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Abstract

An important factor in the transition from an open to a closed circulatory system was a change in

vessel wall structure and composition that enabled the large arteries to store and release energy during

the cardiac cycle. The component of the arterial wall in vertebrates that accounts for these properties

is the elastic fiber network organized by medial smooth muscle. Beginning with the onset of pulsatile

blood flow in the developing aorta, smooth muscle cells in the vessel wall produce a complex

extracellular matrix (ECM) that will ultimately define the mechanical properties that are critical for

proper function of the adult vascular system. This review discusses the structural ECM proteins in

the vertebrate aortic wall and will explore how the choice of ECM components has changed through

evolution as the cardiovascular system became more advanced and pulse pressure increased. By

correlating vessel mechanics with physiological blood pressure across animal species and in mice

with altered vessel compliance, we show that cardiac and vascular development are physiologically

coupled, and we provide evidence for a universal elastic modulus that controls the parameters of

ECM deposition in vessel wall development. We also discuss mechanical models that can be used

to design better tissue-engineered vessels and to test the efficacy of clinical treatments.

I. INTRODUCTION

In a closed circulatory system, large arteries became an important component of proper cardiac

function by serving as elastic reservoirs, enabling the arterial tree to undergo large volume

changes with little change in pressure. Without elastic vessels, the tremendous surge of pressure

as blood is ejected from the heart would inhibit the heart from emptying, and the pressure in

the vessels would fall so rapidly that the heart could not refill. The large elastic arteries are

capable of storing a portion of the stroke volume with each systole and discharging that volume

with diastole. This phenomenon, known as the windkessel effect (54), helps to decrease the

load on the heart and to minimize the systolic flow and maximize diastolic flow in the arterioles.

The result is a more even distal flow throughout the cardiac cycle. What makes this possible

is a vessel wall containing a specialized ECM uniquely designed to provide elastic recoil.

As we look back through evolution and follow the transition from an open to a closed

circulatory system, we see arteries gradually develop mechanical properties that support

pulsatile flow. In invertebrates with a highly developed, partially open circulatory system,

arteries have distensible elasticity with nonlinear stress-strain curves similar in many ways to

vertebrate vessels (50,67,253). The mechanical properties of the invertebrate vessel wall are

contributed by ECM components, namely, collagen and microfibrils, which can accommodate

the relatively low intraluminal and pulse pressures seen in these animals. With the transition

to a fully closed circulation, the higher pulse pressure associated with ejection of the entire

Copyright © 2009 the American Physiological Society

Address for reprint requests and other correspondence: R. Mecham, Dept. of Cell Biology and Physiology, Washington University School
of Medicine, Campus Box 8228, 660 South Euclid Ave., St. Louis, MO 63110..

NIH Public Access
Author Manuscript
Physiol Rev. Author manuscript; available in PMC 2010 July 1.

Published in final edited form as:

Physiol Rev. 2009 July ; 89(3): 957–989. doi:10.1152/physrev.00041.2008.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



cardiac output into the aorta during systole required a different ECM able to provide elastic

recoil at higher pressure.

The components of the arterial wall in vertebrates that account for the majority of its mechanical

properties are the collagen and elastin deposited by smooth muscle cells (SMCs) in the medial

layer. Medial elastin is woven into a three-dimensional, interconnecting lamellar network

designed to transfer stress throughout the vessel wall. Between the lamellar layers are bundles

of collagen that show no definite overall arrangement at low pressure but become

circumferentially aligned as pressure increases (54,229,303). Previous studies suggest that

<10% of collagen fibers are engaged at physiological pressure (93), whereas at higher

pressures, the vessel becomes progressively less distensible as collagen fibers are recruited to

support passive wall tension and restrict aortic distension. With additional increases in wall

strain or stretch ratio, there is little further change in radius as additional collagen fibers are

recruited, accounting for the nonlinear nature of vascular elasticity (Fig. 1) (17,229,303).

Because the stress-strain relationship is nonlinear, a single constant, like Young’s elastic

modulus for linear materials, cannot be used to describe the slope of the curve. However, the

local slope, or incremental elastic modulus, can be calculated. The incremental elastic modulus

is only valid for specified strains because it is a function of strain (Fig. 1). In the range of

physiological strain for mammalian arteries, the incremental elastic modulus is less than that

of collagen, but much greater than that of elastin alone. This is because the wall acts as a “two

phase” material with an incremental modulus similar to elastin at low strains and to collagen

at high strains. All vertebrates and invertebrates with closed circulatory systems have arteries

with this nonlinear mechanical behavior (253).

In addition to providing the structural and mechanical properties required for vessel function,

the vascular ECM provides instructional signals that induce, define, and stabilize vascular cell

phenotypes. There are many examples of ECM molecules playing critical roles in the regulation

of gene expression by interacting with specific matrix receptors on cells and by binding and

storing growth factors that influence cellular function. This reciprocal instructive interaction

between the cell and its ECM is important in directing the developmental transitions that occur

in embryogenesis, postnatal development, and response to injury. How vascular cells interpret

these regulatory signals is a major area of research today.

This review will address the relationships between vascular development and vessel mechanics

as imparted by the mix of ECM molecules in the vessel wall, with the primary focus on

developing mouse aorta. As the vessel wall matures, the vascular cells go through multiple

overlapping phenotypic transitions, characterized broadly by cellular proliferation, matrix

production, and the assembly of an appropriate contractile apparatus within the cell cytoplasm.

Defining the functional characteristics of these transitions is difficult because of the nonspecific

and transient nature of many marker proteins that are used to characterize vascular cells. Further

complicating our understanding is the phenotypic plasticity the vascular cell exhibits during

embryogenesis, vessel maturation, and response to injury (74,89,246). Nevertheless,

significant progress has been made in elucidating the molecular mechanisms and processes

that control differentiation of vascular SMCs during development and repair (207). Several

excellent reviews have summarized our current understanding of SMC phenotypes based on

expression of cytoskeletal and other marker proteins (92,126,207,208). There are also

numerous ultrastructural studies documenting the architecture of the developing vessel wall

(3,81,102,143,195,211,212,277). Extensive information on the vascular SMC and a still timely

discussion of questions and issues driving research in vascular biology can be found in a

monograph by Schwartz and Mecham (246).
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II. ARTERIAL WALL STRUCTURE

A. Tunica Intima

The luminal surface of large vertebrate arteries is lined with endothelial cells, which play a

major role in defining the embryonic vascular pattern and in recruiting SMCs to the vascular

wall (10,227,264). Endothelial cells produce and attach to a basal lamina that is supported by

the internal elastic lamina (IEL) or is separated from the IEL by amorphous material and

“anchoring and connecting filaments” that consist of fibrillin-containing microfibrils and

collagen fibers (48,80,244). This region of the wall, called tunica intima, is defined as the

endothelial cells and subendothelial area on the luminal side of the IEL (Fig. 2). The ability of

endothelial cells to produce elastin suggests that they contribute to the formation of the IEL

(25,26,46), perhaps in response to a signal from medial cells (186). The subendothelial matrix

is normally acellular in smaller animals but contains a population of SMCs in humans and in

other larger animals (244,245). It is not clear if these cells are there by design with unique

functions or if they are medial cells that were trapped in these areas during vessel wall formation

by localized reduplication and remodeling of the IEL (80). The tunica intima is particularly

important in atherosclerosis and restenosis, but contributes little to the mechanical properties

of the normal conducting vessel.

B. Tunica Media

SMCs and most of the elastin make up the tunica media. The elastin is arranged in fenestrated

sheets (lamellae) between which are collagen fibers, thin layers of proteoglycan-rich ECM,

and SMCs. Thin elastic fibers connect the lamellae into a three-dimensional continuous

network (53,200) (Fig. 3) and connect the lamellae with the SMCs (47). Elastin, which is

distensible and has a low tensile strength, functions primarily as an elastic reservoir and

distributes stress evenly throughout the wall and onto collagen fibers (15,81,304). Elimination

of smooth muscle function does not significantly alter the static mechanical properties of the

mature aorta (18), suggesting that these characteristics are mainly due to the elastin and

collagen components, which account for ~50% of the vessel’s dry weight (100,200). The

number of lamellar units (generally defined as an elastic lamella and adjacent SMCs) in a

vascular segment is related linearly to tensional forces within the wall (37,161,304), with the

greatest number of elastic layers occurring in the larger, more proximal vessels that experience

the highest wall tension (16). Interestingly, the number of lamellar units in a particular vascular

segment does not change after birth.

C. Tunica Adventitia

The outermost layer of the vessel wall is the tunica adventitia. It is generally defined in large

arteries as the area outside of the external elastic lamina and consists of a collagen-rich ECM

produced by a heterogeneous population of myofibroblast cells (143,263). The high relative

collagen content of the adventitia helps prevent vascular rupture at extremely high pressures

(23). This region also gives rise to the vasa vasorum—small blood vessels that provide

nourishment and oxygen to the cells in the vessel wall. Mice and other mammals with 29 or

fewer medial lamellar units have no demonstrable vasa vasorum (301). In larger mammals with

>29 lamellae, vasa vasorum is found in the outer aspect of the media, but there is always a

subintimal avascular zone equal to 29 medial units for which filtration from the lumen

(transitional filtration) is adequate for medial nutrition (301). Beyond this zone, medial

nutrition must be supplemented by the vasa vasorum. Because of this unique vascular network,

the adventitia is a prominent site of vascular inflammation.

Recent studies have shown that the adventitia may be a unique injury-sensing compartment of

the vessel wall (243,263) and, in mature blood vessels, contains residential progenitor cells

capable of differentiating into SMCs that repopulate the media and intima (111,116,210,279).
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III. CARDIOVASCULAR DEVELOPMENT

Cardiovascular development follows similar steps in most warm-blooded animals, but on

widely varying time scales. Total gestation in chickens and in mice is ~21 days, in sheep

gestation is ~147 days, and in humans it is ~267 days. In mice, which are the focus of this

review, early cardiovascular development occurs between embryonic day (E) 8 and 14, which

corresponds approximately to gestational days 20-56 in humans (296). A heartbeat is detectable

by high-frequency ultrasound at approximately E8.25, and blood flow is detectable by Doppler

ultrasound at ~E8.5 in mice (137). This corresponds with the observed redistribution of blood

cells due to limited circulation at E8.25-E8.5, followed by detection of red blood cells

throughout the entire circulation by ~E10.5 (180). The right and left ventricle are visually

distinct entities between E11-E12 (288), but are connected by interventricular foramen until

about E15. Blood flow and blood pressure increase rapidly through the later embryonic and

early postnatal stages in mice (Fig. 4). For example, mean left ventricular outflow velocity

increases from 10 to 23 mm/s from E10.5 to E14.5 (147), and peak systolic left ventricular

pressure increases from 2 to 11 mmHg from E9.5 to E14.5 (132). Cardiac output increases

from 5 to 15 ml/min from postnatal day (P) 10 to P35 (297), and mean arterial pressure increases

from 30 to 70 mmHg from P0 to P35 (118).

The aortic arch develops concurrently with the heart, with significant patterning changes

occurring between E11 and E14 in the mouse. The truncus arteriosus becomes divided into

what will become the aorta and pulmonary artery around E11. At this stage the truncus

arteriosus leads to numerous symmetric aortic arches that will transform into the aorta, the

major branches off the aorta, and the pulmonary artery (61). The complete separation of the

extracardial aorta and pulmonary artery occurs around E13.5 (288), and by E14, the definitive

vascular pattern is established (61). The ductus arteriosus connects the aorta and pulmonary

artery during embryonic development, but is closed off approximately 3 h after birth in the

mouse (270) (24-48 h in humans). After the early developmental period, the arteries alter

geometry (namely diameter, wall thickness, and length) without further changes in patterning.

In addition to geometric changes, the vessel wall undergoes compositional changes in the ECM

that are related to changes in mechanical stimuli.

IV. THE VASCULAR SMOOTH MUSCLE CELL

A. Embryonic Origins of Vascular SMCs

The vertebrate vessel wall is built around endothelial tubes that begin to form in the absence

of blood flow (126,227). As blood flow commences, presumptive vascular SMCs are recruited

from the surrounding mesenchyme and/or cardiac neural crest. The angiopoietin/Tie receptor

pathway (58,241) is an important player in early stages of this process, but questions remain

about what other factors guide smooth muscle differentiation through the various stages of

vessel wall formation. A recent review by Majesky (174) summarizes the different embryonic

origins of vascular SMCs and notes that different vessels, or even different segments of the

same vessel, are composed of SMC populations that arise from distinct sources of progenitors,

each with its own unique lineage and developmental history. At least four populations of

precursor cells contribute to the smooth muscle cells of large elastic conducting vessels: 1)

cells in the base portion of the aorta and pulmonary trunk derive from the secondary heart field;

2) cranial neural crest contributes SMCs to the ascending and arch portions of the aorta, the

ductus arteriosus, the innominate and right subclavian arteries, and the right and left common

carotid arteries; and 3) somatic and 4) splanchnic mesoderm contribute to the dorsal aorta.

There is also accumulating evidence that some SMCs arise from transdifferentiation of fetal

(51) or adult (73) endothelial cells, or from macrophages (199) or marrow-derived progenitor

cells (136,233).
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It is instructive to compare formation of the vertebrate vessel wall with the process in

invertebrates. Invertebrates do not have endothelial cells lining the vessel lumen (101), thereby

establishing that endothelial cells are not a conserved feature of cardiovascular tube formation.

