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Abstract
The large, elastic arteries, as their name suggests, provide elastic distention and recoil during the
cardiac cycle in vertebrate animals. The arteries are distended from the pressure of ejecting blood
during active contraction of the left ventricle (LV) during systole, and recoil to their original
dimensions during relaxation of the LV during diastole. The cyclic distension occurs with minimal
energy loss, due to the elastic properties of one of the major structural extracellular matrix (ECM)
components, elastin. The maximum distension is limited to prevent damage to the artery by
another major ECM component, collagen. The mix of ECM components in the wall largely
determines the passive mechanical behavior of the arteries and the subsequent load on the heart
during systole. While much research has focused on initial artery formation, there has been less
attention on the continuing development of the artery to produce the mature composite wall
complete with endothelial cells (ECs), smooth muscle cells (SMCs), and the necessary mix of
ECM components for proper cardiovascular function. This review focuses on the physiology of
large artery development, including SMC differentiation and ECM production. The effects of
hemodynamic forces and ECM deposition on the evolving arterial structure and function are
discussed. Human diseases and mouse models with genetic mutations in ECM proteins that affect
large artery development are summarized. A review of constitutive models and growth and
remodeling theories is presented, along with future directions to improve understanding of ECM
and the mechanics of large artery development.
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1. Introduction
In vertebrate animals, the large arteries provide an important energy storage and pulse
dampening function known as the windkessel effect. The energy from the pressure of
ejecting blood from the left ventricle (LV) during systole is stored as strain energy in the
distended artery wall. The strain energy is returned during diastole when the LV relaxes and
the arteries return to their original dimensions. Because the aortic valve is closed during
diastole, the displaced blood moves further down the arterial tree with a dampened pulse
wave (Greenwald 2007). The protein elastin, a major component of the large, elastic arteries,
provides the elasticity necessary for cyclic deformation of the arterial wall with minimal
energy loss. Elastin is only found in vertebrate arteries, indicating an evolutionary
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requirement for elastic recoil in a closed circulatory system with high blood pressure and
pulsatile blood flow (Sage and Gray 1979). In invertebrate animals with an open circulatory
system, low blood pressure and constant blood flow, the arterial wall extracellular matrix
(ECM) is composed mainly of collagen, which provides strength and limits distension at
supraphysiologic pressures. The mix of ECM proteins in the wall of vertebrate arteries is
established during development and defines the passive mechanical behavior of the large,
elastic arteries. The passive mechanical behavior of these arteries partly determines the load
on the heart, as higher systolic pressures are required to generate flow in stiffer arteries
(Greenwald 2007), and is therefore a critical determinant of cardiac function.

While much research has focused on vasculogenesis, starting with the formation of
endothelial cell (EC) tubes, less attention has been paid to the development of the full
arterial wall structure, including ECs, smooth muscle cells (SMCs) and the necessary ECM
proteins, including elastin and collagen. This review highlights the physiology of large
artery development, including SMC differentiation and ECM production, and reinforces the
idea that ECM production is indicative of SMC phenotype. The effects of hemodynamic
forces and ECM deposition on evolving arterial structure and function are discussed and it is
evident that arterial wall maturation occurs in concert with significant changes in blood
pressure and blood flow. There is a focus on large artery development in the mouse, so that
developmental timing can be compared for different events in a single animal model. A
summary is given of human diseases and genetically modified mice with mutations in ECM
proteins that affect large artery development, with a focus on elastin. Genetically modified
mice are critical for understanding how the arterial wall adapts and remodels when the
necessary wall structure cannot be created. A review of constitutive models and growth and
remodeling theories for large arteries is presented, with an emphasis on the limited studies
available for embryonic and postnatal development. Several future directions are suggested
to improve understanding of ECM and the mechanics of large artery development, including
linking models that span from tissue-, to cell- to molecular-level stresses and deformations.
This understanding is essential to design beneficial interventions in human cardiovascular
disease and intelligent protocols for tissue engineering of large arteries.

2. Large artery development
Vasculogenesis begins with the formation of blood islands in the extra-embryonic mesoderm
that contain angioblasts and hematopoetic cells. The blood islands fuse and the angioblasts
differentiate into ECs to form the primary capillary plexus (Risau and Flamme 1995).
Within the embryo proper, angioblasts from the splanchnic mesoderm migrate toward the
midline, fuse and form angioblastic cords that hollow out into tubes and eventually become
the major vessels. These two locations of vasculogenesis interconnect, forming a complete
vascular loop around embryonic day (E) 8 in the mouse (Jones 2011), just before the heart
starts to beat at E8.25. The hematopoetic cells remain in the blood islands until blood flow is
detected in the embryo around E8.5 (Ji et al. 2003). Vasculogenesis occurs similarly in other
organisms used to study vessel formation, such as birds, but with altered timelines. Once the
blood circulation is established, the vascular network is remodeled to change vessel
diameter, branching patterns and to recruit other cell types (Jones 2011). The EC tubes
remain free of other cells, such as fibroblasts, SMCs and pericytes for up to 24 hours in the
quail (Drake 2003). After this time, primordial SMCs are recruited to form layers around the
initial EC tubes and are evident at E10.5 in the mouse (Majesky et al. 2011). The SMC
layers develop in a ventral to dorsal manner and in a radial pattern beginning with the cells
closest to the ECs (Hungerford et al. 1996).

The primordial SMCs in the large arteries come from at least four different embryonic
origins: 1) Secondary heart field for the base of the aorta, 2) Neural crest for the ascending
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aorta and common carotid arteries, 3) Somites for the descending thoracic aorta, and 4)
Splanchnic mesoderm for the abdominal aorta (Majesky 2007). Some SMCs may also arise
from marrow-derived progenitor cells (Ross et al. 2006), macrophages (Ninomiya et al.
2006), and transdifferentiation of ECs (DeRuiter et al. 1997; Frid et al. 2002). Recent
evidence suggests that SMC progenitor cells reside in the adventitial region throughout adult
life, providing a source for new SMCs during arterial wall growth, remodeling and repair
(Majesky et al. 2011). Presumptive SMCs have a “fibroblast-like” appearance and do not
express typical SMC marker proteins until later in development. It is difficult to pinpoint
exactly when the presumptive cells become SMCs, as the marker proteins are not
necessarily specific for SMCs in general or vascular SMCs (VSMCs) in particular.
Additionally, expression varies along the arterial tree and even across the arterial wall
thickness. The markers generally accepted for VSMCs are the smooth-muscle-specific
isoforms of myosin heavy chains, SM-1 and SM-2, and expression is not detected until the
cells have already formed the multilayered vessel wall (Hungerford and Little 1999).

