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Chronic obstructive vascular disease is a major contributor to mortality in
developed nations. The pathology typically involves neointima formation accompanied
by vascular remodeling in the presence of inflammation. The disease can be modeled in
animals with the response to a direct injury of the vasculature. This text describes a
project examining the role of osteopontin (OPN) in vascular remodeling. The projectis
goal was to mechanistically describe the contribution of OPN to the vascular injury
response. The hypothesis that the presence of OPN affects the formation of neointima
and constrictive remodeling associated with vascular injury was addressed using the
strategy of comparing the remodeling response induced by carotid artery ligation of wild
type mice to mice with a null mutation in the geen encoding OPN at time points known to
be critical to lesion development.

OPN null mutant mice were compared to wild type mice before and after carotid
artery ligation. As substantial variation is observed in the response to carotid artery
ligation, the variance was analyzed for potential contributing variables. Distance from the
site of ligation was shown to be a significant predictor, and data was analyzed using

curvilinear regression. Prior to ligation, OPN null mice had increased heart rate, lower



blood pressure, and increased circulating lymphocytes compared to wild type mice. OPN
null vessels also demonstrated greater compliance accompanied by a loosely organized
collagen network. Following carotid artery ligation, significant differences were also found
in the remodeling response of OPN null animals. At 4 days after ligation, leukocyte
adhesion/invasion was diminished by 10-fold in OPN null mice compared to wild type.
At 14 days following ligation, the ligated arteries of OPN null mice had smaller neointimal
lesions, but greater constrictive remodeling compared to wild type mice, resulting in
similar lumen area. Continued remodeling resulted in a similar morphological phenotype in
both groups at 28 days.

These data show that endogenous OPN regulates normal vascular physiology, and
contributes to the vascular remodeling response by regulating vascular compliance and the

inflammatory response.
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Chapter 1
THE INVESTIGATION OF CHRONIC OBSTRUCTIVE VASCULAR DISEASE



Cardiovascular disease is the leading cause of mortality in developed nations!.
According to the World Health Organization, cardiovascular disease accounted for
16,585,000 deaths in the year 2002 or 29.3% of all deaths2. In the United States, the

American Heart Association reported cardiovascular disease accounts for 945,836 deaths
or 39.4% of all deaths for the year 2003. Though the contribution of cardiovascular
disease to mortality remains high, advances in the medical treatment of cardiovascular
disease have markedly improved outcomes. From 1990 to 2000, the death rate from
cardiovascular disease declined 17% in the United States. During this time, medical
management of cardiovascular disease improved with the introduction of cholesterol
lowering drugs, and vascular surgery methods improved with the introduction of stents.
With regard to vascular research, it was less than ten years ago that Thayer et al.

described the study of the molecular biology of vascular development as being in the
earliest stages4. Since then, several of the key interactions involved with the development

of the vasculature have been identified. Today, as research continues to investigate the
basic functioning of the vasculature, we can expect discoveries that will lead to improved
therapies in the future.

Chronic obstructive vascular disease, the major contributor to cardiovascular
disease, is a group of distinct pathologies characterized by local changes in the vasculature
that result in the restriction of blood flow. The maladaptation causes decreased
oxygenation of downstream tissues, and, in some pathology, may result in embolism. As
is often the case, if the site of the disease is upstream of a vital area, then progression of
the disease may result in death due to failure of that vital area (e.g. stroke, myocardial

infarction, etc.). This text presents background information on the pathology common to



all chronic obstructive vascular disease and some recent research into the processes

underlying the disease.

Factors affecting cardiovascular function
Itis ﬁecessary to consider the normal functions of vasculature before examining
specific aspects of chronic obstructive vascular pathology. In essence, the mammalian
circulatory system is an intermittent pump that circulates fluid through a hierarchical

closed system of pipes. Though conceptually simple, the mammalian circulatory system

is difficult to characterize due to the variables that affect each of its components>. Much

of the function of the cardiovascular system can be explained with Poiseuilleis Jaw?:

Q= (P1-P2)*/8nL

Where Q is flow rate, P1-P2 is the pressure difference, r is the radius of the tube, n is the

viscosity of the liquid, and L is the length of the tube.