The invertebrate vessel tubes themselves are also different, containing contractile

myoepithelial cells that, in many organisms, facilitate circulation of blood fluid through vessel

contraction. Another difference is that the myoepithelial cells orient their basal surface towards

the lumen of the vessel where they deposit an extensive basement membrane (101,153). Thus

unlike other internal tubes and cavities whose lumen is contacted by the apical surface of the

surrounding epithelium, primitive blood vessels are outlined by the basal surfaces of epithelial

cells (153). These invertebrate vascular cells arise from the spanchnopleura mesothelium,

which is strikingly similar to the origin of vertebrate smooth muscle cells that populate the

vessel wall outside of the region populated by neural crest-derived cells. Similarities extend

further to conserved regulatory genes and signaling pathways that specify the vascular and

blood progenitors within the splanchnic mesoderm of vertebrates and invertebrates. An

excellent phylogenetic perspective on the evolution of the blood vascular system can be found

in Hartenstein and Mandal (101).

B. Vascular SMC Differentiation

SMC differentiation has traditionally been studied by monitoring the expression of genes for

vascular smooth muscle cytoskeletal and contractile protein. The most commonly examined

are smooth muscle α-actin (SMαActin), calponin, smoothelin, SM22, and smooth muscle

myosin heavy chain isoforms SM-MHC1 and SM-MHC2 [reviewed in Owens (208)]. An

antibody to a smooth muscle α-actinin (antibody 1E12) also specifically labels SMCs from the

early stages of development to adulthood and offers the advantage of identifying the primordial

cell restricted to the smooth muscle lineage (56,125,126). While clearly useful in sorting

through cell types in the developing cardiovascular system, these markers are not without their

limitations. All are expressed in multiple embryonic muscle cell types (e.g., cardiac and

skeletal), and calponin, smoothelin, SM22, and the MHCs appear later than SMαActin in vessel

wall development.

The temporal appearance of SMCs in the large vessels has been extensively studied in

embryonic chicks and quail where it was shown that neural crest contributes to the media of

the aorta, pulmonary artery, and other aortic arch vessels (156). Using SMαActin as a marker,

Rosenquist et al. (231) described two phases of SMαActin expression in the developing chick

vasculature. The first occurs in the primal vessels before the arrival of the neural crest cells.

The second phase occurs after the neural crest cells populate the aortic arches, but not until the

vanguard cells arrive at the myocardial cuff of the truncus arteriosus. SMαActin expression

then proceeds from the region nearest the heart to downstream vessels and begins in the medial

cells near the adventitia and appears later in the cells nearer the lumen. A similar biphasic actin

expression pattern was identified by Bergwerff et al. (14) using a different actin marker

antibody. The peri-endothelial cells in the ductus arteriosus, the coronary arteries, the

pulmonary arteries, and the descending aorta do not lose actin expression during this period.

Comparable fine detail is not available for SMC differentiation in mouse aortic development.

Studies using smooth muscle myosin heavy chain (SM-MHC) expression as a marker of SMC

differentiation suggest that the process in the mouse is generally similar to what has been

described in the bird, but also illustrates some interesting differences. For example, at E10.5,

SM-MHC transcripts were first observed in the developing mouse dorsal aorta, whereas the

outflow tract was notably devoid of signal. One day later (E11.5), SM-MHC was observed in

the outflow tract as well as in the branching arches of the ascending aorta (190). These results

illustrate the unique segmental characteristics that arise from the different embryonic origins
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of the vessel wall cells (174) and suggest that the early developmental program is different

depending on vessel location.

As the vessel wall matures, SMCs condense down around the endothelial tubes to eventually

form circumferential layers that will define the elastic lamellae of the mature vessel.

Interestingly, the number of smooth muscle layers that will be present in the adult vessel is

established relatively early in development (~E14 in the mouse). During subsequent vessel

wall maturation, the number of SMC layers does not change. What does change, however, is

the phenotype of the vessel wall cell as typified by ECM expression.

V. THE VASCULAR EXTRACELLULAR MATRIX

A major function of the vascular SMC in medium to large vessels is to synthesize and organize

the unique ECM responsible for the mechanical properties of the wall. Unlike cells in the small

muscular and resistance vessels, the SMCs of the mature elastic conducting vessels contribute

little to the passive mechanical properties of the wall (67). Hence, the ability to produce ECM

can be considered a defining “differentiated” phenotype, and the spectrum of ECM molecules

that vascular cells produce provides a molecular signature for a specific state of differentiation

(56,124,126). Because the formation of a functional ECM must occur in an organized sequence,

the “matrix phenotype” is changing throughout the entire period of vessel wall development.

The change in the vessel structure from a primarily cellular artery in early development to a

mechanically appropriate elastic artery at maturity requires the stepwise and coordinated

expression of numerous matrix components. Beginning with maturation of the outflow tract

of the heart and the onset of pulsatile blood flow in the aorta, SMCs in the vessel wall produce

a complex ECM that will ultimately define the mechanical properties of the adult vascular

system. These properties include the following: 1) a highly resilient wall where a large

proportion of the energy input during systolic inflation will be recovered by elastic recoil during

diastole, 2) low hysteresis (the energy lost during an inflation-deflation cycle), and 3) nonlinear

elasticity characterized by stiffening with increasing pressure to protect the wall from rupture.

Because these properties are derived from the combination of matrix components deposited in

the wall, turning matrix production off when the correct material properties are met is just as

important as turning matrix production on in early development. Blood pressure increases

incrementally as the wall strengthens incrementally (or is it possibly the other way around?),

and one cannot occur without the other. Once the correct pressure (or vessel wall material

property) is obtained, elastin and collagen synthesis are downregulated so as to maintain the

appropriate mechanical properties of the wall for optimized physiological function. The nature

of the “matrix off” switch is unknown.

Production of a functional matrix requires the coordinated expression, both temporally and

spatially, of complex sets of genes that encode ECM proteins as well as the enzymes responsible

for their secretion and assembly. For example, building a functional collagen fiber involves

activating and regulating genes for collagen α-chains, hydroxylating enzymes, proteases to

process propeptide regions, lysyl oxidases for cross-linking, and other chaperones and

assembly proteins. Similar complexities are involved in the processing and assembly of most

ECM networks, including basement membranes, elastic fibers, and large proteoglycan

matrices.

To identify the types of matrix proteins produced by SMCs during vascular development, we

performed large-scale gene expression analysis on developing descending thoracic and

abdominal mouse aortas using oligonucleotide microarrays. Our dataset begins at E14 and

extends through 6 mo of age in the adult mouse (146,183). Principle component analysis of

the array data identified several major patterns for ECM gene expression. The first and most

prevalent, which has been labeled the “matrix phenotype,” consists of a major increase in matrix
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protein expression at E14 followed by a steady rise through the first 7-14 days after birth. This

is followed by a decrease in expression over 2-3 mo to low levels that persist in the adult (Fig.

4). Elastin, fibrillar collagens, and most of the structural matrix proteins discussed in this review

follow this pattern. A similar pattern for elastin and structural matrix expression has been

documented in rats, humans, and other animals (12,13,19,81). The second most prevalent

pattern was one of consistent expression throughout the time series and was typical of basement

membrane components, fibronectin, most integrins, and some matrix metalloproteinases. The

third pattern consists of high expression levels in the embryonic/fetal period followed by

decreased expression postnatally. The final and least populated pattern was low expression in

fetal and postnatal development with an increase in the adult period. A list of genes in each

group can be found in McLean et al. (183). Graphs of the expression data for many ECM

proteins can be found in Kelleher et al. (146). In the sections below we summarize the

expression profiles of the elastic fiber genes, collagens, and proteoglycans, which together are

the major structural matrix proteins of the vessel wall.

A. Elastin

Elastin is the major protein that imparts the property of elasticity to tissues such as the lung,

skin, and blood vessels (209). It functions as a cross-linked polymer as part of an elastic fiber,

and its assembly outside the cell requires an association with numerous other extracellular

proteins. When discussing elastin it is important to distinguish between elastin itself and the

elastic fiber. These terms are sometimes used interchangeably when, in fact, they refer to

separate entities. Elastic fibers are complex structures that contain elastin as well as microfibrils

(Fig. 5). Elastin has an amorphous appearance by transmission electron microscopy and is the

major component of mature elastic fibers. Microfibrils, in turn, are 10- to 15-nm filaments that

are thought to facilitate elastin assembly and provide overall structure to the growing elastic

fiber (65,234,235).

The emergence of elastin in evolution is quite recent, appearing coincident with the closed

circulatory system and found exclusively in vertebrates (237). In most animal species, a single

gene encodes elastin. The only known exceptions are zebrafish and frogs, where two elastin

genes have been identified (33,191). In mammals, the elastin gene is composed of 36 exons

distributed throughout ~40 kbp of genomic DNA (128). Rat and mouse ELN have 37 exons

due to an additional short exon inserted after exon 4. The human ELN gene, however, has only

34 exons due to the sequential loss of two exons during primate evolution. The loss of exon

35 occurred at least 35-45 million years ago, when Catarrhini [Old World monkeys and

hominoids (apes and humans)] diverged from Platyrrhines (New World monkeys). Loss of

exon 34, in contrast, occurred only ~6-8 million years ago, when Homo separated from the

common ancestor shared with chimpanzees and gorillas (267). Although still contained within

the gene, exon 22 is rarely included in the elastin gene transcript (68). Both exons 34 and 35

are present in all nonprimate vertebrates studied to date, including chicken, which means that

they predate the mammalian radiation. Their recent excision in primates was most likely

mediated by recombination events driven by Alu-repeats that flank both exons in the primate

genome (267). It is unclear what, if any, selective advantage is conferred upon the primate

protein by the loss of these two exons and the silencing of a third in primate lineages, but these

changes suggest that this relatively new ECM gene is undergoing strong purifying selection

(215).

The mammalian elastin gene encodes a protein of 60-70 kDa called tropoelastin. Tropoelastins

from all species share a characteristic domain arrangement of hydrophobic sequences

alternating with lysine-containing cross-linking motifs (Fig. 6) (193,272). In the extracellular

space, >80% of tropoelastin’s lysine residues are modified to form covalent cross-links

between and within elastin molecules. It is this cross-linked polymer that is the functional form

WAGENSEIL and MECHAM Page 7

Physiol Rev. Author manuscript; available in PMC 2010 July 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



of the protein. Cross-linking is initiated by one of the lysyl oxidase family members whose

major function is the oxidative deamination of the ε-amino group on lysine side chains

(reviewed in Refs. 138,173). The resultant aldehyde condenses with another aldehyde residue

through an aldol condensation reaction or with an unoxidized lysyl amino group through a

Schiff base reaction to form the bifunctional cross-links aldol condensation product and

dehydrolysinonorleucine, respectively (71,72). These two cross-links can then interact to form

the tetrafunctional cross-links desmosine and isodesmosine (Fig. 6). Several other cross-links

of minor abundance have been identified (69,262,282,283).

Lysyl oxidase is also responsible for cross-linking of collagen, where lysine or hydroxylysine

residues in the telopeptides (nonhelical portions of the molecule) are converted into aldehydes

that then form bifunctional and more complex cross-links (64). One major difference between

cross-links in elastin and collagen is the overall number found in each. Whereas collagen

contains 1-4 cross-links per collagen unit, elastin contains 15-20. This high degree of cross-

linking is important for elastin’s recoil properties and is also responsible for the proteins

insolubility and contributes to its longevity. Shapiro et al. (254) estimated the longevity of

elastin using aspartic acid racemization and 14C turnover to be the human life span. Studies

using sensitive immunological techniques to measure elastin peptides in the blood or desmosine

cross-links excreted in the urine suggest that <1% of the total body elastin pool turns over in

a year (261). As mentioned above, elastin expression in most tissues occurs over a narrow

window of development, beginning in mid gestation and continuing at high levels through the

postnatal period (Fig. 4) (12,13). In the aorta, expression decreases rapidly when the

physiological rise in blood pressure stabilizes postnatally, and there is minimal elastin synthesis

in the adult animal (39,57,145,254). This explains why repair of elastic fibers is incomplete in

the adult period and why the elastin protein must have a long half-life.

Elastin is one of the earliest structural matrix proteins to be expressed by vascular SMCs in

large vessels. In situ hybridization studies show that elastin expression in the avian vascular

system begins in the truncus arteriosus of the developing chick near the aorta-pulmonary

septum and proceeds both towards the heart and peripherally towards distal vessels until

expressed in the entire arterial tree (231,232,250). Elastin expression is coincident with the

condensation of cells around the endothelial tube, which is in agreement with observations by

Thompson and Fitzharris (276) that cells near the primary luminal bifurcation are the first to

condense into what will be the lamellar layers of the media. In addition to the longitudinal

expression gradient down the vascular tree, elastin expression in the larger arteries initiates in

the external portion of the media and moves towards the lumen. In later stages, the synthetic

activity decreases in opposite ways: in the pulmonary artery, expression decreases from the

adventitia towards the lumen, whereas the opposite pattern is seen in the systemic vessels

(110,250). Rosenquist and Beall (231) showed similar longitudinal and radial elastin

expression in the developing chick aorta using an antibody to tropoelastin. They also showed

that tropoelastin was detectable in the developing aorticopulmonary septum by antibody

staining. Based on this finding, the authors proposed that elastogenesis is a critical event in

septation (232).

B. Proteins of the Elastic Fiber Microfibril

The relationship between elastin and microfibrils is unique and evolutionarily interesting. Early

in elastic fiber formation, microfibrils are observed in the extracellular space prior to the

appearance of elastin (38,45,65,234). With time and near the cell surface, tropoelastin

associates with the microfibrils to form small globules of amorphous cross-linked elastin.