Significant vascular patterning changes occur between E11 and E14 in the mouse. At E11,
there are numerous symmetric arches leading off the truncus arteriosis. Over the next three
days, they will transform into the aorta, the major branches of the aorta and the pulmonary
artery (Effmann et al. 1986). The complete separation of the aorta and pulmonary artery
occurs around E13.5 (Vuillemin and Pexieder 1989) and the definitive vascular pattern is
established by E14. After this time, the arteries undergo significant changes in diameter,
length, wall thickness and wall composition. The composition is altered through the
deposition of ECM proteins necessary for the proper mechanical behavior of the wall. The
two major structural ECM proteins in the wall of mature, elastic arteries are elastin and
collagen. The combination of ECM proteins, specifically the ratio of elastin to collagen, will
determine the mechanical properties of a particular artery and will also affect SMC
morphology and function. The amount and type of ECM proteins produced may be a better
indicator of SMC phenotype than traditional SMC marker proteins (Hungerford and Little
1999). For example, presumptive SMCs surrounding the EC lumen show changes in
intracellular architecture suggestive of phenotypic changes at the same time that collagen
and basal lamina proteins are deposited between the two cell layers (Murphy and Carlson
1978). In vitro, SMC phenotype is modulated by interactions with the ECM substrate. For
example, culturing SMCs on fibronectin or collagen type I promotes a synthetic phenotype,
while laminin or elastin promotes a contractile phenotype (Hedin et al. 1988; Qin et al.
2000; Yamamoto et al. 1993).

3. Developmental hemodynamics
It has been known for over a century that the blood flow, blood pressure and axial force
exerted on a growing vessel will influence its form and function. In 1893, Thoma formulated
these observations into three postulates 1) vessel lumen size depends on blood flow, 2)
vessel wall thickness depends on blood pressure, and 3) vessel length depends on axial force
exerted by connective tissues (Clark 1918). These relationships can be better understood by
examining the average shear stress (τ) and normal stresses in the circumferential (σθ) and
axial (σz) directions on the vessel wall:

(1)

where Q = blood flow, µ = blood viscosity, and ri = inner radius;

(2)

where P = blood pressure and ro = outer radius, and
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(3)

where F = total axial force.

Thoma’s observations and the above equations show that changes in blood flow, blood
pressure or axial forces, can be counteracted by respective changes in the vessel inner
radius, wall thickness or length to maintain constant stresses on the vessel wall. This has
been well-studied in adult animals where it is relatively straightforward to perturb the steady
state with step changes in blood flow, blood pressure or axial length and observe the
resulting changes in vessel wall geometry. The relationships are more difficult to study in
growing animals where the hemodynamics and geometry are constantly changing and the
stresses are not yet at a steady state. However, understanding the relationships between
mechanical stimuli and vessel form and function is necessary for predicting or preventing
changes caused by altered hemodynamics in developmental diseases and for recreating the
developing hemodynamic environment in arterial tissue engineering protocols.

3.1. Blood flow
Clark (1918) investigated the relationship between blood flow and inner radius by making
careful measurements of growing vessels in the tail of frog larvae. Clark found that
capillaries with a decrease in blood flow volume would decrease in diameter and eventually
disappear, while capillaries with an increase in blood flow volume would increase in
diameter and become arterioles or venules. Clark also summarized results of different
studies aimed at determining how vessels develop in the absence of blood flow. From these
he concluded that extensive capillary development takes place before the heart starts beating
and in animals where the heart has been removed or prevented from beating, but this stage
“comes to an end relatively early” and further development of the vascular system depends
on mechanical factors.

More recent results using genetically-modified mice to disrupt cardiac contractility and
pumping show that vascular development is halted at the capillary plexus stage and suggest
that remodeling of the capillary plexus to form the mature vascular network depends on
blood flow. Vascular defects are apparent around E9 in these mice, soon after circulation is
established in normal embryos (Huang et al. 2003; May et al. 2004; Wakimoto et al. 2000).
When flow is cut off using a physical approach in bird embryos, no arterial-venous
differentiation or patterning is observed, although the capillary plexus continues to grow.
Additionally, when normal flow patterns are altered, arteries and veins form in new regions,
implying that blood flow determines arteriolar and venular differentiation and patterning (le
Noble et al. 2004). While these experiments support a role for blood flow in vascular
development, they do not explain why blood flow is necessary for vascular remodeling. It
has been hypothesized that the delivery of oxygen or nutrients is necessary for vascular
remodeling or that the resultant shear stress is necessary for cell signaling cascades that
activate remodeling pathways (Jones et al. 2006). By altering the viscosity of blood and the
consequent shear stress (Eqn. 1), but not the velocity and resulting delivery of oxygen or
nutrients, Lucitti et al. (2007) showed that shear stress alone is necessary and sufficient to
induce vascular remodeling in the mammalian yolk sac. For formation of the large arteries,
SMCs must be recruited to surround the remodeled capillary network. In the absence of
Kruppel-like factor 2 (KLF2), a transcription factor for several mechanosensitive genes,
mouse embryos die at E14.5 from severe hemorrhage. The aorta in KLF2−/− mice does not
form a compact medial layer and the SMCs in the vessel wall have altered morphology,
reduced expression of SMC marker proteins and reduced deposition of ECM proteins (Kuo
et al. 1997), indicating that shear stress may be necessary for SMC recruitment and
phenotypic maturation.
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It has been shown in vivo and in vitro that fluid flow alters EC morphology, function, and
gene expression (Ando and Yamamoto 2009). ECs exposed to unidirectional fluid flow
become elongated and align in the direction of flow (Dewey et al. 1981; Langille and
Adamson 1981), which is similar to their in vivo arrangement. Increased fluid flow causes
increased endothelial nitric oxide synthase (eNOS) expression, which increases NO
expression and causes SMC relaxation and vessel dilation (Boo and Jo 2003; Rubanyi et al.
1986). Shear stress alters production of growth factors such as platelet-derived growth factor
(PDGF) (Hsieh et al. 1991) and transforming growth factor-β (TGF-β) (Ohno et al. 1995)
and affects the production and elimination of reactive oxygen species (ROS) (Laurindo et al.
1994). DNA microarray analysis shows that more than 600 EC genes are up- or down-
regulated with different temporal patterns in response to shear stress (Ohura et al. 2003).

ECs are the primary cell type responding to fluid shear stress. Resulting changes in SMC
function and arterial wall composition and geometry are generally thought to be the result of
EC signals, such as increased NO production and altered levels of ROS. However, in vitro
results show that SMCs are also directly responsive to flow induced shear stress. SMCs
exposed to unidirectional flow in vitro orient perpendicular to the flow direction (Lee et al.
2002), unlike ECs which orient parallel to the flow direction. In the arterial wall, SMCs are
mostly arranged circumferentially, which is perpendicular to the flow direction. Shear stress
promotes release of PDGF and basic fibroblast growth factor (bFGF) from SMCs (Sterpetti
et al. 1994) and alters expression of numerous other cytokines and signaling molecules (Shi
and Tarbell 2011). Fluid flow alters SMC proliferation (Haga et al. 2003; Ekstrand et al.
2010) and contractility (Asada et al. 2005; Civelek et al. 2002), but different studies often
show contradictory results. The variations in SMC phenotype, shear stress profiles and
differences between two-dimensional in vitro systems and the three-dimensional in vivo
environment of the vessel wall, including the ECM proteins, may explain the varying
reactions of SMCs to fluid shear stress. In vivo, SMCs are not exposed directly to fluid shear
stress because of the EC barrier lining the vessel lumen. However, there is interstitial fluid
flow from the inside to the outside of the vessel driven by the pressure difference across the
wall. The resulting shear stress is on the order of 1 dyn/cm2 (Wang and Tarbell 1995) and
may be up to 100 times higher in the immediate vicinity of pores in the internal elastic
lamina (Tada and Tarbell 2000).