Poiseuilleis law relates the movement of a fluid through a rigid pipe of known diameter to
the fluidis viscosity in response to a pressure drop. The law serves as a nice starting
point to examine cardiovascular function as it specifies variables involved in simple fluid
flow. However, Poiseuilleis law has two major shortcomings in its ability to describe
blood flow in the circulatory system. The law assumes constant pressure in a rigid tube,
whereas flow through the vasculature involves pulsatile pressures in an extensible tube.

The pulsatile changes in pressure and extensibility of the tube confound the mathematical

3



description of blood flow such that no expression has been proposed to describe the
system. Rather mathematical description is done by analogy to electrical systems (Ohms
law: Voltage = amperage x resistance) and series of pumps (windkessel). Thus,
experimental analysis of hemodynamics remains largely descriptive while efforts continue

to verify the mathematical relations of the variables involved.

The blood

For the purposes of this study, the simplest component of the circulatory system
to consider is the blood. Viscosity, defined as shear stress (the force resisting blood flow)
divided by shear strain (the change in flow with distance measured perpendicular to the
flow), is the resistance of a fluid to change shape. According to Poiseuille, viscosity

affects the rate of blood flow. The effects of viscosity on the regional differences in flow
within the vessel have also been described®7. In vitro, blood is normally 3-4 times as

viscous as water. A Newtonian fluid, like plasma, demonstrates constant viscosity at all
fluid flows. Blood, however, contains suspended cells that alter the fluidis behavior so as
to make it non-newtonian. Unlike plasma, blood demonstrates decreased viscosity at
increased flow rates. As red blood cells are, by far, the predominant suspended cell in

blood, changes in red blood cell shape or iron composition will substantially alter blood
viscosity8. As blood is a non-newtonian fluid, the parabolic flow pattern (i.e. faster in the

center and slower along the walls) demonstrated by Newtonian fluids is not observed.
This non-newtonian behavior of blood has physiologically beneficial effects. Blood is able
to offer little resistance to flow in vessels with high flow velocity such as large conduit
arteries, but is able to offer substantial resistance to flow in vessels with low flow

velocity such as small arterioles. This slow movement of blood cells facilitates gas
4



exchange and interaction with endothelial cells. Interestingly, an effect related to small

tube size occurs to prevent especially large viscosities from occurring at the very slow
flow velocities characteristic of capillaries?. Poiseuilleis law can also be used to consider

the effect of blood viscosity on the shear stress experienced by the vessel wall. At
constant shear strain, shear stress increases with increasing viscosity. Thus, the sliding

force exerted on the vessel wall increases with increasing viscosity of the fluid.

The heart

Whereas a consideration of the blood involves only its viscosity and non-
newtonian nature, a consideration of the heart involves pressure and cardiac output. For
the purposes of this study, the heart can be viewed as a pump that at a regular rate injects
a specific amount of fluid at standard pressure into the vasculature. The pulsatile nature
of the heart results in the pressure within the arteries alternating between a high pressure
experienced during contraction of the left ventricle (systolic pressure), and a lower
pressure experienced during the distention of the left ventricle (diastolic pressure). The
pressure difference between the systolic pressure and the diastolic pressure is referred to
as the pulse pressure. 1t is the action of the heart that creates the pressure gradient
described in Poiseuilleis law. The left ventricle contracts with a force that is sufficient to
overcome the resting pressure of the vasculature and the viscosity of the blood. The work
done by this muscle contraction results in the movement of blood into the aorta and an
increase in aortic pressure. The amount of blood forced from the left ventricle into the
vasculature with each beat of the heart is called stroke volume. Stroke volume is
dependent on the difference in volume of the left ventricle when distended (diastole) and
when contracted (systole), though it is slightly less than this difference because of a small

5



reverse flow of blood back into the left ventricle before closure of the bicuspid valve.
Cardiac output is the amount of blood pumped by the heart in one minute, and is
dependent on both heart rate and stroke volume. (Cardiac output = heart rate x stroke

volume), but the linear relationship is only true at physiologic heart rates. Stroke volume
drops substantially with especially slow heart rates10. Similar to Ohmis law, the mean

arterial pressure of the heart is determined solely by cardiac output and total vascular
resistance (Mean arterial pressure =cardiac output x total vascular resistance). Though it

has been suggested that pulse pressure may be a better indicator of cardiovascular
disease! 1, mean arterial pressure remains the focus of most blood pressure management

therapies.