These globules then interact with other elastin globules to form larger structures (44,152). It

is possible to find microfibrils without elastin (such as the ciliary zonule in the eye and the

oxytalan fibers in the skin and periodontal ligament), but elastin without microfibrils is rare.
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The structural building blocks of the microfibril are the fibrillin molecules (223,239). These

widely distributed proteins are evolutionarily conserved from jellyfish to human (188,224).

Several microfibril-associated proteins have also been described, but their importance to

microfibril structure and function is not yet clear. The best characterized are the latent

transforming growth factor (TGF)-β binding proteins (LTBP 1-4), emilins, microfibril-

associated glycoproteins (MAGP-1 and -2), and members of the fibulin family. A list of other

microfibril-associated proteins can be found in Kielty et al. (148).

C. Fibrillin

The human genome contains three fibrillins, but fibrillin-3 appears to have been inactivated in

the mouse genome due to chromosome rearrangements (42). There is also suggestion of a

fourth fibrillin in zebrafish (79). These 350-kDa glycoproteins are highly homologous, with

modular structures consisting of repeating calcium-binding epidermal growth factor (EGF)-

like domains inter-spersed between 8-cysteine domains similar to those found in the latent

TGF-β-binding protein family (99). It has long been assumed that microfibrils provide a

scaffold or template for elastin assembly by binding and aligning tropoelastin monomers so

that lysine-containing regions are in register for cross-linking. Recent studies from fibrillin

knockout mice (22,213) confirm that fibrillin is required for assembly of the elastin fiber,

although whether it participates early or late in the process is still under investigation.

In the developing mouse aorta, fibrillin-1 has an expression pattern similar to elastin, except

peak expression occurs ~7 days earlier. Expression of fibrillin-2, in contrast, is highest in the

early embryonic period and then decreases linearly throughout maturation (146,312). Even

when expression of fibrillin-2 is at its highest, it is still appreciably lower in terms of absolute

amount than fibrillin-1 or elastin. This suggests that fibrillin-1 is the major fibrillin in the mature

aorta, with fibrillin-2 playing a minor role.

Mice lacking the fibrillin-1 gene (Fbn1-/-) have thin, fragmented arterial elastic fibers. The

animals die within 2 wk of birth from aortic aneurysms, impaired breathing, and diaphragmatic

collapse (27). Mice lacking the fibrillin-2 gene (Fbn2-/-) have no vascular or pulmonary

defects, and the arterial elastic fibers look normal. They develop syndactyly, which shows that

fibrillin has a much broader developmental role than serving as a scaffold for elastic fibers

(7,27,29). Fibrillin-1 and -2 probably compensate for each other in these knockout models,

because mice lacking both fibrillins (Fbn1-/-; Fbn2-/-) die in utero and show only traces of

elastic fibers between SMC layers in the developing aorta. Also, Fbn1+/-; Fbn2-/- mice show

a more severe vascular phenotype than Fbn1-/- mice, and half die in utero (27).

Fibrillin-1 mutations lead to the human disease Marfan syndrome (MIM154700), which is

characterized by cardiac, skeletal, and ocular abnormalities. The cardiac abnormalities include

aortic root dilatation and rupture that can lead to premature death (223). Mice that underexpress

fibrillin-1 (mgR/mgR) recapitulate the vascular traits of Marfan syndrome including

fragmented elastic fibers and aortic dilation and rupture (213). These mice show increased

aortic stiffness and pulse pressure (176).

Mutations in fibrillin-2 are associated with a rare disease in humans called congenital

contractural arachnodactyly (Beals Syndrome, MIM121050) with autosomal dominant

inheritance and characterized by congenital joint contractures, arachnodactyly, kyphoscoliosis,

mal-formed ear helices, and vascular abnormalities (96,158). Mice deficient in fibrillin-2 are

viable and display only a skeletal patterning defect due to altered bone morphogenetic protein

(BMP) signaling (7,27,29). Mutations in zebrafish fibrillin-2, in contrast, result in notochord

and vascular abnormalities (79), most likely through a mechanism that impairs the ability of

microfibrils to recruit or correctly position lysyl oxidases at their site of action in the notochord

sheath (79,170). In Xenopus, fibrillin-2 morpholino knockdown results in gastrulation arrest
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(259), a finding that likely reflects differences in the mechanisms of axial extension used by

Xenopus and zebrafish embryos.

Fibrillin is an ancient protein that has been found as far back as jellyfish, whereas elastin is

strictly a vertebrate protein. With fibrillin appearing hundreds of million years earlier in

evolution, it is unlikely that it evolved with the sole purpose to assemble elastin. In fact, mouse

models of fibrillin inactivation have revealed that fibrillin-rich microfibrils function to regulate

morphogenetic and tissue homeostatic programs through direct cell-matrix interactions or

indirectly by modulating the activity of TGF-β/BMP signals (7,28,222,223,251,293). Fibrillins

have RGD sequences that interact with integrins (9,214,240) and heparin-binding domains that

interact with cell surface heparan sulfate proteoglycans (228,278), suggesting that fibrillins

directly signal cells through these receptors.

D. Microfibril-Associated Glycoproteins

The MAGPs are small glycoproteins (~20 kDa for the mature secreted form) with no repeating

motifs (88). The two members of the MAGP gene family (MAGP-1 and -2) are related through

a 60-amino acid sequence in the middle of the molecule that shares precise alignment of 7

cysteine residues (86). Sequence comparison shows that MAGP-1 is a highly conserved

protein; not only among mammals where the similarity level is ~90% overall, but also in lower

vertebrates (65% similarity overall, rising to 96% between the cysteine-rich domains of

mammals and zebrafish). There is reference in the literature to other proteins that have been

given the name microfibril-associated proteins [MFAP-1 (113,309), MFAP-3 (1), and

MAGP-36/MFAP-4 (107,150,280,313)], but these proteins have no structural or sequence

similarity to MAGP-1 or -2 and, hence, are not considered members of the same MAGP gene

family.

Immunolocalization studies suggest that MAGP-1 and -2 are constitutive components of most

microfibrils (84) and together with the fibrillins were predicted to be necessary for elastin

assembly (87,160). However, inactivation of the gene for MAGP-1 (Mfap2) (293) and

MAGP-2 (Mfap5) (unpublished results) in mice has no effect on elastin structure or amount

and blood vessels, and other elastin-containing tissues are functionally and structurally normal.

The absence of a detectable vascular phenotype in the MAGP-1-null mouse is in contrast to

changes that occur when MAGP-1 levels are modified in the zebrafish. Knockdown of

MAGP-1 in zebrafish using mfap2 morpholinos results in vascular defects that include dilated

vessels in the brain and the eyes, irregular lumens of axial vessels, and a dilated caudal vein

with altered venous plexus formation (30). While these studies suggest that MAGP-1 is

required for maintaining the structural integrity of the vessel wall and for venous plexus

morphogenesis in the fish, it is not clear why similar phenotypes were not found in the mouse.

It is also interesting that fibrillin-1 and MAGP-1 morphant embryos exhibit overlapping

vascular defects in zebrafish, which is clearly not the case in the mouse.

Rather than the phenotypes expected for loss of an elastic fiber protein, the MAGP-1

phenotypes in mice manifest as bone abnormalities, increased fat deposition, bleeding diathesis

(295), and impaired response to injury (293). These traits suggest that MAGP-1 is dispensable

for elastic fiber assembly but important for other processes of tissue homeostasis or

differentiation. Indeed, MAGP-1 has been shown to bind members of the TGF-β growth factor

family, and many of the phenotypes in the MAGP-1 null mouse can be explained by

misregulation of TGF-β or BMP signaling (293). The traits that define the MAGP-1 null

phenotype are, largely, opposite those described for fibrillin-1-mutant mice and for humans

with Marfan syndrome. These differences are particularly interesting in that the fibrillins and

MAGP-1 are binding partners and components of the same microfibril. Yet, the phenotypes of

the knockout mice suggest contrasting biological functions for the two proteins.
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The expression profile of MAGP-1 in the aorta more closely follows that of fibrillin-2 than

fibrillin-1, whereas the opposite is true for MAGP-2. Both MAGP-1 and fibrillin-2 are highest

in the embryonic period and steadily decrease after birth, although fibrillin-2 decreases to lower

levels than does MAGP-1. MAGP-2 and fibrillin-1, in contrast, increase during the embryonic

period and remain relatively high after birth. These findings suggest that fibrillin-2 and

MAGP-1 are the predominant players in microfibril biology during embryonic and fetal aortic

development, whereas fibrillin-1 and both MAGP-1 and -2 are the major components of

vascular microfibrils postnatally and into adulthood. While both MAGP-1 and MAGP-2 have

been localized to elastin-associated as well as elastin-free microfibrils, MAGP-2 exhibits a

pattern of tissue localization and developmental expression that is more restricted than that of

MAGP-1 (70,85).

E. Fibulins

The fibulins are a family of seven ECM proteins that contain EGF-like modules and a

distinctive COOH-terminal domain (6,32,149). All fibulins except fibulin-6 and fibulin-7 are

found in elastic tissues (149), with fibulin-2 and -4 at the interface between the central elastin

core and its surrounding microfibrils, fibulin-1 located within the elastin core, and fibulin-5

associated with microfibrils. Mice deficient in fibulin-1 die soon after birth with spontaneous

bleeding defects associated with abnormal endothelial integrity in small blood vessels.

Depending on genetic background, these animals either show no cardiac phenotype (151) or

exhibit cardiac ventricular wall thinning and ventricular septal defects with double outlet right

ventricle or overriding aorta (41). Anomalies of the aortic arch arteries are also evident. The

spectrum of malformations is consistent with fibulin-1 influencing neural crest cell-dependent

development of these tissues.

Inactivation of the fibulin-2 (Fbln2-/-) and -3 (Fbln3-/-) genes in mice has no effect on elastic

fiber formation, and the large elastic vessels are normal in both animals (182,256). Mice lacking

either fibulin-4 (Fbln4-/-) or fibulin-5 (Fbln5-/-), however, have highly disrupted and

disorganized elastic fibers, leading to defects in skin, arterial blood vessels, and lungs (181,

196,307). Mice lacking the fibulin-4 gene (Fbln4-/-) die just before birth with severe vascular

defects. The aorta is narrowed and tortuous, and the elastic lamina contains irregular elastin

aggregates (181). Mice that underexpress fibulin-4 (Fbln4 R/R) live to adulthood but have

hypertension, longer tortuous arteries, and dilated aortas with disrupted elastic fibers, thickened

walls, and reduced compliance (98). Fibulin-5 knockout (Fbln5-/-) mice show similar, but less

severe, phenotypes to Fbln4 R/R mice. Fbln5-/- mice have tortuous, less compliant (260) aortas

with disrupted elastic fibers that form abnormal elastin aggregates (196,307). These results

demonstrate that fibulin-4 and fibulin-5 play essential yet nonredundant roles in elastic fiber

formation during development. Mutations in the human gene encoding fibulin-5 can cause

either autosomal dominant (MIM123700) or autosomal recessive (MIM219100) cutis laxa.

Autosomal recessive cutis laxa (MIM219100) with severe systemic connective tissue

abnormalities is also caused by mutations in the human fibulin-4 gene (119).

F. EMILIN-1

EMILIN-1 (elastin microfibril interface located protein) is a member of newly defined

EMILIN/Multimerin family and is found in elastin-rich tissues such as the skin and arteries.

Ultrastructural studies have localized EMILIN-1 (previously known as gp115) to the interface

between microfibrils and the amorphous core of elastin (21). Mice lacking the EMILIN-1 gene

(Emilin1-/-) live a normal life span but have hypertension and arteries with irregular elastic

lamellae, smaller diameters, and thinner walls (310,311). EMILIN-1 inhibits TGF-β signaling

by binding specifically to the pro-TGF-β precursor and preventing its maturation by furin

convertases. The result in the knockout is a generalized reduction of blood vessel diameter and

increased peripheral resistance. The role of EMILIN-1 in elastic fiber assembly is not yet clear,
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but its ability to bind both tropoelastin and fibulin-5 suggests it may serve a bridging function

between those two molecules (311). EMILIN-1 expression is highest at early stages of aortic

development (E14-18) then drops to low levels at birth and during the postnatal period until

elastin and collagen production begins to decline at approximately P21-P30. At this point,

EMILIN-1 levels increase and persist at high levels into the adult period.

G. Lysyl Oxidase

Lysyl oxidases are a family of five genetically distinct, copper binding proteins with amine

oxidase activity that catalyze the formation of lysine and hydroxylysine-derived cross-links in

collagens and lysine-derived cross-links in elastin (43,173,194). In addition to the canonical

lysyl oxidase (LOX), the first member of this family characterized (97,139,257,281), four

LOX-like proteins (LOXL1-4) have been identified, although the specific functions of these

isoenzymes are unknown (reviewed in Refs. 43,173). Of the five lysyl oxidases, LOX and

LOXL1 are most homologous, with LOXL2-4 forming a second homologous group. The pro-

region of LOX and LOXL is important in targeting both enzymes to elastic fibers (275), and

the propeptide of LOX plays a role in modulating SMC signaling (127). It is also interesting

to note that LOX has been shown to interact with TGF-β and suppress its signaling in bone

(8). This raises the interesting possibility that the presence of active LOX may be an important

modulator of extracellular growth factor activity. LOX has also been shown to have a direct

effect on the collagen type 3 (COL3A) and elastin (ELN) promoters (82,203), which may

provide a pathway for LOX to regulate the production of some of its major protein substrates.