3.2. Blood pressure
During embryonic development, the pulmonary and systemic circulations are connected by
the ductus arteriosis. After birth, the ductus arteriosis closes and the aorta and pulmonary
artery carry similar volumetric blood flows, but are exposed to very different blood
pressures due to a decrease in peripheral resistance that occurs in the pulmonary circulation
at birth. Consistent with Thoma’s postulates and Eqns. 1 and 2, the inner radii of the aorta
and pulmonary artery are similar, but the wall thickness increases in the aorta and decreases
in the pulmonary artery to adapt to the different pressure in each artery (Leung et al. 1977).
In postnatal development, blood pressure and medial wall thickness increase simultaneously
in systemic arteries (Gerrity and Cliff 1975). In embryonic development, blood pressure is
first measurable soon after blood circulation begins and the heart starts beating. Peak
systolic LV pressure increases from 2 to 11 mmHg from E9.5 – E14.5 in the mouse
(Ishiwata et al. 2003). Note that these pressure increases occur during the time that SMCs
are organizing in layers around the EC lumen, so wall thickness increases through the
addition of SMC layers. Around E14, the layers are complete and the SMCs start expressing
structural ECM proteins, so wall thickness increases through the addition of elastin and
collagen between the cell layers (Figure 1). Systolic LV pressure was measured at 10 mmHg
at E18 and 25 mmHg at P1 in mice (Figure 2) (Wagenseil et al. 2009, 2010). Although there
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are variations between different studies, the overall results show a large pressure increase
during the last trimester of mouse development and especially just before birth.

Increased pressure stretches SMCs in the artery wall and increases both the circumferential
stress and stretch of the wall. Investigating changes in circumferential stress requires
knowledge of the cell mechanical properties, therefore most in vitro studies focus on the
effects of changes in stretch. In vitro, SMCs respond to stretch by upregulating production
of elastin (Sutcliffe and Davidson 1990), collagen (Durante et al. 2000), and numerous
signaling molecules (Katsumi et al. 2002; Li et al. 2003; Mills et al. 1997). In vitro, cyclic
stretch has been shown to alter SMC proliferation, apoptosis and expression of SMC marker
proteins through the Notch signaling pathway (Morrow et al. 2005a; Morrow et al. 2005b).
The Notch pathway is a key regulator of vascular morphogenesis, controlling growth of the
blood vessel network, cell proliferation and the differentiation of arteries and veins (Roca
and Adams 2007). The involvement of the Notch pathway suggests that cyclic stretch may
be an important stimulus for SMC differentiation during early formation of the large
arteries. It has been shown that cyclic stretch induces SMC differentiation in embryonic
stem cells (Riha et al. 2007; Shimizu et al. 2008). The response of SMCs to stretch is
modulated by interactions with the ECM substrate. SMCs on collagen type I or fibronectin
coated membranes show increased DNA synthesis in response to stretch, while SMCs on
elastin or laminin coated membranes do not (Wilson et al. 1995). SMCs on collagen type I
coated membranes also show increased apoptosis in response to stretch, compared to SMCs
on elastin or laminin coated membranes (Wernig et al. 2003).

Most in vitro studies apply cyclic stretch to mimic the deformation caused by the pulsatile
pressure wave in adult arteries. Although the arterial pulse pressure magnitudes have not
been measured in late embryonic development in mice, ultrasound studies show a clear
pulsatile deformation of the aortic wall at E18. Interestingly, the percent deformation is
approximately the same at P1 (Figure 3), despite large changes in systolic pressure (Figure
2) and presumably pulse magnitude. This implies that the aortic wall is actively growing and
remodeling, through modulation of SMC phenotype and deposition of the appropriate mix of
ECM proteins, to maintain a constant percent deformation at the physiologic pulse pressure
for each age.

The tension in the wall is equal to the pressure times the inner radius and is related to the
circumferential stress, but is not normalized by the wall thickness. Wolinksy and Glagov
(1967) showed that the tension/lamellar unit (one layer of SMCs and elastin) is constant
across numerous mammalian species. The lamellar units are formed in late embryonic
development and do not change after birth (Cliff 1967; Paule 1963). In the mouse aorta, the
number of SMC layers is established before E14 and abundant elastin is deposited between
each SMC layer by E18 (Figure 1).

3.3. Axial tension
In his studies on frog larvae, Clark (1918) found that the increase in capillary length in any
direction was the same as the growth of the tail in that direction, suggesting that tension
exerted by surrounding tissues determines vessel length. In the first 30 days of postnatal
development in the mouse, body length and aortic length grow at constant rates, although
the rate of body length growth is about twice that of the aorta (Huang et al. 2006). The
stretch ratio of the entire aorta (Huang et al. 2006) and of the common carotid artery alone
(Le et al. 2011) in the mouse increases about 10% in the first 30 days after birth, which may
be a result of the differential growth rate between the arteries and surrounding tissues.

Adult arteries are highly sensitive to changes in axial stress or strain. In response to a
mechanical stimulus, growth in the axial direction is much faster (on the order of days)
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(Davis et al. 2005; Jackson et al. 2002) than in the circumferential direction (on the order of
months) (Fridez et al. 2003; Wolinsky 1970). Growth occurs through increased cell
proliferation and deposition of ECM proteins. Because of the interrelationship between axial
strain and the circumferential stress-strain relationship, both circumferential and axial
stresses can be normalized by growth in the axial direction (Humphrey et al. 2009). Unlike
shear or circumferential stresses, arteries cannot adapt to reductions in axial stress. When
axial stretch is decreased, the artery does not shorten to normalize the changes, but lengthens
and becomes tortuous. This axial remodeling depends on breakdown of the ECM proteins,
as inhibition of matrix metalloproteinases by doxycycline prevents the lengthening and
observed tortuosity (Jackson et al. 2005).

The axial forces in Eqn. 3 are the sum of traction forces in the vessel wall and forces from
the blood pressure that tend to lengthen the artery. As pressure increases during the cardiac
cycle, the traction forces decrease, while the pressure forces increase, leading to an almost
constant total axial force within the physiologic blood pressure range. Experiments with
proteases that selectively degrade elastin or collagen show that elastin is largely responsible
for the axial traction force (Dobrin 1997).

4. Elastin deposition and large artery mechanics
Elastin provides elasticity and reversible stretch to accommodate pulsatile pressure waves
from the heart. The arterial pressure pulse magnitude decreases with distance from the heart,
due to the pulse dampening function of the elastic arteries. The amount of elastin also
decreases with distance from the heart as less pulse dampening is required in the distal
vessels. The amount of collagen, which provides strength and limits stretch at high
pressures, remains approximately constant with distance from the heart (Dobrin 1997). The
elastic modulus of collagen is 100 – 1000 times higher than elastin, so the decrease in the
ratio of elastin to collagen provides a gradient of arterial stiffening down the vascular tree
(Greenwald 2007). The large elastic or conducting arteries are those closest to the heart that
have relatively high elastin to collagen ratios.