The vasculature

Structure and function

The vasculature is a hierarchical system of distensible tubes. The levels of the
vasculature are defined by the initial branching of large arteries into smaller arteries, then
arterioles, then capillaries, then progressive merging into venules, then smaller and

ultimately to large veins. The composition of each blood vessel is critical to its function in
the hierarchy12. Blood vessels are composed of specifically arranged cell types in a

matrix that contains collagen, elastin, and proteoglycans. The dry weight of an artery is
approximately 30% of the total weight, with collagen and elastin typically being 50-75%
of the total dry weight! 3, Proteoglycans, consistent with their function as space fillers,
take up the majority of the extracellular space in arteries despite their low contribution to

total weight. The proteoglycans present in arteries include: versican, biglycan, and

6



decorin. The glycosaminoglycans hyaluronic acid, chondroitin sulfate, heparan sulfate,
and dermatan sulfate are also present14. The blood vessel wall has three distinct layers:

the adventitia, the media, and the intima (Figure 1A, C). The adventitia is the outermost

layer and is composed of loose connective tissue that is comprised mostly of collagens I
and IT115. The media is the fleshy middle layer that, in a healthy blood vessel, constitutes
the bulk of the vessel wall. This layer appears as concentrically arranged layers of smooth

muscle cells in a matrix that consists mostly of collagen type I, III, and V15 separated by

a fixed number of elastic lamina based on species and elastin expression!®. The innermost

layer is the intima. As the endothelium is only a single cell layer thick, the intima of a
normal artery essentially does not contribute to the overall size of the artery, but does
provide a smooth, non-thrombogenic surface for blood flow. The tight junctions that join
the cells of a functional endothelium prevent plasma components from coming in contact
with the thrombogenic medial layer. Between the medial layer and intimal layer is a

basement membrane that contains collagen IV colocalizing with laminin, and collagen
V15,17 Whereas collagen provides tensile strength, the elastin, which makes up the

elastic lamina of the medial layer, provides the extensible material that allows blood
vessels to demonstrate both circumferential and longitudinal stretch. As elastin fibers run
along the length of the vessel, longitudinal stretch has been shown to be influenced by

elastin content, circumferential stretch has been shown to be mediated by both elastin and

collagen content13.18 An increase in collagen 1 content strengthens the vessel, but the
ratio of collagen I to collagen III can also affect the vascular flexibility! 7. Conversely, the

loss of type I collagen has been shown to substantially weaken arteries19.
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Figure 1. Neointimal lesion formation in the common carotid artery of rats
following endothelial denudation. Cross-section of the common carotid artery from a
rat following sham manipulation (A), and from a rat harvested two weeks after balloon
catheter denudation (B). The sections were stained with Massonis trichrome stain
indicating the presence of collagen in blue and proteoglycan in reddish purple. (C, D)
Parts of the vessel. Balloon catheter denudation induces an injury response that is

considered very similar to restenosis in humans. The elastic laminae appear as bands

within the media.