Mice lacking the lysyl oxidase gene, Lox-/-, die just before or soon after birth with large aortic

aneurysms (112,175). The mice have tortuous aortas with thicker walls and smaller lumens.

The elastic fibers in the wall are highly fragmented and discontinuous. Interestingly, elastin-

associated cross-links are reduced by only 60% in these mice, suggesting that one of the other

lysyl oxidase family members contributes to elastin cross-links or partially substitutes for LOX

in the knockout. Analysis of lysyl oxidase family expression in the aorta shows that LOX is

the most abundant, with an expression pattern similar to that of elastin and the fibrillar

collagens. LOX expression increases rapidly during the fetal period to reach its high level at

approximately E18. Elevated expression persists through the neonatal period and begins to

decline when elastin and collagen expression diminish at approximately P30. Levels then stay

low through the adult period. LOXL1 also shows a rapid rise in expression during the fetal

period but returns to low levels at birth. Expression remains low during the postnatal phase of

collagen and elastin synthesis, then rises to high levels when collagen and elastin expression

begin to decrease at approximately P30. Expression remains relatively high into the adult

period. The expression pattern for LOXL3 is different from the other LOXs in that it is

predominantly expressed during the postnatal period of rapid collagen and elastin expression

(P0, P7, P14), with low expression levels before and after. Expression of LOXL2 and LOXL4

was detected in the array, but at extremely low levels.

Mice with a knockout of the LOXL1 gene (Loxl1-/-) have no obvious vascular defects and live

a normal life span. However, postpartum Loxl1-/- mice show fragmented elastic fibers,

suggesting a role for LOXL1 in elastic fiber maintenance (170). LOXL1 has been shown to

interact with fibulin-5 (170) and to interact genetically with fibrillin-2 (79). Mice deficient in

LOXL3 have not been reported.

H. Vascular Collagens

Our expression array data identified 17 different collagen types in the mouse aorta, with

collagens I, III, IV, V, and VI having the highest expression levels (146,183). Collagens I, III,

and V are fibril-forming collagens, with types I and III being mainly responsible for imparting

strength to the vessel wall. The distribution of collagens I and III varies depending on the
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specific region of the vascular tree being examined (114). In the ascending bovine aorta,

collagens I and III colocalize in the media and adventitia. In the descending thoracic aorta and

in muscular arteries, type I is distributed mainly in the media and less so in the adventitia,

whereas type III is localized predominantly in the adventitia. Human diseases that result from

mutations in the collagen I gene have a wide variety of phenotypes, with skin and bone being

particularly affected. Osteogenesis imperfecta (MIM166200) is a heritable disorder resulting

from mutations in collagen I α-chains and is characterized by bone fragility and low bone mass,

with a wide spectrum of clinical expression. Mutations in collagen I can also lead to an

autosomal recessive form of Ehlers Danlos syndrome (EDS type VII, MIM225410). Mice

homozygous for targeted interruption of the collagen type Iα1 gene die between E12 and E14

from vessel rupture (171).

In humans, mutations in the collagen IIIα1 gene (COL3A1) result in EDS type IV

(MIM130050) (216). The vascular phenotype found in this disease includes fragility of blood

vessels and a propensity towards rupture in large vessels (248). Mice homozygous for a

disrupted Col3A1 allele show 90% perinatal mortality, with survivors dying by 6 mo of age

from vascular rupture (169).

Type V collagen plays a critical role in collagen fibril nucleation. Mice deficient in collagen

V die in early embryogenesis (about E10) due to a lack of collagen fibril formation (294).

Collagen V has been localized to the media of human arteries and has also been seen in the

basement membrane. Mutations in collagen type V that cause functional haploinsufficiency

are associated with classical EDS in humans (MIM130000) (247). Mice that are heterozygous

for a Col5A1 loss-of-function mutation have vessels with decreased stiffness and breaking

strength.

Expression of type VI collagen in the mouse aorta is similar to elastin and collagen type I, but

while it is a fibril-forming collagen, it does not colocalize in large collagen bundles with

collagens I and III. Instead, collagen VI is frequently associated with fibrillin-1 in oxytalan

fibers and may serve to connect elastic lamellae to the basement membrane of SMCs, or connect

SMCs to other ECM structures (53). In humans, mutations in collagen VI genes result in muscle

weakness with progressive muscle wasting (Bethlem myopathy, MIM158810; Ullrich’s

disease, MIM254090). Mice with null collagen VI mutations have a phenotype that closely

parallels the human Bethlem myopathy (20) with little to no vascular involvement. There may,

however, be subtle capillary abnormalities associated with type VI mutations in humans with

Ullrich’s disease (197).

I. Proteoglycans

The proteoglycans constitute a number of genetically unrelated families of multidomain

proteins that have covalently attached glycosaminoglycan (GAG) chains. Proteoglycans are

categorized based on the type of attached GAGs: 1) chondroitin sulfate and dermatan sulfate,

consisting of a repeating disaccharide of galactosamine and either glucuronic acid or iduronic

acid; 2) heparin and heparan sulfate, consisting of a repeating disaccharide of glucosamine and

either glucuronic acid or iduronic acid; and 3) keratan sulfate, consisting of a repeating

disaccharide of glucosamine and galactose. GAG chains are usually attached through O-

glycosidic linkages to serine residues in the proteoglycan core protein. A characteristic feature

of GAG chains is that at physiological pH they contain one to three negative charges per

disaccharide due to carboxylate and sulfate groups.

The proteoglycans found in greatest abundance in the vessel wall can be categorized into two

classes: large proteoglycans that form large aggregates by interaction with hyaluronan and

small leucine-rich proteoglycans. The large proteoglycans interact with hyaluronic acid to form

an extensive, interconnected polymeric network in the extracellular space. Hyaluronan is a
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linear polymer composed of repeating disaccharides of glucuronic acid and N-

acetylglucosamine. It is synthesized at the plasma membrane by three different but related

hyaluronan synthases: HAS1, HAS2, and HAS3 (273,292). The growing chain is extruded

through the membrane into the pericellular space where it can be anchored to the cell surface

via the synthase enzyme or through binding to a cell surface receptor such as CD44 or RHAMM

(62).

Versican is the largest proteoglycan in the vessel wall and has been localized to the aortic media

and endothelial layers (5,308). Expression in the mouse aorta shows highest mRNA levels in

the fetal period, with peak production at E18-P0. Expression levels drop by ~50% after birth

to levels that persist into the adult period. Versican is known to have a wide variety of functions,

including induction of cell adhesion, promotion of proliferation, and influencing cell migration

(298). Interestingly, in vascular injury models, high versican levels correlate with low elastin

content, most likely due to inhibition of elastic fiber assembly by the chondroitin sulfate GAGs

on versican (105,117). Expression of the versican variant V3, which lacks GAG chains, induces

elastin synthesis and fiber deposition in vitro, providing further support that chondroitin sulfate

GAGs may be biologically relevant in matrix assembly (189). At present, there are no known

vascular diseases linked to versican gene mutations, and no versican null mouse has been

reported to date.

Aggrecan, a large aggregating proteoglycan most abundant in cartilage, has a smaller core

protein than versican but contains nearly threefold more GAG chains. Studies of developing

chick aorta show that aggrecan has a different spatial and temporal expression pattern than

versican, with aggrecan localized to the outer region of the developing aortic wall and expressed

at much lower levels than versican (5). In the mouse aorta, peak expression occurs around E18

with a rapid drop postnatally, reaching low levels at P7 that persist into the adult stage. As in

the chick aorta, aggrecan expression in the mouse aorta is substantially lower than versican.

The function of aggrecan in the vessel wall is unclear.

The small leucine-rich proteoglycans (SLRP) are a family of secreted proteoglycans that do

not interact with hyaluronic acid but, instead, bind ECM molecules such as collagen,

tropoelastin, fibronectin, and fibrillin-containing microfibrils, among others (225). The SLRP

family includes decorin, biglycan, fibromodulin, osteoglycin, and lumican (129,242). Both

biglycan and decorin bind to and regulate collagen fibrillogenesis (108) and have been shown

to bind TGF-β and sequester it to the ECM. Biglycan localizes to all layers of the human aorta

by immuno-histochemical staining, whereas decorin is found only in the adventitia (274).

The expression profile of decorin in the mouse aorta closely parallels that of type I collagen in

embryonic time points but peaks at P0. Expression decreases somewhat in the postnatal time

points but remains constitutively expressed at a moderate level. Biglycan, on the other hand,

shows increasing expression over the embryonic time points in a pattern that correlates closely

with elastin gene expression. Expression peaks at P7 then falls over the first postnatal month

but rises again as the animal enters adulthood (5.5-6 mo). In elastic ligaments, biglycan

expression is associated with the elastinogenic phase of elastic fiber formation (226).

Lumican has been localized to the outer layer of medial VSMCs and adventitia of

nonatherosclorotic human coronary arteries (205). Mouse aortic expression of lumican occurs

from E12 to P6 mo at low to moderate levels. There is a small peak in expression levels at P0.

Lumican, like decorin and biglycan, regulates collagen fibrillogenesis.

Studies of mice null for decorin, biglycan, and lumican show phenotypes in bone, tendon, and

skin. Specifically, collagen fibril diameter and organization are dys-regulated, with different

fibril diameters and organizations dependent on the tissue type examined. No changes in blood

vessel structure or stability were reported for decorin- or lumican-deficient animals. There is
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also no vascular phenotype reported in mice homozygous for a biglycan null mutation in the

129Sv/C57BL6 background (306). However, when bred into the BALB/cA background, male

homozygous null mice died suddenly before 2-3 mo of age from aortic rupture (103). Rupture

occurs between the media and the adventitia, which is similar to dissections of the aortic wall

in Col3A1-deficient mice (103,169).

VI. EXTRACELLULAR MATRIX AND MECHANICAL DESIGN

A. Microfibril-Based Elasticity

Evolution has provided an interesting glimpse of how vascular cells use different ECM

components to achieve the mechanical properties suitable for the unique needs of each

organism. As pulse pressure increases with ever-increasing cardiovascular complexity, we see

the material properties of large vessels change to provide an appropriate level of elastic recoil.

In studies of the mechanical behavior of arteries of several invertebrate and lower vertebrate

phyla, investigators (50,83,252,253) have shown that invertebrates with a highly developed,

partially open circulatory system have vessels that exhibit elastic behavior with the classical

nonlinear mechanics of vertebrate vessels, even though these vessels lack elastin (Fig. 7).

Invertebrate arteries, like those of higher vertebrates, are composite structures containing

muscle cells and an ECM that changes as the pressure demands increase. The marine whelk

(Busycon contrarium), an animal with an open circulatory system that is unlikely to generate

significant pulsatile pressure, has a relatively stiff aorta resulting from a vessel wall

characterized by an irregular arrangement of SMCs surrounded by collagen fibers (50). In

contrast, histological analysis of the aortic wall of the lobster (Homarus americanus) (Fig. 7)

and horseshoe crab (Limulus polyphemus), two invertebrates with elastic arteries, shows dense

lamellar layers that resemble the elastic lamellae in the vertebrate vessel. Ultrastructural

analysis found these dense layers to consist of bundles of fine fibrils (microfibrils) that resemble

reticular oxytalan fibers in vertebrate tissues (50,179). Two primitive vertebrates with a closed

circulatory system but relatively low blood pressure, the sea lamprey (Petromyzon marinus)

and the Atlantic hagfish (Myxine glutinosa), also have microfibril-based lamellae (50,133).

Characterization of the fibrils in these microfibril-based vessels showed them to be extensible

and containing fibrillin, the major structural protein of vertebrate microfibrils (24). Thus the

microfibril-based matrix in these species is a compliant material similar to elastin, but

employed at lower pressures. Although there are differences between these species in terms of

aortic wall architecture, their vessels have mechanical properties similar to vertebrate vessels,

characterized by extensibility at low pressures and stiffness at high pressures, and lamprey,

hagfish, and lobster vessels have hysteresis properties that show fairly small energy losses per

inflation-deflation cycle (Fig. 7) (24,50).

B. Elastic Fiber Elasticity

With the transition to a fully closed circulation, a different, more resilient ECM was required

to accommodate the altered heart function and overall higher pressures required by this system.

It is at this point that elastin emerged as a key vascular protein (Fig. 8). Elastin appeared first

in cartilagenous fish and is found in all vertebrate species except for agnathans, the class of

jawless vertebrates that includes lamprey (236-238). Elastin-containing vessels in mammals

and nonmammals alike function at higher pressures than the microfibril-based invertebrate

vessels but show the same nonlinear mechanical properties and low hysteresis. It is interesting

that microfibrils seen in invertebrate and lower vertebrate vessels remain an integral part of

the vertebrate vessel wall even though their elastomeric function has been superseded by

elastin. Mice with no elastin in the vessel wall (Eln-/-) but with normal levels of microfibrils

die shortly after birth from aortic obstruction, showing that whatever mechanical properties

microfibrils impart, they are clearly not sufficient to maintain vascular function in the high-

pressure mammalian system (162).
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A comparative study of the mechanical properties of aortas from invertebrates, lower

vertebrates, nonmammals, and mammals found that in all species, the physiological pressure

range appears to be the region where stresses are transferred from the distensible to the

inextensible components of the wall. In vertebrate arteries, the nonlinearity has been attributed

to deformation of the elastin component at low strains and collagen at high strains (54). For

the microfibril-based materials, McConnell et al. (179) and Bussiere et al. (24) showed that

the nonlinearity could be attributed to reorientation of the microfibrils at the low end of the

stress-strain curve and to deformation of the microfibrils themselves at the high end of the

curve. Collagen could play a role at extremely high strains.