The role of elastin as an arterial pulse dampener, or windkessel (Dobrin 1997), is supported
by evolutionary evidence. Elastin is found exclusively in vertebrate animals and its
emergence coincides with the appearance of a closed circulatory system (Sage and Gray
1979). In invertebrate animals with an open circulatory system, low pressure and constant
flow, the arterial wall ECM is composed mostly of collagen. In invertebrates with highly
developed circulatory systems, or lower vertebrates with transitional, partially open
circulations, the arterial wall ECM is composed of collagen and microfibrils, but no elastin
(Wagenseil and Mecham 2009). Microfibrils consist mostly of the proteins fibrillin-1 and
fibrillin-2 and are found in close apposition to developing elastic fibers. The developmental
expression pattern of fibrillin-1 is similar to that of elastin, though peak expression occurs
earlier (Zhang et al. 1995). After the elastic fibers are fully assembled the microfibrils are no
longer visible and have either been removed or completely covered with dense elastin
deposits. Fibrillin appears earlier in the evolutionary timeline than elastin and may play a
pulse dampening role in transitional circulations. The increase in pressure between E18 and
P1 in the mouse, when abundant collagen, microfibrils and elastin deposits are laid down, is
similar to the evolutionary pressure increase between invertebrates and jawless vertebrates
when the arterial wall ECM changes from mostly collagen to collagen and microfibrils
(Wagenseil et al. 2010). In higher vertebrate animals, there is a closed circulatory system,
high pressure, pulsatile flow and the arterial wall ECM is composed of collagen, elastin and
microfibrils. The lowest systolic blood pressure in adult vertebrates is about 40 mmHg,
which occurs around P7 in the mouse (Le et al. 2011), at the same the time that the elastic
lamellae in the aorta become complete (Davis 1995). Presumably, the elastic lamellae are
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not fully functional mechanically before all of the elastin deposits have been connected in
continuous layers. It appears that the ECM composition of the arterial wall is directly related
to blood pressure throughout evolution and vertebrate development.

Elastin is secreted from cells in its soluble form, tropoelastin. Tropoelastin is crosslinked by
lysyl oxidase (LOX) to form elastin globules that are visible by light and electron
microscopy (EM) in vitro and in embryonic arterial tissue (Kozel et al. 2005). With the help
of additional proteins, such as the fibulins, MAGP and EMILIN, the globules coalesce
around microfibrils to form the complete elastic fibers found in the mature arterial wall
(Wagenseil and Mecham 2007). Turnover of elastin is slow and assembly of elastic fibers is
negligible in adult animals, therefore the elastic fibers created during development must last
the lifetime of the animal. Gene array data in developing mouse aorta show that the elastic
fiber proteins, and most ECM proteins, follow highly coordinated expression patterns. ECM
gene expression in mice begins around E14, rises steadily through P14, then decreases to
low, baseline levels around P30 (Kelleher et al. 2004). Similar expression patterns are seen
in arteries from sheep, human, and rats (Bendeck and Langille 1991; Gerrity and Cliff 1975;
Berry et al. 1972). Note that ECM gene expression in the mouse begins a few days after
primordial SMCs are first detected in layers around EC tubes at E10.5 (Majesky et al. 2011)
and after the significant patterning changes are complete at E14 (Effmann et al. 1986). ECM
gene expression is turned on when the medial cell layers are complete and when the SMC
specific proteins SM-1 and SM-2 are first detectable (Hungerford and Little 1999),
confirming the observation that ECM gene expression is a suitable indicator of emerging
SMC phenotype. ECM gene expression is highest during significant increases in pressure
and flow and is essentially turned off as the hemodynamic forces stabilize (Wagenseil and
Mecham 2009).

5. Developmental pathology with disrupted ECM
ECM proteins are critical for proper development and function of the large arteries, and of
other organ systems, including the lung, bones, skin, and cartilage. There are several human
diseases resulting from the loss of function or expression of important ECM proteins.
Cardiovascular phenotypes range from narrowing to dilation to rupture of the large arteries,
depending on the affected ECM protein. Mouse models have been developed to better
understand the effects of absent or reduced levels of ECM proteins. This review will focus
on genetic diseases and animal models relating specifically to elastin, elastin-associated
proteins and arterial collagens. The major collagens in the large elastic arteries are types I,
III, IV, V, and VI (McLean et al. 2005).

5.1. Human diseases
William’s Syndrome (WS) is a neurodevelopmental disorder resulting in a distinct, “elfin”
facial appearance along with mild to moderate retardation (Meyer-Lindenberg et al. 2006).
While the most salient symptom is the cognitive impairment, many individuals also exhibit a
cardiovascular defect known as supravalvular aortic stenosis (SVAS). SVAS is a congenital
narrowing of the aortic root just outside the LV outflow tract. If left untreated, it can lead to
cardiac hypertrophy and eventual LV failure (Aboulhosn and Child 2006). Isolated SVAS is
caused by point mutations in the elastin gene (ELN) that cause functional haploinsufficiency
(Li et al. 1997). SVAS arises in WS individuals due to a deletion of a contiguous region of
genes that includes ELN (Osborne et al. 1996).

Mutations in the elastin gene have also been associated with the autosomal dominant form
of cutis laxa (ADCL). While skin is the major organ affected in ADCL, there are reports of
abnormalities in other organs, including the cardiovascular system (Callewaert et al. 2011;
Szabo et al. 2006). Autosomal recessive cutis laxa (ARCL) Type 1 arises from mutations in
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fibulin-4 and -5, which play critical roles in elastic fiber assembly (Yanagisawa and Davis
2010). Mutations in fibulin-5 result in lax skin due to disorganized elastic fibers, with
limited involvement of other organ systems (Hu et al. 2006; Loeys et al. 2002; Lotery et al.
2006). Mutations in fibulin-4 result in a much more severe phenotype including lax skin,
aortic aneurysm and tortuous arteries at a young age (Dasouki et al. 2007; Hucthagowder et
al. 2006).

Marfan syndrome (MFS) is an autosomal dominant disorder affecting connective tissue and
causing abnormalities in the cardiovascular, skeletal, and ocular systems (Francke and
Furthmayr 1994). Skeletal abnormalities generally manifest as disproportionately long limbs
and fingers (arachnodactyly), hypermobility in joints, and a highly arched palate with a
narrow jaw, and decreased bone mineral density (osteopenia). Ocular abnormalities include
myopia, increased axial length of the eye, corneal flatness, and a displaced lens. In regards
to cardiovascular defects, MFS patients typically have aortic and mitral valve regurgitation
and aortic root dissection, dilation, and ultimately rupture (Phornphutkul et al. 1973).
Histological studies reveal highly disrupted elastic lamellae in MFS aorta (Recchia et al.
1995). MFS pathogenesis is associated with mutations in fibrillin-1 (FBN1) causing
improper formation of elastic fibers and dysregulated TGF-β signaling (Dietz et al. 2005).