The extensibility due to the elastin / collagen ratio!3 of the vascular wall allows

the vessel to expand in response to an increase in pressure. This change in vessel size in
response to pressure, termed vascular compliance, is critical to proper vascular function.
The localized expansion of the aorta converts the kinetic energy of systole into a localized
potential energy. The energy is then released over diastole as a smooth, passive
constriction of the aorta that moves the blood forward, causing another localized
expansion. The active expansion / passive constriction of the artery dampens the pulsatile
flow of blood from the heart and is propagated along the vessel as a pressure wave. The
velocity with which the wave propagates along the artery, called pressure wave velocity,
is affected by both arterial compliance and blood viscosity. It should be noted that pulse
wave velocity does not equate to the velocity of blood through the vessels, and this point
allows distinction of the two functions of arteries: 1) to provide a conduit for blood flow,
2) to conduct the energy of the contraction of the heart necessary for movement of the
blood. The specialization of the arterial network can be appreciated with the realization
that different circuits of the circulatory system have different nutritive needs as well as
different energy requirements. The circulatory system meets these different needs through
the regulation of the lumen size and compliance of each individual artery. Whereas most
distensible materials demonstrate constant elasticity in response to varying force
(isotropy), blood vessels demonstrate different elasticities at different pressures
(anisotropy). This anisotropy is considered to be the most important feature of blood

vessels, as it provides the vessels with an efficient mechanism to regulate blood / energy
transfer20. The aorta perhaps best demonstrates the specialization for transport of blood

and energy. The aorta is tapered in size with the ascending aorta having the largest lumen

on cross section, and the base of the abdominal aorta having the smallest. Numerous
9



arteries branch from the aorta along its length to provide blood to different circuits. Not
only does the size of the aorta change along its length, but so does its compliance20. In

this way, the aorta is able to provide both the correct amount of blood to each circuit and
the correct amount of energy to properly move that blood through the given circuit.
Interestingly, a smaller, reverse pressure wave is initiated at each transition at branch
points. It is believed that these reverse pulse waves provide a feedback mechanism by
which energy (heart rate and strength of contraction) is finely regulated throughout the
circulatory system.

Vascular compliance also affects the amount of work the heart must do in order to

circulate the blood. Cardiac output has been related to arterial compliance as follows21.

Cardiac output = mean arterial pressure x (compliance / time constant)

As cardiac output increases linearly with an increase in compliance, increased compliance
reduces the pressure at which the heart must operate to maintain cardiac output. As mean
arterial pressure is related to total vascular resistance, the relationship suggests therapies
that increase compliance should result in decreased resistance to blood flow. However,
other factors, such as the alteration of total number of vessels must be considered when
selecting therapy, and the relationship should be considered valid only in time frames that

do not allow other compensations of the body. Vascular compliance has also been
documented to affect pulse pressure?2-24. Such an effect is intuitive with the realization

that a rigid vasculature would not be able to dampen pressure.
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The venous system has different specializations that reflect its function. Whereas
arteries need to be able to handle the high pressures that result from being proximal to the
heart, most of this energy is lost by the time the blood arrives in veins. Thus, the venous
system transports blood at relatively low pressure with its primary function being returm
of the blood to the heart. Consistent with this lower pressure, veins demonstrate larger
lumen areas and smaller medial areas than arteries at a comparable level. As the large
driving pressure is largely absent, veins have specialized valves that keep the blood

moving in one direction.

Regulation of vascular function

Several hormones are known to regulate vascular tone including vasopressin,
endothelin, angiotensin, and nitric oxide. Vasopressin, also called anti-diuretic hormone, is
a vasoconstrictor that is used at the level of the entire circulatory system to regulate blood
pressure. Synthesized in the hypothalamus and secreted by the posterior hypothalamus,
vasopressin in small concentrations stimulates water resorption in the nephron, but in
larger concentration acts as a potent vasoconstrictor. Stimuli that lead to vasopressin
secretion include: low blood pressure, high blood osmomolarity, and activation of the
sympathetic nervous system.