C. Universal Elastic Modulus

Vessels with distensible elasticity have unique relationships between the incremental elastic

modulus and the pressure (Fig. 9), which reflects the differing material properties of the vessels

themselves. However, when the pressures are normalized to each organism’s mean blood

pressure, the incremental elastic modulus of the aorta for all species converges to a value in

the range of 0.3-1.0 MPa (Fig. 9) (50,83,253). To achieve this functional modulus, each

organism must adjust the mix of ECM components in the vessel wall to produce the mechanical

properties appropriate for different hemodynamic variables. In this context, the developing

vascular SMC must monitor the changing tensional forces within the wall and adjust matrix

production accordingly. The finding of a universal vessel wall modulus that applies across

species and in vessels with different ECM components is, indeed, surprising. There must be

strong evolutionary pressure to ensure that all elastic arteries have similar mechanical

properties at each organism’s mean physiological blood pressure. The significance of the

physiological modulus being in the range of 0.3-1.0 MPa is not evident, but this appears to be

a target mechanical property that is best able to provide capacitance and pulse smoothing in a

pulsatile circulatory system. In the section below we will see that changing the mechanical

properties of the vessel wall in the mouse by deleting one copy of the elastin gene results in

an adaptive response characterized by changes in blood pressure and vessel wall structure, but

the physiological elastic modulus of the elastin-insufficient aorta remains in the target range.

Thus achieving and maintaining the functional elastic modulus may be a master physiological

regulator of ECM gene expression in the vessel wall.

VII. MECHANICS OF ELASTIN-INSUFFICIENT ARTERIES: NEW INSIGHT INTO

VASCULAR DEVELOPMENT

Constructing a complex, mechanically appropriate matrix requires instructions for assembly,

knowledge of the available building materials, and information about the stresses that the final

material will have to endure. One way this could occur is through a process where all of the

required information is genetically hardwired into the cells participating in the construction

project, with no deviation from the blueprint design. Alternatively, the project could be

fashioned over time through changing instructive signals from the microenvironment that tell

the cells what mix of matrix proteins need to be added at that particular instance. Our studies

of elastin-insufficient mice support the latter possibility and show that there is more flexibility

in the building plan than previously thought.

A. Eln+/- Mice: Elastin Haploinsufficiency and Supravalvular Aortic Stenosis

Mice with one functional elastin allele (Eln+/-) and half as much elastin live a normal life span

and thrive well into adulthood. These animals, however, exhibit remarkable vascular changes

that ultimately produce a cardiovascular system that operates at higher blood pressures than

wild-type (WT) mice. These traits are similar to conditions associated with supravalvular aortic

stenosis (SVAS; MIM185500) in humans, an autosomal dominant disease resulting from

elastin haploinsufficiency (63,164). SVAS can occur sporadically as a result of loss-of-function
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mutations, or through gene deletion as occurs in Williams-Beuren syndrome (WBS;

MIM194050) (206). Thus, in addition to providing information about the role of elastin in

vascular development, the Eln+/- mouse is a useful model to study the pathogenesis of an

important human disease.

To understand how changes in elastin levels alter cardiovascular function, we assessed vessel

mechanics and numerous key hemodynamic parameters in the adult Eln+/- mouse. Blood

pressure measurements found that Eln+/- mice have mean arterial pressures 30-40 mmHg

higher than WT animals. Surprisingly, left ventricular cardiac hypertrophy, as assessed by heart

weight, is minimal at 6 mo of age (~12% increase) considering the high systemic blood

pressure. Mechanical testing shows that the abdominal aorta, ascending aorta, and left common

carotid artery have smaller inner and outer diameters and thinner vessel walls at all pressures

compared with WT (67,290). The Eln+/- mice also have an increased number of lamellar units

in their arteries and a vessel wall with an increased incremental elastic modulus at high

pressures (67).

At physiological pressures, the circumferential wall strain and stress are higher in Eln+/- aorta

than in WT (67,290). In typical hypertension, the artery wall would be remodeled to increase

the wall thickness and normalize the wall stresses, but Eln+/- arteries have thinner walls, not

thicker. The lack of expected remodeling behavior is not due to a defect in the remodeling

response of Eln+/- arteries. When pressure is increased in adult Eln+/- and WT mice by clipping

of a renal artery, both genotypes show the expected hypertensive remodeling as evidenced by

increased heart weight and arterial wall thickness (289). Although circumferential wall stress

is higher in the Eln+/- aorta because the vessels have both increased pressure and increased

lamellar units, the tension per lamellar unit is the same as WT and is similar to other mammalian

species. Therefore, maintaining a constant tension/lamellar unit may be an important stimulus

for developmental remodeling. Eln+/- arteries also show altered residual strain compared with

WT, with increased circumferential residual strain, decreased longitudinal stretch ratio, and

increased residual shear in the longitudinal-circumferential direction. The residual shear causes

Eln+/- vessels to loop or curve dramatically upon excision (Fig. 10) (67,290). Residual and

applied stresses and strains in the vessel wall will be discussed in more detail below.

Like the systemic circulation, the pulmonary vasculature is affected by elastin insufficiency.

Compared with WT mice, elastin-insufficient mice demonstrate elevated right ventricular (RV)

systolic and diastolic pressures (54.6/13.2 mmHg systolic/diastolic for Eln+/- compared with

9.8/3 mmHg for WT) (255). Proximal pulmonary arteries in elastin-insufficient mice have

thinner walls and an increased number of elastic lamellae, changes similar to those observed

in the systemic circulation. The mice also exhibit RV hypertrophy and peripheral

intrapulmonary vascular remodeling, although the changes are much less than expected given

the degree of RV pressure elevation.

A major difference between humans and mice with elastin haploinsufficiency is that humans,

but not mice, develop severe localized aortic occlusion due to subendothelial SMC

proliferation. This may be due to differences in mechanical stimuli such as circumferential

stress or strain in the vessel wall, differences in heart rate (~600 beats/min in mouse compared

with 60 beats/min in humans), or other differences between the species that are not directly

related to the hemodynamics. It is important to note that at their higher physiological pressures,

arteries in Eln+/- mice are working close to their maximum strain, suggesting that these animals

may be more prone to develop hypertensive cardiovascular pathologies when stressed. At

maximal strain, there is a lower potential for distension if the blood pressure increases.
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B. Developmental Adaptation Versus Pathological Remodeling

Previous studies have shown that the increase in arterial lamellar number in Eln+/- animals is

established at the time of birth (163), suggesting that alterations in vessel wall structure and

mechanics occur early in formation of the arterial wall. To better determine when in

development the cardiovascular changes take place, we characterized blood pressure, cardiac

function, vessel structure, and vessel mechanics in newborn Eln+/- mice (291). As in previous

studies with adult animals, we found newborn Eln+/- vessels to have smaller unloaded

diameters and longer lengths between branches. Additionally, there is a 25% increase in left

ventricular pressure in newborn Eln+/- animals compared with WT, suggesting the existence

of a pressure difference during the embryonic period.

Ultrastructural studies show that the change in lamellar number occurs between E16 and birth

and that the extra layers are associated with a decrease in adventitial area, indicating that

adventitial cells give rise to the additional SMC layers (291). This is interesting in light of

numerous studies showing that the adventitia is important in sensing wall stress and that

adventitial cells can be activated in response to hypertension or other forms of vascular injury

(263). During development, the Eln+/- aorta experiences more stretch with each cardiac cycle

than the WT aorta because of its increased pressure, smaller inner diameter, and only slightly

thicker wall. The high circumferential stretch could trigger cells in the adventitia to differentiate

into SMCs that produce extra layers of elastin and consequently normalize the tension/lamellar

unit in the presence of increased pressure. Recent findings have shown that the adventitia

contains a progenitor cell population capable of differentiating into SMCs that repopulate the

wall (116,210,279). It will be interesting to determine if the additional SMC layers in the Eln

+/- aorta are derived from this cell population.

The smaller inner diameter of the large arteries in Eln+/- mice coupled with increased arterial

stiffness and elevated cardiac output should lead to cardiac hypertrophy, circulatory

dysfunction, and possibly death. It is therefore somewhat of a paradox that the Eln+/- animals

have a normal life span, exhibit no overt signs of degenerative cardiovascular disease, and

show none of the adverse effects observed with other animal models of induced or spontaneous

hypertension (17,94). One explanation for the normal characteristics of the Eln+/- mouse is

that the elevated blood pressure is a necessary adaptive response for maintaining cardiovascular

function. Figure 11 shows that at the higher systemic physiological pressure, the effective

working inner diameter of the Eln+/- ascending aorta is comparable to that of the WT animal.

Because the functional demands of the organism require that normal perfusion be preserved,

increasing arterial inner diameter through an increase in blood pressure is likely a necessary

adaptation to maintain cardiac output and perfusion. Remarkably, despite having half the

amount of elastin as WT vessels, the stress-strain relationship of the adult Eln+/- aorta is similar

to the WT relationship shown in Figure 1 (290). This provides evidence for adaptation of the

ECM component amounts and organization during development to produce a vessel wall with

optimized mechanical properties.

Despite the similar stress-strain relationship, Eln+/- arteries operate at higher physiological

stresses and strains than WT because of the increased physiological pressure. As discussed

above, when adult vessels are exposed to high pressure, such as in adult-onset hypertension,

arterial geometry is subsequently remodeled to increase the wall thickness and reduce the

circumferential wall stress back to normal values. Vessels also produce a scarlike ECM (mostly

collagen) that leads to stiffer vessels, further increases in blood pressure, and, eventually,

cardiac hypertrophy. Contrast those changes to vessel wall changes in the Eln+/- mouse that

has extremely high blood pressure. In these animals, there is no significant increase in collagen

or elastin concentration in the vessel wall, cardiac hypertrophy is minimal, life span is not

appreciably compromised, vessel walls are thinner not thicker, and the thickness-to-lumen ratio

is approximately the same as in WT vessels.
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These different responses to increased blood pressure reflect what vascular cells are

appropriately programmed to do at two different stages of vascular development. Changes in

Eln+/- vessels occur during the fetal period when mechanical stress associated with changing

blood pressure provides normal and required informational signals to help guide SMCs in

building a mechanically appropriate ECM. This is a period when the proliferative and synthetic

properties of SMCs are highest and the cardiovascular system is able to adapt to working at

different physiological set points. During the adult period, however, SMCs enter a state where

ECM synthesis is minimal, they undergo little, if any, proliferation, and are programmed to

recognize increased hemodynamic stress as an injury and initiate a wound response

characterized by deposition of a scarlike ECM. The uniqueness of these two phases is superbly

illustrated by vascular changes in Eln+/- mice before and after renal artery clipping. When

exposed to high pressure during the embryonic/fetal period, the cardiovascular system of the

Eln+/- mouse undergoes adaptive remodeling (described above) to work at the higher pressure.

When the blood pressure is raised even higher as adults through renal artery clipping, the

vessels show pathological remodeling characterized by thicker, stiffer, collagen-rich vessels

that lead to cardiac hypertrophy (289).

Despite the changes in vessel wall structure and ECM composition, the Eln+/- incremental

elastic modulus at mean physiological pressure remains in the range observed for numerous

invertebrate and vertebrate animals (Fig. 9) (253). The unique cardiovascular remodeling seen

in elastin-insufficient mice indicates that the developing vascular cell can adapt its building

process to accommodate environmental changes and produce a different overall wall structure

that operates at the desired physiological setpoint. However, this can only be done during a

short period of development when the matrix is being formed and appropriate gene sets are

being expressed in a spatially and temporally appropriate manner.

C. Eln-/- Mice: The Absence of the Windkessel Effect

Mice with a null mutation in the elastin gene (Eln-/-) die within a few days of birth due to SMC

overproliferation that eventually occludes the vessel lumen (162). Overproliferation begins

around E17.5, and all Eln-/- mice are dead by P4.5. Because these animals are viable through

fetal development when many of the critical cardiovascular structural and hemodynamic

changes are occurring, they provide a glimpse of how a closed circulatory system develops

when vertebrate vessels cannot provide the elastic recoil (i.e., windkessel effect) required for

normal heart function.

At birth, mice with no elastin (Eln-/-) have tortuous, stenotic, stiff vessels that show little

diameter change between systole and diastole (291). As a consequence, the animals have

elevated left ventricular pressures and develop larger hearts with impaired function

characterized by reduced ejection fraction and cardiac output. Without elastic vessels to act as

an elastic reservoir, left ventricular pressure increases in an attempt to maintain cardiac output

and perfusion pressure through the smaller, stiffer aorta. The combination of high blood

pressure and increased afterload is most likely responsible for the observed cardiac

hypertrophy. While hypertrophic cardiac remodeling is expected with noncompliant, stenotic

vessels, it is remarkable that cardiac development proceeds to birth with vessels as stiff and

morphologically abnormal as those seen in Eln-/- mice. If we look earlier in development, we

find that most of the adverse changes in heart function and vessel structure occur during the

last 3-4 days of gestation. At E15.5, the aortae in Eln-/- and WT animals look similar by

histology, and both have about eight circumferential cell layers (162). There is little elastin or

collagen in the wall at this stage (146,183), so the wall stresses are borne mostly by the cells.