Ehlers-Danlos syndrome (EDS) is a group of six heritable disorders with variable symptoms
in different connective tissue systems. The most common EDS symptoms are thin and loose
skin, joint hypermobility, and fragility in blood vessels and other connective tissue (Pyeritz
2000). Classical EDS has been linked to a mutation in the collagen V gene (COL5A1 and
COL5A2). Type V collagen is critical for initial fibril formation and functional
haploinsufficiency for the gene leads to larger collagen fibrils and a less compact fibril
arrangement (Schwarze et al. 2000). Vascular EDS (formerly EDS type IV) carries an
increased risk of fatal rupture of the bowels and large arteries with little evidence of
dissection or aneurysm (Proske et al. 2006). Vascular EDS is caused by a lack of type III
collagen, reducing the burst strength of large arteries (Pope et al. 1975).

5.2. Animal Models
Additional evidence for the role of ECM proteins in large artery development can be
obtained from animal models - specifically genetically modified mice. While there are
significant differences between the cardiovascular systems of mice and humans, mice allow
relatively simple genetic modifications to investigate the absence of, reduced levels of, and
mutations in specific ECM proteins. These animal models are essential for providing a better
understanding of how alterations in ECM proteins affect cardiovascular function and human
health.

5.2.1. Elastin—Mice that do not express the elastin gene (Eln−/−) die within a few days of
birth from overproliferating SMCs that occlude the vessel lumen (Li et al. 1998). LV
systolic pressure in Eln−/− mice is similar to WT at E18, but almost double WT values by
P1, despite similar heart rates (Figure 2). If the large, conduit arteries were rigid tubes
instead of compliant windkessels, an infinitely high blood pressure would be required to
produce blood flow in systole (Greenwald 2007). Although the Eln−/− aorta is not a rigid
tube, it is significantly less compliant than WT at E18 (Wagenseil et al. 2010) and P1
(Wagenseil et al. 2009), which would require higher pressures to generate the necessary
blood flow to perfuse distal tissues. There may be a delay between the requirement for
increased pressure (at E18) and the manifestation (at P1). The reduced compliance can be
seen from in vivo images of the aortic wall deformation (Figure 3). The percent deformation
of the Eln−/− aorta from diastole to systole is 3 – 5 times less than WT, significantly
reducing the important energy storage and pulse dampening function of the large arteries.
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Examination of EM images from Eln−/− and WT aorta during late embryonic development
shows the rapid progression from a normal to a pathological wall structure (Figure 1). At
E14, when the major arterial patterning changes are complete and ECM expression is just
beginning, WT and Eln−/− aorta look similar. Both aortas have 6 – 7 layers of
circumferentially aligned SMCs with ECM proteins, including collagen, microfibrils and
proteoglycans, deposited between the cell layers. E14 WT aorta has small deposits of elastin
between the cell layers that are not present in Eln−/− aorta. At E18, abundant elastin
deposits are visible in WT aorta. The WT elastin layers are most complete in the central
portion of the wall thickness, with discontinuous layers near the intima and adventitia. In
E18 Eln−/− aorta, there are still layers of circumferentially oriented SMCs and there is no
evidence of SMC overproliferation. There may be increased production of proteoglycans by
the Eln−/− SMCs. At P1, only three days later assuming an average 20 – 21 day gestation
period, the SMCs in Eln−/− aorta have lost their circumferential orientation and cell-cell
contacts and have begun overproliferating, leading to eventual occlusion of the vessel
lumen.

Dramatic changes in arterial structure between E18 and P1 in Eln−/− mice can also be seen
from gross morphological examination of the aorta and its branches (Figure 4). At E18, Eln
−/− aorta has a smaller diameter and longer length, but is patent, with no severe changes in
geometry. At P1, Eln−/− aorta still has a smaller diameter and longer length, but also shows
local stenoses and dilations. Tortuosity is present in the P1 Eln−/− carotid arteries
(Wagenseil et al. 2010). The increased length and tortuosity of Eln−/− arteries emphasize
the role of elastin in the axial mechanical behavior (Dobrin 1997) and the degree to which
arteries can remodel in the axial direction in response to altered mechanical stimuli (Jackson
et al. 2005; Jackson et al. 2002). Gross morphological and ultrastructural analyses show that
the major changes in Eln−/− arteries occur during the last few days of embryonic
development. This time period corresponds to a large increase in systolic blood pressure
(Figure 2), suggesting that the Eln−/− mouse dies because, without elastin, the arterial wall
cannot withstand the stresses caused by the developmental increases in blood pressure.

In mice that express approximately half the normal amount of elastin (Eln+/-), mean arterial
blood pressure is 40% higher than WT and the arteries have smaller diameters, thinner walls
and reduced axial stretch ratios (Wagenseil et al. 2005). The typical arterial remodeling
response to hypertension is an increase in wall thickness, not a decrease (Berry and
Greenwald 1976). The decreased wall thickness in Eln+/- arteries is not caused by an
impaired remodeling response, because when blood pressure is increased even further in
adult animals, the arterial wall thickness increases, as expected, and to a similar degree as
WT animals (Wagenseil et al. 2007). Eln+/- arteries have an increased elastic modulus and
an increased number of lamellar units (Faury et al. 2003). Because both the pressure and
number of lamellar units are increased, the tension/lamellar unit remains within typical
limits seen in mammalian species (Wolinsky and Glagov 1964). Humans with SVAS also
have hypertension, smaller arteries and increased arterial lamellar units (Li et al. 1998). It
appears that the additional lamellar units are generated in the adventitia around E18 in Eln
+/- mice (Wagenseil et al. 2010). These lamellar units may be generated from the population
of progenitor cells in the adventitia (Majesky et al. 2011) and changes in hemodynamic
forces may be important in signaling the formation of the additional layers. Determining
how these layers are formed will be important for recreating functional elastic lamellae in
human diseases and arterial tissue engineering. The difference in lamellar count and lack of
typical hypertensive remodeling response in Eln+/- arteries, indicates an adaptive
remodeling response, as opposed to a pathological one. The arterial geometry, ultrastucture,
mechanics and hemodynamics are altered to provide the required cardiovascular function for
a normal lifespan in Eln+/- mice, within the constraints caused by reduced elastin levels.
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Further understanding the adaptive remodeling process may provide strategies for treating
SVAS in humans.

Using a bacterial artificial chromosome (BAC) encoding the human elastin gene, elastin can
be added back to the Eln−/− or Eln+/- mice. Addition of human elastin rescues the Eln−/−
lethal phenotype, despite limited expression of human elastin in the mouse (about 30% of
normal). BAC+/+Eln−/− mice have an even more severe phenotype than Eln+/- mice, but
most live a normal lifespan. BAC+/+Eln+/- mice have about 80% of normal elastin levels
and the cardiovascular phenotypes (high blood pressure, reduced arterial diameter, and
increased arterial stiffness) are ameliorated compared to Eln+/- (Hirano et al. 2007). These
studies suggest that developmental diseases affecting the elastin gene may be treated by
increasing elastin expression levels.

