3 and 1 on the scale of the figure. It also clearly shows a large lateral velocity in the thin
layer near the aortic surface, which decays to almost zero in the subsequent layers.
Figure 29b,d. Non-dimensional (b) and dimensional (d) velocity distribution in the normal
direction in the thin layer of the valves for the case of a single leak on the aortic surface and
no leaks on the ventricular surface. Again, the velocity W appropriately non-dimensionalized
in local Peclet numbers in order to weigh the contribution of the convection relative to
diffusion. Figures 29a and b show that the radial velocity dominates in the thin layer in the
vicinity of the leakage.

Figures 30. Similar to those in figures 28 and 29, figures 30 are for the case of no leak on the
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aortic side and one on the ventricular side. a. The pressure distribution in the thin layer of
valves. b., d. Non-dimensional (b) and dimensonal (d) velocity distribution in the lateral
direction in the thin layer of the valves. ¢., e. Non-dimensional (c) and dimensional (e)
velocity distribution in the normal direction in the thin layer of the valves. These figures show
that the velocity in the thin layer beneath the upstream, i.e., aortic, face are now
predominantly vertical, whereas those on the downstream, i.e., ventricular, face are now
predominantly horizontal.

Figures 31. Similar to those in figures 28 and 29, figures 31 show for the case of one leak on
each of the two faces. a. Similar to figure 28, this is the pressure distribution in the thin layer
of valves. b., d. Non-dimensional (b) and dimensional (d) velocity distribution in the lateral
direction in the thin layer of the valves. c., e. Non-dimensional (c) and dimensional (e)
velocity distribution in the normal direction in the thin layer of the valves. These figures show
that there are large lateral velocities in each of the two thin layers, but the prevailing flow in
the thick layer is still vertical.

Figure 32. The HRP concentration profiles after different circulation times in the thin layer
of the valve leaflet. The HRP concentration is normalized by the tracer concentration in the
lumen. The absissa represents the position in the thin layer normalized by the endothelial cell
radius. The ordinate represents the normalized HRP concentration in the thin layer of the
valve.

Figures 33a, b, c. The early time growth of the leakage spots. The filled symbols show the
short time en face HRP spot growth after 30 seconds, 1 minutes, 2 minutes and 4 minutes

circulation from the theory in the text (figure a for 30 seconds and figure b for 60 seconds
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as the times of reference) and our experimental measurements. The figure shows that the
theory is consistent with the experiment data. Figure ¢ shows the early time growth of the
leakage spots for the theory only diffusion and no convection.

Figure 34. The theoretical LDL concentration for the Tompkins ef al.'s model with no
convection, i.e., diffusion only. Using Tompkins et al.'s values k,, k; and D, we recover his
fit. This servers to check our numerical code.

Figure 35, The new transport model and the same data as in Figure 34. We re-fit the
Tompkins et al.'s experimental data using our new 3-layer model, including convection by
adjusting k,, k2 and D.

Figures 36 a. LDL concentration profiles for an experiment similar to the one in Fig. 32 that
substitutes LDL for HRP as the tracer molecule for the case of a single aortic face leak and
no ventricular face leaks. The circulation times vary from 1 minute to 30 minutes and include
the steady state. We made this choice in order to be able to compare the results with
Tompkins’ experiment [43]. b. The early time growth of the LDL leakage spots from Fig.
36a.

Figures. 37. Tompkins e al.’s [43] experiments and their theoretical fits using only diffusion
and a single interposed layer for Monkey.

Figures. 38. The LDL concentration, including both Tompkins ef al.'s measurements and our
theoretical calculations for various combinations of leaks on the two endothelial layers. We
chose a configuration of leaks, solved the model and compared with a data set that looked
most similar. Experiments did not investigate presence and number of leaks. As throughout,

the abscissas of these figures represent the normalized depth (z) into the valve leaflets from
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the top face inward. That is, position z=0 is at the aortic surface; position z=1 is at the
ventricular face. The ordinates are the normalized local (in z, averaged over r) LDL
concentrations per unit total volume (including matrix) of valve (yC), a. for the case of a
single aortic face leak and no ventricular face leaks, b. for the case of one leak on each of the
two faces, c. for the case of no ventricular face leak and a single leak on the aortic face that
closes part way (after 10 minutes) through the experiment. The figure plots the concentration
profiles across the valve for various times after the aortic leak closes. d. the one curve from
Fig. 38c that fit one of Tompkins ez al.'s experiment.

Figure 39. Cubic grid for the computer simulation of the liposome formation and growth for
the aortic valves using the new theoretical macromolecular transport model combined with
the simplest liposome formation and growth model from the arteries. In contrast to the two
dimensional variation of the liposome formation in the arterial intima, the macromolecular
transport in the valves is by nature three-dimensional. As such, we chose a cubic grid
corresponding to a volume of valve (say 40 cells x 40 cells x 5 effective endothelial cell
diameters), which is large compared with the extent of a single leak. We assumed that leaks
occur at random locations (x,y,0) and (x,y,1) on these two surfaces and that the leaks
generate LDL profiles with periodic boundary conditions for the leaks around the three
dimensional cubic volume (x,y,z). The top and bottom faces represent the two endothelial
cells surfaces. The four faces perpendicular to these two surfaces represent the periodic
boundaries or the edges of the leaflet.

Figure 40. The new model simulation (Fig. 39) for predicting the liposome size distribution

in the valve leaflets of rabbits subjected to the short time feedings corresponding to Frank's
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experiments. Frank ef al. (personal communication) performed feeding experiments for 29
days before sacrificing the rabbits and examining the rabbits’ aortic valve leaflet. The resulting
liposome histogram is shown in figure 40 by the solid curve. Frank's experiments show that
in valves, unlike in the aorta, there are liposomes with diameters larger than 170nm. The
number of these liposomes are only 0.30% of the total liposome numbers in valves, but their
existence is still novel. Our model’s simulation (figure 40, the dotted curve) also shows the
existence of these large liposomes. The model-generated amount of large-sized liposomes is

the far right bar, which accounts for only 0.49% of the calculated total liposome number.
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Fig. 23
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Preliminary Model for Transport in Aortic Valve

Fluid Mechanics
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New Model for Transport in Aortic Valve
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New Model for Transport in Aortic Valve
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Radial Velocity Distribution in Valves
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Normal Velocity Distribution in Valves
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