Because wall structure is similar in the two genotypes, hemodynamic forces are most likely

similar as well. As shown in Figure 4, there is a dramatic increase in elastin and collagen

expression beginning around E14, which suggests that the wall is strengthening in response to
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increased hemodynamic stimuli. When elastin cannot be produced at appropriate levels to

accommodate increased stress, as in the Eln-/- mouse, SMCs on the luminal side of the wall

proliferate to lower wall stresses by decreasing the inner diameter and increasing wall

thickness. By doing so, the physiological circumferential stresses in the thicker Eln-/- aorta at

P1 are almost equal to WT, despite the fact that left ventricular pressure is almost twofold

higher in the knockout animal. For reasons that are not yet understood, SMC proliferation

continues in Eln-/- aorta until the lumen becomes occluded.

Overproliferation occurs in all arteries of the Eln-/- mouse and was demonstrated in aortic

sections grown ex vivo. These results suggest that elastin participates in regulating the

proliferation and organization of SMCs during development (162). Further studies with

isolated SMCs from Eln-/- aorta show that elastin inhibits proliferation, induces a contractile

phenotype, controls migration, and signals through a G protein-coupled signaling pathway

(106,141,142,185). In its polymerized form, elastin might also create a physical barrier and/or

landmark that serves to spatially compartmentalize SMCs in the aortic wall. Throughout the

last trimester of mouse development, vascular SMCs produce abundant amounts of elastin and

collagen such that by P1, the elastic lamellae are almost continuous and each SMC is in contact

with the lamella above and below it in the wall. In a sense, the SMCs are spatially “trapped”

between the two continuous lamellar structures (48,146,183). The loss of this physical restraint

in vessels without elastin may contribute to the changes in SMC organization and phenotype

observed in the elastin-null mouse. In in vitro assays, mechanical strain induces proliferation

in SMCs plated on collagen, fibronectin, and vitronectin, but not on elastin or laminin, showing

that ECM-specific signals and mechanical strain and/or stress may work coordinately to alter

SMC phenotype (299).

The elastic recoil imparted by the extracellular elastic fibers is a required property for all large

conducting vessels in higher vertebrates. Without elastin, the organism does not survive. With

only half as much elastin (at least in mice), the organism adapts. It is this adaptation that offers

a powerful tool to begin understanding how the developing vascular cell recognizes and

calibrates tensional forces, and how mechanically induced signals translate into gene regulation

and vessel wall formation.

VIII. VASCULAR MECHANICS

Building or adjusting the vessel wall structure to withstand applied forces requires SMCs to

recognize and translate a variety of mechanical signals. These mechanical signals include

forces and deformations from blood flow and pressure, as well as those applied by surrounding

tissue and during vessel growth. Stresses can be calculated from the forces to account for

differences in vessel geometry and make comparisons between different vessels and across

species. Stress is the force applied to an object divided by the surface area over which that

force is applied. The stresses imparted on the vessel wall include shear stresses from the flow

of blood across the vessel lumen, longitudinal stresses from surrounding tissue, and

circumferential stresses from the blood pressure. The relationships between the vessel

dimensions, wall stresses, and physiological parameters are shown in Figure 12. Additionally,

residual stresses develop during formation of the vessel wall from nonuniform growth. The

forces that generate stresses also induce deformations in the vessel wall that can be converted

into strains. Strain relates the deformed dimensions of an object to the undeformed dimensions

and quantifies deformation regardless of the original geometry. For materials like rubber or

steel, stress is linearly related to the measured strain and can be calculated from the Young’s

elastic modulus or stiffness. For materials like the vessel wall, the relationship between stress

and strain is nonlinear, and empirically derived equations are necessary.
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In simple geometries, such as a cylindrical blood vessel, the stresses and strains can be

calculated from in vitro experiments where the pressure, longitudinal force, and unloaded and

loaded dimensions are measured. These calculations require several assumptions, including

incompressibility and uniform strain across the vessel wall. Incompressibility requires that the

total wall volume remains constant during deformation and has been shown to be a reasonable

assumption for most blood vessels (66,121). As the inner and outer diameters expand with

increased pressure, the wall thins radially, maintaining a constant volume. Assuming

incompressibility allows the deformed inner diameter to be calculated from the undeformed

dimensions and the deformed outer diameter and length. This is necessary because it is often

difficult to detect the inner diameter during in vitro testing of large, thick-walled vessels.

Uniform strain, however, is not a valid assumption if it is based solely on the boundary

conditions at the inner and outer wall. The inner wall is exposed to physiological blood pressure,

while the outer wall is exposed to atmospheric pressure, leading to a strain gradient across the

wall. The calculated strain differential is normalized by the circumferential residual strain,

which consists of compression in the inner wall and tension in the outer wall (167). Residual

strain can be measured by cutting open a vessel section and measuring the “opening angle”

formed between the two ends and the midpoint of the cut section. Residual strain can be caused

by differential growth at the outer and inner wall boundaries and serves to normalize the strains

experienced by cells throughout the wall thickness (77,269). Like strain, circumferential stress

will vary with position in the wall, but the residual strain causes a residual stress, which

normalizes the transmural wall stress (77,218). Therefore, the average circumferential stress

is a good estimate for the stress at most points in the vessel wall.

The circumferential stress-strain relationship in blood vessels varies with longitudinal stress

or strain. For physiologically relevant relationships, it is important to test the vessel at its in

vivo length. In vivo longitudinal strain varies from 10 to 70% depending on location in the

arterial tree, with distal vessels generally being more stretched than proximal vessels (95). The

proximal ascending aorta has an in vivo strain starting at ~10%, but this increases to 15-20%

at points in the cardiac cycle due to motion of the heart (55). In vivo longitudinal strain

manifests during development as the overall length or height of the animal increases more than

the length of the blood vessels. Because the circumferential stress-strain relationship depends

on the longitudinal strain, controlling the vessel length may be another way to regulate the

circumferential stress experienced by SMCs (60).

A. Developmental Growth and Remodeling

All of the parameters discussed above (circumferential and longitudinal stress and strain, shear

stress, and residual stress and strain) can be important stimuli for growth and remodeling in

arteries. It is difficult to determine which parameter is directly stimulating cellular responses

because many of the parameters are correlated. For example, increased strain will cause

increased stress and vice versa. Rates of change of these parameters may also be important

stimuli. Thoma first observed the relationships between mechanical stimuli and vessel form

and function in 1893. Thoma’s conclusions about the developing vasculature in the chick

embryo include the following: 1) vessel lumen size depends on blood flow, 2) vessel length

depends on longitudinal force exerted by connective tissues, and 3) vessel wall thickness

depends on blood pressure (36). Another way to state Thoma’s conclusions is that the geometric

properties of the vessel are optimized for the applied forces and serve to normalize the

mechanical stresses. As shown by the equations in Figure 12, the relationship between vessel

lumen and blood flow provides constant shear stress, the relationship between vessel length

and longitudinal force provides constant longitudinal stress, and the relationship between wall

thickness and blood pressure provides constant circumferential wall stress. More recent studies

have followed up on Thoma’s original observations both in developing and adult animals.
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In 1918, Clark investigated Thoma’s laws by observing the growth of blood vessels in the tail

of frog larvae (36). He found support for Thoma’s first law, although he argued that the vessel

diameter was dependent on blood volume, not blood flow. It must be noted that his

measurements of blood volume and flow rate were purely qualitative and not quantitative.

Also, the shear stress on the artery wall depends on the volumetric flow rate and so depends

on both factors. Clark observed that capillaries that showed a decrease in blood volume would

decrease in diameter and eventually disappear, while capillaries that showed an increase in

blood volume would increase in diameter and eventually become arterioles or venules. In

mammals, abrupt changes in blood flow occur soon after birth due to redistribution of blood

between the placental and adult circulation. Before birth in sheep, the thoracic and abdominal

aortas experience similar volumetric blood flows and have similar diameters. After birth, the

loss of placental circulation reduces the abdominal aortic blood flow by more than 90%, while

flow is maintained in the thoracic aorta. Consistent with Thoma’s observations, the abdominal

aorta shows a marked decrease in diameter, while the diameter of the thoracic aorta increases

slightly (154).

Clark also found support for Thoma’s second law that the length of blood vessels depends on

the tension exerted by surrounding tissue (36). He found that the increase in capillary length

in each direction was the same as the growth of the frog larvae tail in each direction. Berry et

al. (15) also showed a linear relationship between vessel length and crown-rump length in

developing rats.

Several investigators have addressed Thoma’s assertion that vessel wall thickness depends on

blood pressure. Gerrity and Cliff (81) found that blood pressure and medial wall thickness

increase simultaneously in developing rats. In mammals, large changes in pressure occur soon

after birth with closure of the ductus arteriosus and the separation of the pulmonary and arterial

vascular systems. After birth, the aorta and pulmonary artery carry similar volumetric blood

flows, but experience very different blood pressures. Consistent with Thoma’s observations,

the diameters of these two arteries in rabbits remain similar, but the wall thickness increases

in the aorta and decreases in the pulmonary artery to accommodate the different pressure in

each vessel (161).

Wolinsky and Glagov (304) extended Thoma’s third law to hypothesize that the number of

lamellar units in the artery depends on wall tension. Wall tension is the blood pressure times

the inner radius and is similar to wall stress, but is not normalized by the wall thickness. They

found that the tension/lamellar unit was 1-3 MPa in 10 mammalian species ranging from mice

to sheep. The lamellar units are formed during the later half of embryonic development, and

the number of units does not change after birth (40,211), even in the presence of increased

hemodynamic stress (302). Wolinsky and Glagov’s observations make the increased lamellar

units in Eln+/- aorta even more remarkable. However, these mice do not break the rule of

constant tension/lamellar unit. Because both the pressure and lamellar units are increased in

Eln+/- aorta, the tension/lamellar unit is similar to WT mice and to other mammalian species.

Gibbons and Shadwick (83) calculated the tension/lamellar unit in nonmammalian species and

found that it was lower than mammals and in the range of 0.3-0.5 MPa. They suggest that the

lamellar unit is structurally and mechanically different in lower vertebrates than in mammals.

As demonstrated by the lobster aorta in Figure 7, the vessel wall in lower vertebrates and some

invertebrates has a lamellar organization, but the lamellar structure itself is made up of fibrillin-

containing microfibrils lacking elastin (50). Gibbons and Shadwick (83) argue that the

physiological elastic modulus is a more important evolutionary parameter than tension/lamellar

unit. Shadwick found that the physiological elastic modulus is ~0.4 MPa in animals varying

from squid to snake to rat (253) and concluded that all species are designed to be relatively

compliant at physiological pressure. The physiological modulus of human thoracic aorta is
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0.6-1.0 MPa (157), WT mouse aorta is 0.4 MPa, and Eln+/- mouse aorta is 0.9 MPa (Fig. 9)

(290). While the Eln+/- modulus is not completely normalized to WT values, it is within the

same range, and it is possible that maintaining this modulus within the narrow range found in

all vertebrate and invertebrate species is the most important variable controlling remodeling

in the Eln+/- aorta.

B. Growth and Remodeling in Adult Vessels

Thoma’s laws apply to remodeling of adult arteries as well. When flow is altered, the first step

is for SMCs to contract or relax to change the diameter of the artery wall. This may occur

through signaling from endothelial cells at the artery lumen that sense changes in shear stress

(52,201,204). Over the long term, SMCs remodel themselves and the ECM to increase or

decrease the artery diameter to accommodate the new volumetric flow rate and maintain a

constant shear stress. In dog carotid arteries, for example, the internal diameter changes to

normalize shear stresses to within 15% of control values after 6-8 mo of altered flow (140). In

rat arteries, diameter increases in response to increased flow are caused by growth at both the

inner and outer wall, with slightly more growth at the outer wall, which leads to normalization

of the shear stresses and a decrease in the circumferential residual strain (172). The growth

occurs through increases in elastin and collagen content and SMC hypertrophy (11). In rabbits,

as aortic diameter increases with increased flow, the internal elastic lamina is remodeled and

develops large gaps that are subsequently filled with endothelial cells (177). Rabbit arteries

also show reduced diameter with decreased flow to normalize reduced shear stress, and the

change is specific to mean flow velocity, not flow amplitude (155). In this study, weanling

rabbits had a larger diameter change than adult rabbits, and the remodeling was manifested by

different methods, providing evidence that developing animals adapt in different ways than

adult animals.

Longitudinal stretch applied to arteries in vivo causes growth in the longitudinal direction to

normalize the longitudinal stress. When rabbit carotid arteries were stretched 22% over their

original stretch ratio, the arteries grew longitudinally until the resultant strain was completely

normalized within 7 days. The longitudinal growth resulted from increases in endothelial cell

and SMC replication rates and increases in total DNA, elastin, and collagen contents (135).

Porcine carotid arteries stretched in vitro at least 43% over their in vivo strecth ratios for 7 days

also show longitudinal growth due to SMC proliferation in an attempt to normalize the

longitudinal stress (49). Growth in the longitudinal direction after an increase in stress or strain

is much faster (on the order of days) than growth in the circumferential direction (on the order

of months) after an equivalent stimulus. This implies that maintaining homeostatic values of

longitudinal stress and/or strain is critical for proper vessel function. Also, because increased

longitudinal strain affects the circumferential stress-strain relationship, two stresses are

normalized by growth in the longitudinal direction (123).

Curiously, a decrease in longitudinal strain is not normalized. When an artery is decreased in

length, it does not shorten to normalize the longitudinal stress and strain, but actually lengthens,

exacerbating the problem and leading to arterial tortuosity. The lengthening is accomplished

in a similar manner (increased cell proliferation rates, increased elastin and collagen amounts)

to the lengthening that follows an increase in longitudinal strain (134,135). This behavior

demonstrates that, unlike shear stress where arteries can adapt to increased or decreased stress,

arteries can only adapt to increased longitudinal stress and/or strain.