5.2.2. Fibulins and fibrillins—Mice lacking the fibulin-4 or -5 gene recapitulate many of
the ARCL phenotypes. Mice lacking fibulin-4 (Fbln4−/−) die soon after birth from severe
lung and vascular defects such as emphysema, arterial tortuosity, and aneurysms. Expression
of tropoelastin is unaffected in these mice, but histology shows that they do not develop
intact elastic fibers (McLaughlin et al. 2006). Mice lacking fibulin-5 (Fbln5−/−) have loose
skin and similar lung and vascular irregularities resulting from improper elastic fiber
formation, but with less severity than Fbln4−/− mice. Fbln5−/− mice live a normal lifespan
(Nakamura et al. 2002; Yanagisawa et al. 2002).

Mice that do not express fibrillin-1 (Fbn1−/−) have thin, fragmented arterial elastic fibers
and die soon after birth due to ruptured aortic aneurysm. In contrast, mice lacking fibrillin-2
(Fbn2−/−) have a normal aortic morphology. Compound knockouts for both proteins die in
utero and have a more severe vascular phenotype than Fbn1−/−, indicating that fibrillin-2
contributes to the initial microfibril assembly and has partially overlapping functions with
fibrillin-1 (Carta et al. 2006). Fbn1+/- mice have larger, stiffer arteries, but live a normal
lifespan (Carta et al. 2009). Several other mouse models with mutations in the fibrillin-1
protein have been developed to study MFS. The mgΔ mouse has a fibrillin-1 gene deletion
related to a particularly severe form of the human disease. The homozygous mice die
suddenly of aortic aneurysms and other cardiovascular complications around three weeks of
age (Pereira et al. 1997). Mice that are heterozygous for a known fibrillin-1 missense
mutation (C1039G) reproduce many of the human MFS phenotypes including skeletal
deformity and progressive deterioration of arterial wall architecture (Judge et al. 2004). The
range of phenotypes and lifespans in the different mouse models demonstrates that MFS
severity may be modulated by fibrillin-1 amounts.

5.2.3. Collagens—Mouse models with mutations in type I and type III collagens die
prematurely from ruptured blood vessels, indicating their necessity for the proper
mechanical and structural properties of a mature vessel wall. Mice lacking the ability to
synthesize type I collagen (Col1a1−/−) die around E10 from sudden rupture of major blood
vessels (Lohler et al. 1984). Mice that cannot express collagen type III (Col3a1−/−) also
show perinatal lethality, though about 10% survive to adulthood (Liu et al. 1997). Col3a1−/
− mice have a phenotype similar to clinical manifestations of type IV EDS including sudden
death due to vessel rupture. Mice lacking type V collagen (ColV−/−) die around E10 with a
complete lack of collagen fibrils (Wenstrup et al. 2004). Heterozygous mice (ColV+/-) are
viable, but have reduced fibril number and dermal collagen content. Aortic stiffness and
tensile strength are reduced compared to WT mice (Wenstrup et al. 2006).
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6. Mechanical models
Mechanical models are necessary to predict arterial mechanical behavior for a range of
loading conditions and to extrapolate in vivo conditions. Different phenomenological
models have been applied to experimental data for arteries [reviewed in (Humphrey 1995;
Vito and Dixon 2003)], most of which assume incompressible, pseudoelastic (Fung et al.
1979), nonlinear, transversely isotropic mechanical behavior. The arterial wall has been
considered homogeneous, or divided into two homogeneous layers representing the media
and adventitia [i.e.(von Maltzahn et al. 1981; von Maltzahn et al. 1984)]. While these
models are useful for predicting mechanical behavior for different loading conditions and
quantifying differences between groups, they do not provide insight into the mechanical
structure-function relationship of the arterial wall components. Additionally, time dependent
models are necessary to predict changes in the arterial wall due to mechanically-stimulated
remodeling in development. This review focuses on microstructurally-based constitutive
models and models of growth and remodeling applied to embryonic and postnatal
development.

6.1. Microstructurally-based arterial constitutive models
Microstructurally-based constitutive models account specifically for the amount,
organization and mechanical behavior of individual arterial wall components [reviewed in
(Holzapfel and Ogden 2010)]. Originally proposed by Holzapfel and Weizsacker (1998)
many of these microstructural models assume a non-collagenous substance (usually
associated with elastin) with embedded fibers (usually associated with collagen fibers). The
non-collagenous substance is often modeled with a neo-Hookean strain energy function,
while the embedded fibers are often modeled with a Fung-type strain energy function. Early
microstructural models include two families of collagen fibers symmetrically oriented at
some angle to the circumferential direction (Holzapfel et al. 2000). Later extensions include
viscoelastic effects (Holzapfel et al. 2002), separate material properties for the media and
adventitia (Holzapfel et al. 2004), collagen fiber angle dispersion (Holzapfel et al. 2005) and
a combination of fiber angle dispersion and collagen fiber waviness (Rodriguez et al. 2008).
Other extensions of the fiber-family model include an increase in the number of fiber
families to four (angled fibers, plus circumferential and axial fibers), based on multiphoton
imaging of arterial collagen organization (Baek et al. 2007a). The four-fiber family model
has been used to investigate differences in collagen fiber angles in arteries from
hypertensive pigs (Hu et al. 2007), mouse models of muscular dystrophy (Gleason et al.
2008) and mouse models of MFS (Eberth et al. 2009). Additional microstructural models
have been developed that use a linear strain energy function for the collagen fibers with a
statistical distribution of collagen fiber waviness. The collagen shows nonlinear behavior as
more fibers transition from the wavy to the stretched state and begin to contribute to the total
tissue stress. Models of this type have been used to describe mechanics of the human aorta
(Wuyts et al. 1995; Zulliger and Stergiopulos 2007), rat carotids (Zulliger et al. 2004), and
rabbit carotids before and after digestion of the elastin fibers (Fonck et al. 2007). Most
constitutive models have focused on explaining the changes in mechanical behavior of adult
arteries in health and disease.

A recent model by Cheng et al. (2012) applies a modified version of the two-fiber family
model to predict changes in ECM amount and organization with postnatal development and
disease in the mouse aorta. The model predicts that the circumferential stress contribution of
elastin increases with developmental age up to P21, then remains constant. The predictions
are in agreement with measured changes in elastin amount, suggesting that the predicted
stress contribution can be directly related to elastin quantity. In support of this assertion, the
model also predicts that the circumferential stress contribution of elastin in Eln+/- aorta is
reduced compared to WT for all ages. Despite the reduced elastin contribution, the total
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circumferential stress is similar between genotypes. Protein quantification suggests that the
collagen amounts are similar, but the model predicts that the mechanical behavior and
organization of the collagen fibers in Eln+/- aorta are altered to provide a higher stress
contribution and make up for the reduced elastin contribution. Models of this type help in
understanding arterial remodeling in genetic disease and in designing interventions to
reverse changes in the arterial wall at the microstructural level.