The vascular response to the renin / angiotensin / aldosterone system is a method
by which pressure is regulated at both the system level and at the level of the individual
vessel. Renin is secreted in response to a drop in blood pressure or by a drop in plasma
sodium concentration. The juxtaglomerular cells of the kidney, located on the afferent

arterioles immediately adjacent to the entry to Bowmanis capsule of a nephron, sense the
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drop in blood pressure,. The juxtaglomerular cells are believed to respond as stretch
receptors to sense a change in blood volume. The juxtaglomerular cells are also positioned
next to cells of the distal convoluted tubule. As these cells of the distal convoluted tubule
are involved with the resorption of water / sensing of sodium, they are believed to
communicate with the juxtaglomerular cells. In response to sensing low sodium or low
blood pressure, the juxtaglomerular cells secrete renin into the blood. Renin acts as an
enzyme on angiotensinogen, a protein secreted by the liver that maintains a steady blood
concentration, to create angiotensin I. The conversion of angiotensinogen to angiotensin I
occurs in the general blood supply throughout the body. Angiotensin I has mild
vasoconstrictive properties that can provide a quick response to the low blood pressure
that led to its formation. Angiotensin I is acted upon by angiotensin converting enzyme to
form angiotensin 1I. Though angiotensin converting enzyme is found in the general
circulation, its primary site of activity is in the lungs. It is estimated that in one pass
through the lungs, 80% of the angiotensin I is converted to angiotensin II. Angiotensin I1
has two targets of action: 1) it acts on the general vasculature as a potent vasoconstrictor
and substantially raises blood pressure quickly, 2) it acts on the zona glomerulosa of the
adrenal gland to stimulate the secretion of aldosterone. Aldosterone acts on the nephron,
specifically the distal convoluted tubule, to increase resorption of sodium ions, which also
increases resorption of water. Aldosterone also has an action on the pituitary to increase
secretion of vasopressin. Thus, vasopressin would target the distal convoluted tubule to

increase sodium and water resorption as well. Angiotensin II stimulates collagen synthesis
in smooth muscle cells in vitro25. Thus, angiotensin II regulates vascular compliance both

in the short term, by smooth muscle tone, and long term, by altering the collagen / elastin
ratio. In response to certain stimuli, angiotensin converting enzyme can be expressed by
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cells of the vascular wall allowing individual vessels some control of vascular tone.

Endothelin is also secreted by the endothelium where it acts as a potent vasoconstrictor
providing additional control of individual vessels20.

Another messenger molecule through which the endothelium regulates arterial
function is nitric oxide. As nitric oxide exists as a gas at standard temperature and
pressure, the detection of its presence is more difficult than for that of most other
signaling molecules. Typically, the presence of nitric oxide is determined by change in the
concentration of its precursors ( L-arginine and citrulline). Nitric oxide in the vasculature

is the product of three different enzymes: endothelial nitric oxide synthase, inducible
nitric oxide synthase, and neural nitric oxide synthase27. As the mRNAs resulting from

transcription of these genes are very similar, it is the promoter, and thus situations under
which transcription occurs, that distinguishes the individuality of these genes. Endothelial
nitric oxide synthase is an endothelium specific gene that is always expressed to some

degree in endothelial cells.

Methods to measure vascular function

Laboratory methods exist to measure the movement of both blood and energy
through the vasculature. In the case of transport of blood, relevant measurements must be
made in vivo in a manner that does not interfere with blood flow. Doppler technology
allows blood flow measurements to be made from a vessel with minimal disturbance. As
sound waves are propagated through material interactions, blood flow through a vessel
can be determined by measuring the shift of sound waves as they pass through a blood

vessel.
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Measurements of the movement of energy can be made with similar technology.
Ultrasound with sufficient sampling rates and resolution can be used to measure pulse

wave velocity. However, the determination of vascular compliance is not as straight
forward. Though arterial compliance can also be measured using ultrasound28 with

systolic / diastolic changes in vessel diameter used to calculate compliance in the
physiological pressure range, these methods rely on measurement of the change in vessel
diameter occurring with each beat of the heart. Critique of the method centers on the lack
of sufficient time for the vessel diameter to equilibrate at each pressure. Vascular

compliance measurements are often measured in vitro using direct methods. Methods
include the use of the wire myograph29.30 and the pressure myograph31,32. Compliance

is determined in a wire myograph by longitudinally passing two thin but rigid wires
through the vessel lumen. A known force is then applied to the wires to separate them
from each other, resulting in the circumferential stretch of the vessel. Measurements can
then be made of the change in width of the vessel in response to the force to determine
extensibility of the vessel. Arteries studied in a wire myograph only demonstrate stretch
circumferentially as no change in the length of the vessel occurs. The pressure myograph
takes a different approach. The arterial segment is ligated at one end, then sutured to a
catheter at the other through which a known pressure can be applied. Like a balloon,
vessels studied in a pressure myograph stretch both circumferentially and longitudinally.