Increased pressure stretches SMCs in the artery wall and increases the circumferential stress

experienced by the cells. In adult animals, this increased pressure is directly related to changes

in arterial wall thickness that serve to normalize the circumferential stress. In vitro, isolated

SMCs respond to stretch by stimulating signaling pathways such as the small GTPase Rac

(144), protein kinase A, protein kinase C (192), and p38 mitogen-activated protein kinase
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(31,165) and by upregulating collagen (59), elastin (265), and proteoglycan synthesis (159).

In vivo, these signaling and synthetic SMC responses translate into geometric and

morphological changes in the artery wall that normalize the circumferential stresses. Like shear

stress, but unlike longitudinal stress, increased or decreased circumferential stress can be

normalized. Arterial wall thickness is decreased in response to a step decrease in blood pressure

in rats, with the medial layer showing a greater decrease than the adventitial layer (166). In

response to a step increase in mean blood pressure of 67%, the carotid artery wall thickness in

rats increases ~7% in 2 days and 57% over 60 days. This is accomplished through increased

collagen, elastin, and SMC content and by thickening the individual lamellar units (76). Liu

and Fung (168) found that the change in thickness for an equal step change in pressure was

identical in the rat ileac and splenic arteries and that the lumen diameter did not change with

pressure in either artery. Increasing the thickness normalizes the circumferential stress after

the pressure increase and maintaining the diameter keeps the circumferential shear constant

because flow is unchanged. Wolinsky (302) increased pressure in adult rats and found that the

medial wall thickness increased ~63% after a 67% increase in systolic blood pressure for 18

wk. This was accomplished through increases in total elastin and collagen content. The

circumferential stress was still ~60% higher in the hypertensive compared with normotensive

rats, but without the increased thickness, it would have been more than double the normotensive

value. Arterial remodeling following increases in shear and longitudinal stresses seems to be

able to return those stresses close to the normotensive values, but remodeling for

circumferential stress may be incomplete, at least in adult animals.

It is important to remember the differences between adult and developmental remodeling.

During development, the stresses influence the structure and patterning of the arterial system.

Vessel remodeling can be viewed as advantageous and optimized for the ultimate stresses

experienced by the adult animal. SMCs are expressing numerous ECM molecules and can

adapt the ECM mixture to accommodate developmental hemodynamic changes. In adulthood,

SMCs are no longer producing all the ECM molecules that were necessary during development

to build the optimal vessel wall. When adult stresses are altered through changes in blood flow,

longitudinal strain, or blood pressure, SMCs undergo what often becomes pathological

remodeling. The cells remodel the vessel wall to change the inner diameter, length, or thickness

and bring stresses back to physiological levels, but this is done by changing the ECM content

of the wall. Collagen is the ECM molecule that contributes to most of the geometric changes

in the vessel wall. Collagen has a higher incremental elastic modulus than elastin, and more

collagen increases the vessel stiffness. This increases the load on the heart and can start a

negative-feedback cycle that ultimately leads to heart failure.

IX. MECHANICAL MODELS

The unique, two-phase composition of the vessel wall provides nonlinear stress-strain

relationships (Fig. 1). At low strains, the incremental elastic modulus of elastin dominates the

mechanical behavior and the wall is relatively extensible. At high strains, the elastic modulus

of collagen dominates and the wall is relatively inextensible. The overlap at physiological

pressure provides optimal behavior for expansion and contraction of the vessel wall during the

cardiac cycle and limits distension of the wall when exposed to extreme pressures. The

nonlinear behavior also complicates mathematical descriptions of the stress-strain relationship.

The stress at a given strain cannot be calculated from a simple constant and a linear equation,

but must be calculated from a set of constants and an exponential, logarithmic or polynomial

equation. Mathematical descriptions are necessary to extrapolate experimental results to more

relevant in vivo loading conditions, as it is not possible to duplicate the complete range of in

vivo loading conditions in the laboratory. Mathematical descriptions are necessary to compare

stress-strain relationships between different animal species, genotypes, and disease states.

Also, if the stress-strain relationship is known, then strains can be measured noninvasively

WAGENSEIL and MECHAM Page 24

Physiol Rev. Author manuscript; available in PMC 2010 July 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



with various imaging techniques, and the stresses can be calculated. Calculated stresses can be

used to predict vessel wall stability (i.e., has the vessel wall reached a homeostatic state, will

it continue to remodel, or will it fail?) and determine when treatment is necessary. For example,

it has been shown that the stress-strain relationship changes with age in dilated human

ascending aorta. The same strains in the vessel wall of an older patient will cause higher stresses

and may increase the chance of dissection and rupture (202).

Mathematical descriptions of the stress-strain relationship are called constitutive equations,

and the constants in the equations are called material properties. Early constitutive equations

were phenomenological; that is, the equations fit the stress-strain data for intact arteries, but

were not directly related to the vessel microstructure. Most of these models assume that the

artery wall can be modeled as a continuum material. Phenomenological models allow

quantification of changes in the vessel wall material properties, but do not account for the

changes with any physical explanation, such as changes in the ECM composition. More recent

models have been developed that are based on the vessel microstructure, namely, the

arrangement of elastin, collagen, and SMCs. These models assign different mechanical

behavior to each component with constraints on how they deform relative to each other and to

the composite artery. By relating the mechanics to the microstructure, specific interventions

can be designed and tested. For example, the drug ramipril decreases collagen and increases

elastin and fibrillin-1 production in SMC cultures (2). These changes in ECM composition

alter the material properties of the composite artery and lead to improved cardiovascular

outcome in patients with peripheral artery disease that are treated with ramipril.

Both phenomenological and microstructural models have been adapted for growth and

development and can be used to predict the effects of increasing forces on the artery wall. These

models are critical because many disease states (i.e., hypertension and atherosclerosis) involve

changes in the static and hemodynamic forces and consequent stresses on the artery wall. Using

models to better understand and predict the remodeling process will help us design strategies

to reverse it in disease and to reproduce it in tissue engineering. The application of stresses and

strains during the culture of artificial blood vessels has been shown to significantly improve

mechanical properties through optimization of the ECM component amounts and organization

(130,198,249). Most models of growth and development have been applied to remodeling of

adult arteries because there is considerable data available to validate the model predictions.

There is a pressing need to extend these models to developmental remodeling because the

process is fundamentally different in development and adulthood. Developmental remodeling

is more applicable than adult remodeling to the design of tissue-engineered blood vessels

because embryonic or neonatal cells are often used and the initial matrices are either

mechanically weak or degradable and are designed to be significantly remodeled by the cells

and supplemented by new cell-produced matrices. It has been shown that incremental increases

in the cyclic strain applied to fibrin-based tissue constructs results in increased collagen

production per cell and increased stiffness and tensile strength compared with constant cyclic

strain conditioning (266). The incremental increases are similar to what may be experienced

in vivo during development as the pressures and flows increase faster than the diameter and

thickness of the vessel wall.

A. Continuum Models

Vito and Dixon (286) reviewed a wide variety of blood vessel constitutive equations, a few of

which will be briefly summarized here. Although blood vessels are viscoelastic, for modeling

purposes they are usually considered to be pseudoelastic, which means that the loading and

unloading behavior is treated separately and models are applied to the loading behavior after

suitable preconditioning cycles (78). The vessels are considered to be nonlinear, anisotropic

(different properties in different directions), and incompressible. Some models include the
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circumferential residual stress (35,178,284). Most continuum models define a strain energy

density function (W), which requires that the stress depends only on the current strain state and

not on the path between initial and final strain states. Strain energy density functions relate the

Green strain tensor (which is a function of the deformation tensor) to the second Piola-Kirchoff

stress or to the Cauchy stress (which are two different forms of the stress tensor). While arteries

are anisotropic, they show some material symmetry and are usually considered transversely

isotropic (symmetric about one plane of isotropy, such as about cells and fibers arranged in the

circumferential direction) or orthotropic (different properties in different orthogonal directions,

such as circumferential, longitudinal, and radial in a cylindrical artery). The functional form

of W for these two types of materials is well known (286).

Continuum models vary mostly in the specific forms chosen for W and the number of constants

included in each equation. A good model will fit the stress-strain behavior of the vessel, provide

unique material constants, and give realistic predictions for all possible physiological

deformation states. Seven-parameter polynomial (285), four-parameter logarithmic (271), and

four- or seven-parameter exponential (34) equations can all reasonably describe the stress-

strain behavior of mammalian arteries. Increased numbers of parameters improve the fit of the

equation to the experimental data but have a tendency to become over-parameterized and

produce nonunique material parameters. Fung et al. (78) compared their four-parameter

exponential to the seven-parameter polynomial of Vaishnav et al. (285) and found that their

exponential equation provided a better fit to the stress-strain data and more stable material

constants for rabbit arteries than the polynomial equation. Humphrey (120) compared the

predictive capability of three commonly used forms for W including the four- and seven-

parameter exponential and the logarithmic equations. He found that the four-parameter

exponential and the logarithmic equations have limited capability to describe the anisotropic

behavior observed in mammalian carotid arteries and that the logarithmic equation yields

physically unrealistic predictions of the deformation tensor within the experimental range.

Humphrey (120) concluded that the seven-parameter exponential equation is the best available

form for W to describe the stress-strain behavior of elastic arteries. Many investigators still use

the four-parameter exponential equation despite its limited anisotropy because it significantly

reduces the number of parameters to fit and eliminates the tendency for overparameterization

with the seven-parameter exponential equation. Many of the microstructural models discussed

below use one of these forms of W to describe the behavior of individual arterial components.

B. Microstructural Models

Microstructural models incorporate the composition of the vessel wall into the constitutive

relationships. These models are beneficial because changes in mechanical behavior can be

directly related to measurable changes in the amount or organization of the wall components.

Recognizing the different microstructure of the media and adventitia, the earliest attempts at

relating mechanical behavior to wall structure used separate forms of W for each wall layer

(287). Knowing that elastin and collagen have different mechanical properties, other

investigators used separate forms of W for the contribution of each protein, with elastin

behaving like a linear, isotropic material and collagen behaving like a nonlinear, anisotropic

material (109). Some investigators have incorporated the fibrous nature of ECM proteins into

their mechanical models. Wuyts et al. (305) developed a model where collagen was represented

by a distribution of wavy, linearly elastic fibers and elastin and SMCs were considered

interconnected sheets of linearly elastic material. The collagen shows nonlinear behavior as

more fibers are recruited from the wavy to the stretched state and begin to contribute to the

total tissue stress. Zulliger and Stergiopulos (314) expanded the model of Wuyts et al. (305)

to include longitudinal stress, residual strain, and local wall stress. They used it to predict

mechanical changes in aging arteries based solely on measurable alterations in the waviness

of the collagen fibers. Rachev and Hayashi (219) used a logarithmic strain energy density
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function for the arterial wall and added an active stress component due to SMC activation.

They used the model to predict changes in residual strain with SMC tone and hypertension.

Combining many of the above studies, Humphrey and Rajagopal (122) presented a constrained

mixture model, which includes elastin with a linear stress response function, collagen with an

exponential form of W, and SMCs with active and passive stress components. They also

allowed for different natural configurations, which translates to different residual strains, for

each component. Their model was applied to growth and remodeling of arteries in response to

increased flow. All of these models can predict, to some degree, changes in the vessel wall

mechanical behavior based on changes in the wall components, and vice versa. Describing and

predicting the structure-mechanical function relationship of the vessel wall will help to better

design treatment strategies for human diseases and to recreate the ideal vessel wall in tissue

engineering.

C. Growth and Remodeling

In 1892, Wolff (300) proposed that trabecular bone grows in orientations that correspond to

the principal mechanical stresses acting on the bone and that mathematical laws can explain

the growth patterns. Wolff’s law, as it has come to be known, is a formalization of the

observations that Thoma had on blood vessel growth a year later (36). These ideas have been

generalized to explain growth of any biologic tissue in response to applied stresses or strains

(115,258). Several mechanical models have been developed specifically to describe and predict

this behavior. Rodriguez et al. (230) introduced a continuum model for finite growth in soft

tissues that depends on the tissue stress and leads to natural residual stresses as each differential

element grows. The residual stresses are consistent with those observed by the opening angle

in blood vessels. To describe stress-dependent growth, the growth law must relate the growth

deformation tensor (or growth rate deformation tensor) to the stress tensor. This requires a

constitutive equation relating the growth-induced strains to the stresses. For blood vessels,

investigators often use one of the forms of W discussed above.

Taber and Eggers (268) applied the theory of Rodriguez et al. (230) to describe growth of the

rat aorta from the first heartbeat through maturity and during experimentally induced

hypertension. The authors modeled the aorta with a linear, local stress-dependent growth law

with no predefined equilibrium stress. The aorta has two layers (media and adventitia) that may

have different growth constants, but follow the same constitutive equation with an exponential

form for W. Longitudinal stress from surrounding tissue and shear stress from blood flow were

neglected, but changes in blood pressure through development or hypertension were included.

The authors were able to reproduce most of the geometric changes in the artery wall and in the

residual strain observed in developing and hypertensive arteries. Rachev (217) also used a two-

layer model to predict arterial growth in hypertension. He used an exponential form of W for

the constitutive equation and allowed each layer to have different material coefficients and

different residual stresses. He restricted the inner radius of the artery to remain unchanged so

that shear stresses were not altered and assumed that the arterial geometry and residual stress

configuration are remodeled in a way to maintain stress and strain configurations that are

identical under normo- and hypertensive conditions. His model was also able to recreate

experimental changes in geometry and residual strain observed for hypertensive arteries. Fridez

et al. (75) expanded Rachev’s model (217) to include active SMC contributions to the

remodeling process.