The contribution of SMCs to arterial mechanics has been included in some microstructural
constitutive models. While the passive contribution of SMCs in adult, large elastic arteries is
minimal (Faury et al. 1999), SMCs can actively change mechanical behavior by contracting
and relaxing in response to chemical and hemodynamic signals. Rachev and Hayashi (1999)
proposed a model in which active SMC stress depends on a basal level of SMC tone
multiplied by a normalized function of stretch, which recreates the known length-tension
relationship of SMCs (Dobrin 1973). Applications of the model assume that the basal level
of SMC tone depends on Ca2+ concentration (Baek et al. 2007a; Gleason et al. 2004).
Further refinements of the model in the context of cerebral arteries, relate the SMC tone and
stress generation to the ratio of circulating constrictors and dilators (Baek et al. 2007b;
Valentin et al. 2009). Other mechanical models of SMC contraction are based on original
work by A.V. Hill (1938) and expanded by Y.C. Fung (1970). These models include series
and parallel elements representing viscous, elastic and contractile components, but do not
specifically account for the physiology of cell contraction. Gestrelius and Borgstrom (1986)
extended the Hill model to include individual interactions between actin-myosin
crossbridges. Hai and Murphy (1988) developed a kinetic model to describe crossbridge
cycling based on Ca2+ concentration and rate constants of myosin phosphorylation and
stress development. Recent papers have combined mechanical and kinetic models to provide
chemomechanical models of SMC activation (Murtada et al. 2010; Stalhand et al. 2008;
Yang et al. 2003), but much work remains to couple the chemical and mechanical stimuli for
SMC behavior.

6.2. Models of growth and development
It is important to remember that the artery wall is not a static structure, but is in constant flux
from protein turnover, changes in protein organization, and cell death, division and
migration. This is especially true during development. Observations in the 19th century on
trabecular bone growth (Wolff 1986) produced a theory for biological remodeling in
response to mechanical factors that has since been generalized to explain the growth of any
biological tissue in the presence of mechanical stress (Hsu 1968). Recent developments in
constitutive modeling have sought to directly capture this behavior.

Rachev et al. (1996) used a global stress-dependent growth model to investigate the
dynamics of wall remodeling in response to changes in blood pressure in adult arteries. This
was later adapted for a two-layer model of the arterial wall to investigate remodeling
differences in the media and adventitia (Rachev 1997). Fridez et al. (2001) extended
Rachev’s model to include SMC contributions to the remodeling process. Tsamis and
Stergiopulos (2007) extended Rachev’s model to incorporate microstructurally-based strain
energy functions for the arterial wall components. Rodriguez et al. (1994) developed a
general stress-dependent growth law for soft tissues based on local growth instead of global
growth. The theory was implemented with nonlinear finite elements to investigate growth
due to altered flow and pressure in adult arteries (Rodríguez et al. 2007). The above
examples include global or local growth of the artery, but do not link the growth to any
specific wall component.

Humphrey and Rajagopal (2002) developed a stress-dependent, constrained mixture model
in which the growth of individual wall components (elastin, collagen and SMCs) depends on
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their individual stresses. The model includes stress-dependent turnover and natural
configurations for each component. Variations of this model have been applied to
remodeling in adult arteries caused by changes in flow (Humphrey and Rajagopal 2003;
Gleason et al. 2004), mean pressure (Gleason and Humphrey 2004), pulse pressure
(Cardamone et al. 2010), spatial variations in wall components (Alford et al. 2008), and
axial extension (Valentin and Humphrey 2009a). A major challenge in these models is
determining appropriate values for the required parameters. Parameter sensitivity studies
have been performed to examine the model predictions within a range of values (Valentin
and Humphrey 2009b), but additional experimental data is needed to further validate the
models. As with the SMC contributions discussed above, there is also a need to correlate
mechanical stimuli with known changes in chemical signaling. This is necessary to predict
the mechanical remodeling effects of pharmaceuticals that directly alter the chemical
environment. To this end, recent papers have focused on coupling agent-based models with
continuum mechanics models (Hayenga et al. 2011; Thorne et al. 2011). Using parameter
refinement and a literature-derived rule-set, the authors show that changes in cellular
production of seven key molecules [NO, endothelin-1 (ET-1), TGF-β, PDGF, and various
matrix metalloproteinases (MMP-1, -2 and -9] control turnover of cells and ECM proteins to
reproduce the expected geometric and mechanical changes in the arterial wall for induced
hypertension.

Note that the models discussed above incorporate stress-dependent growth laws, while most
in vitro experimental data depend on stretch-dependent SMC reactions, hence there is a
disconnect between the modeling assumptions and the available experimental data. While
other growth laws are possible, for example stretch-dependent and stretch-rate dependent
laws (Cowin 1996), numerous morphologic experiments in embryonic tissues by Beloussov
(1998) support the idea of stress-dependent growth. Taber (2008) points out that a stress-
based response can produce more varied morphologic behavior because different layers may
be stretched the same amount, but experience different stresses due to varying mechanical
properties. Humphrey (2001) suggests that cells cannot directly sense stress or stretch and
that cellular responses can only correlate with convenient measures of these continuum
concepts. He suggests instead that actual mechanisms must depend on more fundamental
changes in cellular architecture, such as conformational changes in molecules that result
from force changes at the molecular scale. Recent evidence supports a relationship between
tissue-level stress or stretch and cellular responses at the molecular level (Figure 5). It is
hypothesized that mechanical stimuli applied to the tissue will result in deformation of the
ECM, leading to deformation of the cell through integrin connections between the ECM and
the cellular cytoskeleton, and subsequent deformation of the cell nucleus which results in
altered gene expression [reviewed in (Gieni and Hendzel 2008)]. Hence, the remodeling
stimulus, stress at the tissue level and stretch or deformation at the molecular level, may
depend on the mechanical scale and it will be important to consider multi-scale, linked
genetic-mechanical models.

Most growth and remodeling studies focus on changes in stress from the steady-state,
homeostatic state in adult arteries. Growth and remodeling in developing arteries, that have
constantly changing stresses, is more complicated and has received limited attention in the
literature. Taber and Eggers (1996) used local, volumetric growth theory (Rodriguez et al.
1994) to predict growth of the rat aorta due to stresses from pressure increases starting with
the first heartbeat in the embryo, through maturity and applied hypertension. They assumed
that the composition of the wall changes, from only SMCs in early development to two
layers (media and adventitia) with surrounding ECM in postnatal growth. Assuming a
constant growth law throughout development, the authors were able to qualitatively
reproduce experimental changes in arterial geometry. The model was later extended to
include the effects of shear stress from blood flow (Taber 1998) and exhibited more stable
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growth behavior with less parameter sensitivity. The model has recently been refined (Taber
2008) to include a hyper-restorative response such that the rate of growth depends on the
difference between the current and target stress and a stress overshoot is generated by
allowing the target stress to change at a rate proportional to the same stress difference. The
hyper-restorative model captures experimental behavior of spreading, bending and
invagination of a whole embryo, but predicts unbounded growth for embryonic development
of a pressure-vessel such as an artery or heart. Taber (2009) found that the unbounded
growth of a pressure-vessel could be corrected by assuming that volumetric growth depends
on stress rate, instead of stress magnitude. The latest model reproduces geometric changes
due to growth in examples from arterial development, wound healing, and sea urchin
gastrulation.