Comparison of compliance results of similar vessels in the different myographs reveals
that deformation of the vessel alters compliance biaxially33.34, and results obtained from

one type of myograph may be very different from those obtained from the other. This
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verifies that compliance measurements are geometry specific and has raised questions as

to the validity of measurements from these devices33. Generally, the pressure myograph

is considered to be more physiologically relevant than wire myograph30.

Normal development of the vasculature
The vasculature forms early in development

The formation of the circulatory system begins following gastrulation, and

involves complex interactions of extravasated plasma proteins and endothelial cell
proteins induced by key cytokines37. Blood and blood vessels begin as hemangioblasts

from the paraxial and splanchnopleural mesoderm forming concentrations in the gut, lung,
aorta, and yolk sac. With the correct signals, these blood / vascular stem cells differentiate
into endothelial cells and form primitive tubes. These blood islands then form the initial
blood and capillary networks of the body. The expression of three families of vascular
endothelium-specific growth factors are critical to the initiation of vasculogenesis: five
members of the vascular endothelial growth factor family, four members of the

angiopoietin family, and ephrin-B2. The interaction of these factors is complex, and the
reader is referred to Yancopoulos et al. 38 for review of the actions of these factors.

Additionally, Oettgen has reviewed the transcriptional regulation of blood vessel
development (Figure 2). Vascular endothelial growth factor, originally called vascular

permeability factor, appears to be the factor that initiates vessel formation, followed by
Angiopoeitin-1 and ephrin-B2, which are involved in vessel maturation3%. The expression
of the ephrin-B4 receptor appears to be involved in the differentiation of arteries and

veins40.
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Figure 2. Growth factors and transcription factors involved in the development of
blood vessels. The development of blood vessels involves the complex interaction of

soluble messengers with differentially expressed receptors. (Figure taken from

Oettgent1 )

Vessel maturation involves both the recruitment of surrounding mesenchymal cells
then their differentiation into vascular smooth muscle cells, and the remodeling of the
extracellular matrix. The specific factors involved in maturation remains an area of

investigation, though the continued expression of angiopoeitin-1 appears to be involved in
the maintenance of vessel quiescence following vessel maturation38. The structural

remodeling of the vessel occurs in response to the chronic physical forces to which it is
exposed, such as pressure and shear stress, the specific function of the artery (transport
vs. gas exchange, large vs. small artery), and compensatory mechanisms at the level of the
individual artery and circulatory system. In vitro work suggests many factors may be
involved. Growth factors have been shown to have specific effects on vascular cells and

their supporting matrix. Consistent with the suggestion Schwartz and Liaw that fibroblast
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growth factor- 2 overcomes endogenous inhibition of proliferation of endothelial cells then
allows cells to enter mitosis in response to injury42, fibroblast growth factor expression
has been observed to increase cell number, but does not effect chondroitin sulfate content
or dermatan sulfate content14. Similarly, epidermal growth factor acts as a mitogen but

does not affect proteoglycan content. Opposing the action of these growth factors,
insulin-like growth factor fil and platelet derived growth factor do not act as an in vivo

mitogen for smooth muscle cells, but to stimulate synthesis of chondroitin sulfate,

dermatan sulfate and cell hypertrophy14. Interestingly, none of these growth factors
affected heperan sulfate deposition14. Platelet derived growth factor, and transforming

growth factor - § also appear to play a role in vessel maturation41. The expression of

matrix metalloproteinases 2 and 9 occurs in the region around developing arteries, and null

mutation results in early embryonic lethality presumably due to disturbed vessel

formation43.