Microstructural models of growth and remodeling extend the above ideas to account for

adaptation and growth of individual arterial wall components. Tsamis and Stergiopulos altered

models of Rachev et al. (217,220,221) by replacing the continuum based constitutive equation

with the microstructural one introduced by Zulliger and Stergiopulos (314). They predict

hypertensive remodeling based on growth-induced changes in the collagen waviness profile.
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Humphrey and Rajagopal’s (122) constrained mixture model was developed specifically to

include growth of individual wall components by including the turnover kinetics for SMCs,

elastin, and collagen. This model has been applied to flow- (91) and pressure-induced changes

(90) in carotid arteries and the effects of spatial variations in wall constituents (4). Most of

these models are designed to apply to growth and remodeling in adulthood and development,

but have been verified only with adult data because there are little data for the developmental

period. To extend the models to developing vessels, additional data are needed on the

hemodynamics, mechanics, geometry, ultrastructure, and component amounts of arteries at

various developmental stages. The data will help verify current models and determine

necessary changes to describe the unique process of growth and remodeling in developing

vessels. In genetic diseases, such as SVAS and Marfan’s syndrome, the ECM composition is

altered embryonically. This induces changes in the vessel mechanical properties, the blood

flow, and pressure and consequently the stresses and strains in the vessel wall. Being able to

predict these changes and design early intervention strategies to compensate for the changes

in ECM composition or to reverse some of the mechanical effects may significantly improve

the life expectancy in these patients.

X. CONCLUSIONS

We have focused on the unique composition of mammalian elastic arteries and the interplay

between mechanical signals, SMC behavior, ECM components, and vessel wall structure

during remodeling and development. The artery wall is designed for optimal performance given

the mechanical demands of the closed, high pressure, pulsatile, and vertebrate cardiovascular

system. When these demands are changed, either through genetic alterations or adult-onset

disease, the vessel wall adjusts to meet the new demands and to normalize the stresses

experienced by the SMCs. For genetic alterations, the mechanical demands are changed during

development and the embryonic vascular cells are able to sense and adapt to the changing

stimuli. For adult-onset diseases, the mechanical demands are placed on differentiated SMCs

that are no longer capable of producing the optimal ECM component mix to remodel the vessel

wall. Hence, the wall is remodeled to shield SMCs from increased stress, but the remodeling

is often detrimental to heart function and starts a negative-feedback cycle that progressively

worsens the disease. Embryonic vascular cells are only able to remodel advantageously if the

mechanical changes are below a certain threshold. In Eln+/- mice, this remodeling leads to an

unexpected vessel wall structure and a completely normal life span, despite hypertension that

would usually cause cardiac hypertrophy and eventual cardiac failure. In humans with elastin

insufficiency, the mechanical and morphological changes are similar to Eln+/- mice, but

humans still develop vascular disease characterized by focal aortic stenosis. In Eln-/- mice, the

mechanical changes include the elimination of vessel elasticity, and the animal cannot survive

beyond birth. By characterizing the process of embryonic adaptation including the mechanical

stimuli, genetic signaling pathways, ECM production, and SMC differentiation, we will be

able to design strategies to encourage advantageous remodeling in developmental diseases and

to recreate this process in tissue engineering of artificial blood vessels. Developing models that

describe and predict the developmental remodeling process will assess the efficacy of

intervention strategies before their application in clinical practice.
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FIG. 1.

Nonlinear mechanical behavior of the adult mouse aorta. A: average circumferential stress

versus stretch ratio. B: circumferential incremental elastic modulus (Einc) versus stretch ratio.

Einc was calculated by determining the local slope of the stress-stretch ratio relationship in A.

The physiological region is highlighted in gray for each graph. Note the decreased incremental

elastic modulus at low stretch ratios where elastin dominates the vessel mechanical behavior

and the increased modulus at high stretch ratios where collagen dominates. The physiological

range is at the intersection of these two regions. The sharp increase in modulus just beyond the

physiological range prevents distension of, and damage to, the vessel with increased pressure.

[Data replotted from Wagenseil et al. (290).]

WAGENSEIL and MECHAM Page 45

Physiol Rev. Author manuscript; available in PMC 2010 July 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



FIG. 2.

Immunofluorescence micrograph of E17 mouse aorta. Sections through the aorta of an E17

mouse were stained with an antibody for elastin (green) and for flk, a marker for endothelial

cells (red). On the left is the lumen (L) of the artery. The intima (I) is evident as a single layer

of red-staining endothelial cells. The media (M) contains dense layers of elastin, whereas the

elastin in the adventitia (Ad) consists of fine fibers. The vein (V) on the top right shows the

presence of endothelial cells but no elastin, whereas the small artery (Ar) directly below shows

both. Scale bar = 100 μm. (Micrograph provided by Dr. Sean McLean.)
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FIG. 3.

Elastic lamellae in human aorta. Top: electron micrograph of human aorta in cross-section

showing the arrangement of smooth muscle cell layers separated by the darkly stained elastic

lamellae. The lumen of the vessel is at the top. The image on the bottom shows the network of

elastin after all cells and other extracellular matrix (ECM) proteins are removed by autoclaving.

The circumferential sheets of elastin are joined across the wall by numerous interlamellar

elastin connections, which are important for transferring stress across the wall and throughout

the elastic fiber network. Scale bar = 20 μm.
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FIG. 4.

Hemodynamic parameters and ECM expression increase sharply in late embryonic and early

postnatal development in mice. A: systolic pressure and cardiac output versus age are replotted

from published studies (131,132,147,297). Dotted lines were interpolated between different

studies, as data on the hemodynamic parameters for the last third of embryonic development

in mice has not been published. Age was calculated assuming that embryonic development

lasts 21 days and the mice are born on day 0. B: median normalized values for elastin and

collagen type I expression are replotted from Kelleher et al. (146). Expression of both proteins

steadily increases from E14 through P14-21, then rapidly decreases to low levels by ~P30.

C: sum of the median normalized elastin and collagen expression versus age. The sum was

calculated by totaling all median normalized gene expression from the start of development to

the current age. This graph also illustrates that little new elastin or collagen protein accumulates

after expression of the two genes are downregulated. Note the logarithmic scale on the vertical

axes of graphs in A and C. The similar developmental timeline of hemodynamic parameters

and total ECM expression suggests correlations between these events.
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FIG. 5.

Electron micrographs of developing elastic fibers. A: electron micrograph showing a

developing elastic fiber adjacent to an elastin-producing cell. Bar = 1.0 μm. B: at higher

magnification, the elastic fibers are seen to consist of black amorphous elastin deposited within

a bundle of microfibrils. Bar = 0.25 μm. C: in cross section, the microfibrils have a tubular

appearance. Bar = 0.25 μm. D: an elastic fiber visualized using quick-freeze, deep etch

microscopy (104). Unlike standard transmission microscopy, quick-freeze, deep-etch images

provide insight into organization of elastin (E) within the fiber (184,187). The major feature

is a densely packed matrix of 5-7 nm tropoelastin molecules that are associated so tightly that

little or no etching occurs during sample preparation. Microfibrils (MF) are seen along the
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periphery of the fiber and at the end. [A-C from Mecham and Davis (184), copyright Elsevier

1994.]
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FIG. 6.

Elastin domain structure and cross-link formation. Top: schematic diagram of exon and domain

structure of human tropoelastin. Shaded squares represent lysine cross-linking domains that

contain prolines (KP) or are enriched in alanines (KA). White squares are hydrophobic

sequences. Bottom: cross-linking of elastin monomers is initiated by the oxidative deamination

of lysine side chains by the enzyme lysyl oxidase in a reaction that consumes molecular oxygen

and releases ammonia. The aldehyde (allysine) that is formed can condense with another

modified side chain aldehyde (1) to form the bivalent aldol condensation product (ACP) cross-

link. Reaction with the amine of an unmodified side chain through a Schiff base reaction (2)

produces dehydrolysinonorleucine (dLNL). ACP and dLNL can then condense to form the

tetrafunctional cross-link desmosine or its isomer isodesmosine.
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FIG. 7.

Mechanical properties and wall structure of invertebrate aortae. A: pressure-volume inflation-

deflation curves for aortas from lamprey (top) and lobster (bottom). Relative volume is given

as V/V0, where V is the instantaneous volume of the vessel and V0 is the volume at the pressure

at which the inflation-deflation cycle was started. B: light micrograph showing a transverse

section of the abdominal aorta of the lobster, stained with modified Weigert’s technique,

showing the positively stained fibrous material forming the internal lamina closest to the lumen

(top) dense fibrous matrix within the middle lamina (ML), which contains striated muscle cells

(STM) and fibroblasts. No positively staining fibers are observed in the connective tissue of

the external layer (EL). Scale bar = 20 μm. C: electron micrograph showing the fibrils within

a dense fiber in the middle lamina. Arrowheads indicate the periodicity of the beaded fibrils.

Scale bar = 190 nm. [From Davison et al. (50), with permission from the Company of Biologists

Ltd.]
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FIG. 8.

Changes in lamellar ECM composition during transition from an open to a closed circulatory

system. The vessel wall in invertebrates with an open circulatory system is exposed to low

intraluminal pressure and little or no pulsatile flow. Under these circumstances, the vessel wall

does not require elastic recoil for proper function. Ultrastructural analysis of the aorta from the

marine whelk, an invertebrate with an open circulatory system, found abundant fibers with the

typical appearance of collagen bundles (50). As organisms became more complex and the

circulatory system transitions from an open to a closed circuit with increasing pulsatile

pressure, the vessel wall developed an extracellular matrix that provides elastic recoil. In

invertebrates with a highly developed open circulatory system and in lower vertebrates that

have not completed the transition to a fully closed circulatory system (e.g., lamprey and

hagfish), the vessel wall contains dense layers of fibrillin-containing microfibrils, which

provide elastic recoil not found in the collagen-only vessel of lower invertebrates (50). With

the emergence of a fully closed circulation, the major vessels experienced much higher pulse

pressure as the entire cardiac output is ejected from the heart during systole. It is at this point

in evolution that elastin appears in the wall where it associates with microfibrils to form large

elastic structures that provide the elastic recoil required for normal vessel function in

vertebrates. [Electron micrographs of whelk and lobster aorta from Davison et al. (50), with

permission from The Company of Biologists Ltd., and of bovine aorta from Mecham and Davis

(184), copyright Elsevier 1994.]

WAGENSEIL and MECHAM Page 53

Physiol Rev. Author manuscript; available in PMC 2010 July 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



FIG. 9.

Incremental elastic modulus of the aorta in a variety of animal species. Top: plots of incremental

elastic modulus (note logarithmic scale) as a function of inflation pressure. Although

substantial differences exist among the various animals, in each case the aorta exhibits

nonlinear elasticity and the modulus increases dramatically with pressure. Bottom: the same

data as above but plotted with pressure normalized to the mean blood pressure for each species.

The physiological elastic modulus at P/Pmean = 1 ranged from 0.3 to 1 MPa, with most

clustering around 0.4 MPa. The incremental elastic modulus for human (young and old) aorta

and wild-type and Eln+/- mouse aorta was determined from data in Learoyd and Taylor

(157) and Wagenseil et al. (290), respectively. The modulus for all other animals is from

Shadwick (253), with permission from The Company of Biologists Ltd.
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FIG. 10.

Increased residual shear strain causes the abdominal aorta and left carotid artery of Eln+/- mice

to change shape upon excision. Small carbon particles were placed vertically along the length

of each vessel in vivo to measure the difference between in vivo and ex vivo length and to

document residual shear. Ex vivo, the particles shift to the right along the vessel length,

indicating residual shear. The rightward shift is small in wild-type (WT) vessels and becomes

more pronounced in Eln+/- vessels. The small residual shear in WT vessels causes only slight

curvature in the ex vivo vessel. The increased residual shear in Eln+/- vessels causes either

sharp changes in curvature (abdominal aorta) or complete loops (carotid artery) in the ex vivo

vessel. Scale bar = 1 mm. [Modified from Wagenseil et al. (290).]
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FIG. 11.

Vessel inner diameters are similar at physiological blood pressures of WT and Eln+/-

genotypes. Comparison of ascending aorta inner diameters of adult WT and Eln+/- mice at

their respective physiological pressures shows that the vessel in Eln+/- animals is smaller at

every intravascular pressure. Because the basal blood pressure in the Eln+/- genotype is higher,

however, its effective working diameter (open arrows) is comparable to that of the WT animal

(solid arrows). Green lines show the working diameter of the WT artery at its physiological

systolic (S) and diastolic (D) pressures. Red lines show that the systolic (s) and diastolic (d)

dimensions of the Eln+/- artery at its higher pressures are similar to the WT values.
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FIG. 12.

Relationships between the vessel wall dimensions, stresses, and physiological parameters. The

dimensions include inner radius (ri), length (l), and thickness (t). The stresses include wall

shear stress (τw), longitudinal stress (σz), and average circumferential stress (σθ). The

physiological parameters include volumetric blood flow (Q), longitudinal tethering forces [F

(l)], and blood pressure (P). The viscosity of blood (μ) is also included in the wall shear stress

equation. The equations show how changes in the vessel wall dimensions and/or physiological

parameters can alter the wall stresses.
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