A constrained mixture model with turnover, growth and evolving natural configurations of
each wall component (Humphrey and Rajagopal 2002) has been applied to developing
arteries (Figure 6) (Wagenseil 2011). It was assumed that geometric changes are stimulated
by multiple step changes in pressure, length and flow to normalize the stresses in each
direction. The target stresses evolved in multiple steps with postnatal development. The
results show that active dilation of SMCs to normalize shear stress in response to changes in
blood flow do not fit experimental results for the mouse aorta. Instead, decoupling the
geometric changes from the blood flow produce a much better prediction of the
experimental data, indicating that developing arteries may have a different shear response
than adult arteries or that stress magnitude may not be the appropriate remodeling stimulus
for developing arteries. Wagenseil (2011) also found that the material constants and natural
configurations for elastin and collagen must evolve to match the experimental changes in
total wall mechanical behavior. Alford et al. (2008; 2008) used a similar constrained mixture
model, combined with volumetric growth theory (Rodríguez et al. 2007) and including
residual strains, to investigate growth and remodeling in the developing aorta. The authors
found that the spatial distribution of elastin and collagen through the wall thickness
predicted the circumferential residual strain at different locations along the aortic length
(Alford et al. 2008). The authors also found that the timing and extent of elastin turnover
corresponded with varying residual strains and axial growth. In the absence of elastin, the
model predicted unbounded axial growth (Alford and Taber 2008), consistent with the
increased length in arteries from Eln−/− mice (Wagenseil et al. 2010). These results
emphasize the importance of determining structure-function relationships of the wall
components during development, when they are being laid down and the wall is being
created, in addition to the adult state.

7. Conclusion and future directions
This review has focused on the influence of ECM on the physiology, hemodynamics, and
mechanics of large artery development, and on predicting these influences with constitutive
models. Correlations between several factors are clear: 1) ECM expression and SMC
phenotype, 2) Increasing hemodynamic forces and arterial wall maturation, 3) ECM
amounts and arterial mechanics, 4) Tissue-level mechanical stimuli and arterial wall
remodeling, and 5) Molecular-level mechanical stimuli and gene expression or chemical
signaling; however, causative relationships are still unclear. Much work remains to elucidate
mechanistic relationships to connect these factors and predict overall changes in arterial
geometry and mechanical properties based on molecular changes in gene expression or
chemical signaling caused by mechanical stimuli. This work will depend on linking models
with different scales (from tissue- to molecular-level) and different factors (from
mechanical, to genetic, to chemical) and will require abundant experimental data where
single factors are perturbed and the resulting changes at all levels are catalogued. It will be
difficult to isolate single factors and ensure all others remain constant. In fact, it may be
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necessary to take a systems approach, whereby changes in multiple inputs and outputs must
be linked. Creating complex, linked models will allow predictions of how changes in any of
these factors affect overall cardiovascular function. The models will allow predictions of the
cardiovascular effects of different pharmaceuticals that alter mechanical stimuli, gene
expression and/or chemical signaling to inform experimental design and disease treatment. It
is important to focus on developing arteries, rather than mature, adult arteries, because this is
the state that must be targeted in treating developmental cardiovascular diseases and
reproduced in arterial tissue engineering. If individual or combinations of signals can be
identified that produce desired remodeling responses, such as the production of functional
elastic lamellae, this may be exploited for arterial repair in human disease and arterial
reconstruction in tissue engineering.
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Figure 1.
EM images of WT and Eln−/− mouse aorta at E14, E18 and P1. At E14, WT (A) and Eln−/−
(B) aorta look similar, with 6 – 7 layers of circumferentially oriented SMCs. WT E14 aorta
has small deposits of elastin (arrow) between cell layers. At E18, WT (C) and Eln−/− (D)
aorta still look similar with organized layers of circumferentially oriented SMCs. WT E18
aorta has large deposits of elastin between layers, while Eln−/− E18 aorta has large white
spaces (arrow) that are most likely proteoglycans, which do not take up the dark EM stain.
At P1, WT (E) aorta has adundant elastin between layers of circumferentially oriented
SMCs. At P1, Eln−/− (F) aorta has disorganized SMCs that have lost their circumferential
orientation (arrow) and cell-cell contacts and have begun overproliferating. Panels E and F
modified from Wagenseil et al. (2009). Scale bars = 11 µm.
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Figure 2.
Heart rate (HR) (A) and left ventricular (LV) systolic pressure (sys press) (B) for E18 and
P1 WT and Eln−/− mice. Heart rates are similar between genotypes at both ages. LV
systolic pressure is similar between genotypes at E18, but Eln−/− pressure is almost double
WT by P1. Data from Wagenseil et al. (2009, 2010).
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Figure 3.
M-Mode ultrasound images showing in vivo deformation of the aortic wall in E18 and P1
WT and Eln−/− mice. The percent change of the inner diameter between diastole and systole
is 16% for WT aorta (A, C) and 3 – 5% for Eln−/− aorta (B, D). Three cardiac cycles are
shown. Modified from Wagenseil et al. (2009, 2010). Scale bars = 100 µm.
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Figure 4.
Images of the ascending aorta and its major branches in E18 and P1 WT and Eln−/− mice.
The arrow in all panels shows the location of the first branch. At E18, the Eln−/− (B) aorta is
smaller in diameter and longer in length than WT (A), but shows no other major
morphologic differences. At P1, the Eln−/− (D) aorta is still smaller in diameter and longer
in length than WT (C), but also shows severe stenoses and dilations (arrowheads). In the P1
images, india ink was injected into the arteries to improve contrast. Modified from
Wagenseil et al. (2009, 2010). Scale bars = 300 µm.
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Figure 5.
Different length scales over which stresses and deformations act to stimulate growth and
remodeling in developing arteries. Circumferential (σθ), axial (σz) and shear (τ) stresses
depend on the blood pressure, axial tethering forces, and blood flow, respectively, as well as
on the arterial wall geometry (Eqns. 1 – 3). These stresses act on the artery as a whole (A),
as well as on individual cell and ECM fibers (B). Whole cell and ECM deformations cause
local deformations in individual ECM fibers and the cell membrane, which are connected to
each other through transmembrane proteins, such as integrins. The local deformations
trigger signaling cascades due to conformational changes in the transmembrane proteins
directly, and through their connections to cytoskeletal proteins that may link all the way to
the cell nucleus (C).
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Figure 6.
Natural configurations of each arterial component (elastin, collagen and SMCs) and the
unloaded and loaded configurations of the composite arterial wall in a constrained mixture
model applied to postnatal development of the mouse aorta. Results show that the natural
configurations and material properties of each component must vary with time to reproduce
experimental data. Modified from Wagenseil (2011).

Cheng and Wagenseil Page 31

Biomech Model Mechanobiol. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