The development of blood cells has been reviewed44, with the specific lineage of

different white blood cells being a topic of debate. Blood cell differentiation and
development are also dependent on factors present in the area. Interestingly, the
development of blood cells from hemangioblasts involves expression of several proteins
that mark endothelial cell differentiation in response to many of the same factors. The
differentiation of blood components with blood vessels is believed to involve either
undiscovered differentiation factors, or local differences in concentration of known

differentiation factors.
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As compared to small arteries that form as small beds throughout the body during

development, large arteries develop with the patterning of the early embryo. As described
by Gilbert43, following gastrulation, thickened areas of intermediate mesoderm fold to

form lumens bilaterally. These cardiac primordia, though not containing blood,
demonstrate pulsations. The tubes are drawn closer together as neurulation proceeds, and
ultimately fuse to form the cardiac tube. In humans and mice, elongation of the central
portion of the tube results in formation of an S-shape with left fi right orientation. This S
shaped structure develops into the 4 chambered heart. The anterior portion of the tube,
linking with the aorta vessel network, forms the aortic arches surrounding the pharynx,
while the posterior portion forms the vitelline veins. Meanwhile, the developing capillary
networks expand to join the large central vasculature. In humans and mice, some of the
aortic arches degenerate while others merge and expand to form the aorta, pulmonary
artery, and carotid arteries. The capillary network of the chorion merges with the vitelline
veins to supply nourished blood to the heart. Thus, the circulatory system forms from a
merger of several circulatory subsystems, as opposed to the expansion of a central

system.

Mature vessels remodel in response to physical forces

The metabolic needs of the body change throughout life as the body grows and
exercise levels fluctuate. In order to meet these needs, the cardiovascular system must
change as well. New blood vessels form in areas in areas of body growth, but instead of
being replaced, established large vessels remodel their structure so as to meet the bodyis
changing needs. Vascular response to acute needs is mediated by vascular tone in response
to vasoconstrictors and vasodilators. Hormones, such as angiotensin II and vasopressin,
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regulate the entire vasculature, while paracrine factors, such as nitric oxide and endothelin,
provide local control of individual vessels. Vascular function in response remodeling to
chronic needs is mediated by changes in vascular structure and smooth muscle cell

reactivity. It is likely that the structural changes occur in response to expression of genes
induced by certain vasoconstrictors23,40,

The normal remodeling of the vasculature that occurs throughout life has been best

demonstrated with the response of the vasculature to increased blood pressure. The
increase in blood pressure disturbs the cardiac output- total vascular resistance balance?”,

and is detrimental to the body as it places greater structural demands on the vasculature
and shifts it out of the compliance range that is efficient for energy and blood transport.

The remodeling of individual blood vessels in response to increased pressure depends on

both the source of the pressure increase#8.49 and the position of the vessel in the

vascular hierarchy30. Vascular remodeling may involve changes in gross vessel
morphology, changes in the structural composition of the vessel, and local changes in the
organization of the vasculature31-33. Changes in gross vessel morphology that have been
observed in the presence of increased blood pressure include: increased medial area

without changes in lumen aread4, increased medial area with decreased lumen area>3-56,
and decreased lumen area without changes in medial area31,57. Both increased36 and
decreased compliance3 1,58 have been observed in small vessels in response to increased
blood pressure. In large vessels, both decreased compliance39-63 and no change in

compliance>0-64 have been observed in response to increased pressure. The collagen

19



content of vessels has been observed to increase with age and may partially explain the

correlation of decreasing vascular compliance with increasing age65'67. In response to
increases in blood pressure, the vascular content of fibronectin®8, and collagen V has

been observed to increase®!, whereas elastin and proteoglycans®9 decline. The

organization of the components also appears to be a source by which vessels can alter

function as studies have shown both no change in the physical properties of vessel wall
components68,7O as well as physical changes®9,71,72. The mechanism by which
fibronectin participates in vascular remodeling was proposed to involve increased
attachment of smooth muscle cells to the matrix68. In response to increased blood
pressure, the vasculature has also been observed to reduce the number of small arteries
and capillaries in a local area (rarefaction)>2,33.

Changes in smooth muscle cell reactivity have also been observed to accompany

increased pressure’3,74,57 The increase in pressure that accompanies aging was

observed to correlate with decreased response to nitric oxide36,67.75 The source of
hypertension appears to affect the response to specific vasoconstrictors / vasodilators is

different in different animal models of hypertension26:29a29:49a55 .

Chronic obstructive vascular disease
Chronic obstructive vascular disease involves the remodeling of the vasculature in
the presence of inflammation. The degree of inflammation differs between the specific

diseases as well as the composition of the remodeled vascular areas. In general, a local
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vascular lesion that includes both neointima formation and vascular remodeling (Figure
1B, D) characterizes the diseases. Whereas the intimal layer is normally thin and consists
of a single layer of endothelial cells, the neointima may become so thick as to fill the
lumen and consist of many layers of smooth muscle cell marker expressing cells. Whereas
tight junctions form between the endothelial cells of the normal intima, neointima
demonstrates substantial matrix deposition. The vascular remodeling that accompanies
chronic obstructive vascular disease may be positive (increase in vessel total cross
sectional area), or negative (decrease in vessel total cross sectional area) depending on the

specific disease.

Examples of chronic obstructive vascular disease

Stenosis 1s perhaps the simplest of the chronic obstructive vascular pathologies
and occurs in response to a chronic drop in blood flow (reduction in shear stress). The
initial decrease in lumen area is due to vasoconstriction. Later, the reduction in lumen area
involves permanent changes in the vessel wall. The stimulus that initiates inflammation is
not known, but may be disruption of the tight junctions of endothelium from the long-
term compression of the intimal layer allowing blood to contact the thrombogenic medial
layer. Neointima formation varies from minimal to severe.

Unlike stenosis, restenosis involves neointima formation that is often

accompanied by positive remodeling (an increase in the cross sectional area of the entire
vessel)70. In this case, the lesion forms in response to the surgical excision of stenosed
area or other disruption of the endothelium. Inflammation is induced by this direct injury

to the vasculature. Restenosis occurs in 30-50% of all angioplasties’”.
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Atherosclerosis has a complex etiology>7-78, and the reader is referred to Lusis

for review?9. In essence, this disease is a response to injury caused by oxidative

modification of lipoprotein. Briefly, circulating lipoprotein is able to diffuse through the
tight junctions of the endothelium and accumulates along the basement membrane. Sites of
accumulation of lipoprotein are termed "fatty streaks" and are determined by
characteristics of blood flow. In a process similar to that which will be described for all
chronic obstructive vascular disease, macrophages (but not neutrophils) migrate to the
subendothelial space to take up the lipoprotein. The lipoprotein along the basement
membrane undergoes modifications including oxidation, lipolysis, and proteolysis so as to
facilitate uptake by the macrophages. The modification of lipoprotein is believed to
involve the enzymes myeloperoxidase, sphingomyelinase, and secretory phospholipase in
the presence of several reactive oxygen species. The lipid-laden macrophages, now called
"foam cells", alter the developing neointima so as to make it less stable. Lesion rupture
generally occurs along lesion edges which are rich in foam cells and appears to involve an
altered balance of matrix deposition / degradation in response to inflammatory factors.
Interestingly, the incidence of myocardial infarction and stroke has been noted to increase
during acute infection suggesting the involvement mediators of immunity with vascular

disease.

Experimental models of chronic obstructive vascular disease

The remodeling of the vasculature that occurs in chronic obstructive vascular
disease is similar to the remodeling of the vasculature that occurs throughout life in that it
occurs in response to physical stimuli acting on the vessel. Whereas the vascular

remodeling which occurs throughout life represents a system level adaptation to a
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changing body, the remodeling associated with chronic obstructive vascular disease is a
maladaptation to a local irritant. All of the chronic obstructive vascular diseases involve
vascular remodeling in the presence of inflammation and most of the damage that occurs in
lesion formation is due to the inflammatory response following the irritant. Though the
presentation of the vascular lesion,