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Abstract

In the large arteries, it is believed that elastin provides the resistance to stretch at low pressure,
while collagen provides the resistance to stretch at high pressure. It is also thought that elastin is
responsible for the low energy loss observed with cyclic loading. These tenets are supported
through experiments that alter component amounts through protease digestion, vessel remodeling,
normal growth, or in different artery types. Genetic engineering provides the opportunity to revisit
these tenets through the loss of expression of specific wall components. We used newborn mice
lacking elastin (£/77") or two key proteins (lysyl oxidase, Lox™"~, or fibulin-4, Fbin4™") that are
necessary for the assembly of mechanically-functional elastic fibers to investigate the
contributions of elastic fibers to large artery mechanics. We determined component content and
organization and quantified the nonlinear and viscoelastic mechanical behavior of £/n™7~, Lox™",
and Fbln4™~ ascending aorta and their respective controls. We confirmed that the lack of elastin,
fibulin-4, or lysyl oxidase leads to absent or highly fragmented elastic fibers in the aortic wall and
a 56 — 97% decrease in crosslinked elastin amounts. We found that the resistance to stretch at low
pressure is decreased only in £/7~~ aorta, confirming the role of elastin in the nonlinear
mechanical behavior of the aortic wall. Dissipated energy with cyclic loading and unloading is
increased 53 — 387% in £/n™’~, Lox™~, and FbIn4~~ aorta, indicating that not only elastin, but
properly assembled and crosslinked elastic fibers, are necessary for low energy loss in the aorta.
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Introduction

Charles Roy published what is likely the first study on the mechanical behavior of large,
elastic arteries (Roy 1880). He observed that arteries had maximum distensibility near
physiological pressures and became less distensible at higher pressures. Roach and Burton
attributed this nonlinear mechanical behavior to the unique combination of elastin and
collagen fibers in the arterial wall by selectively digesting each component with proteases
(Roach and Burton 1957). They concluded “that the resistance to stretch at low pressures
was almost entirely due to elastin fibers, that at physiological pressures due to both
collagenous and elastin fibers, but dominantly to collagen, and that at high pressures almost
entirely due to collagenous fibers”. “Elastin fibers” are composed mostly of the protein
elastin, but are associated with dozens of additional proteins (Kielty et al. 2002). We refer to
them by the more general term “elastic fibers”. Numerous studies have used similar protease
digestion methods to obtain data supporting Roach and Burton’s observations (Dobrin and
Canfield 1984; Fonck et al. 2007; Shadwick 1999). When elastic fibers are compromised in
disease or aging, collagen fibers may contribute to the resistance to stretch at lower
pressures, stiffening the aortic wall, and increasing the risk of adverse cardiovascular events
(Greenwald 2007).

In addition to nonlinear mechanical behavior, large arteries show viscoelastic behavior
characterized by energy loss on loading and unloading that helps dampen traveling pressure
waves and prevents resonance (Shadwick 1999). Energy loss is finite, but minimal (15 -
20%), so that most of the stored strain energy imparted during systole is returned as work
done on the blood by the arterial wall (Gibbons and Shadwick 1989). Viscoelastic behavior
can be broken down into elastic and viscous contributions. It is widely believed that the
elastic contribution is due to elastic fibers (Apter 1966), while the viscous contribution is
due to smooth muscle cells (SMCs) (Wells et al. 1999) or collagen fibers and proteoglycans
(Wang et al. 2013). An increased viscous contribution to the mechanical behavior of the
aortic wall is a significant, independent risk factor for coronary artery disease (Taniguchi et
al. 2015). Relative elastic and viscous contributions of the wall components have been
investigated by comparing mechanical behavior after protease digestion to remove specific
components (Zou and Zhang 2011), and in situations where there are changes in component
amounts due to remodeling (Wang et al. 2013), normal development (Wells et al. 1999), and
in different artery types (Fung 1993).

Previous methods to determine wall component contributions to arterial mechanical behavior
have some limitations. Proteases may not be selective for the component of interest or may
only partially digest components (Chow et al. 2013). Removing one component after it has
been integrated into the arterial wall can alter organization of the remaining components
(Fonck et al. 2007). Quantification of components after wall remodeling is complicated by
the changes in properties (i.e. degradation, crosslinking, waviness, and orientation) that
occur along with changes in component amounts (Chow et al. 2013; Fonck et al. 2007).
Comparison of component amounts and mechanical behavior among different artery types is
also complicated by the changes in component properties that are inherent to elastic and
muscular arteries that have very different physiologic roles.
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Genetic engineering offers an opportunity to investigate the contribution of different wall
components to arterial mechanics by completely removing expression and subsequent
incorporation of the component of interest. Elastin knockout mice (£/n™") die soon after
birth with arterial tortuosity, stenoses, and thicker, stiffer aortic walls (Li et al. 1998;
Wagenseil et al. 2009). £/7~~ mice represent a model where elastic fibers are not and never
have been present to contribute to arterial mechanics. Two of the proteins associated with
elastic fibers, lysyl oxidase (LOX) and fibulin-4 (FBLN4), are critical for elastic fiber
assembly and are necessary for postnatal survival in mice. Lox™~and Fb/in4~~ mice die
soon after birth with arterial tortuosity, aneurysms, and have highly disrupted elastic fibers in
the aortic walls (Hornstra et al. 2003; MéKki et al. 2002; Huang et al. 2010; Kim et al. 2015;
McLaughlin et al. 2006). LOX crosslinks elastic and collagen fibers, hence Lox™~ mice
represent a model where the mechanical contribution of these two major components is
altered. FBLN4 interacts with LOX (Horiguchi et al. 2009), and is important for elastic
(McLaughlin et al. 2006) and collagen (Papke et al. 2015) fiber assembly and crosslinking,
S0 FbiIn4™~ mice represent an additional model where elastic and collagen fiber mechanical
contributions are altered. We used aortas from newborn £/77~, Lox™", and Fbln4~~ mice
and their respective wild-type (WT) controls to revisit two major tenets of large artery
mechanics: 1) Resistance to stretch is due to elastic fibers at low pressure and collagen fibers
at high pressure; and 2) Elastic fibers are responsible for low energy loss with cyclic loading
and unloading.

Materials and Methods

Animals

Eln*/~ (Li et al. 1998), Lox*/~ (Hornstra et al. 2003), and Fb/n4*/~ (Huang et al. 2010) mice
were bred to produce the associated wild-type (WT) (*/*) and knockout (KO) (7/-) pups. £/n
and Fbln4 mice are in the C57BL/6 background, while Lox mice are in the B6 albino
background. Pups were used within 24 hours of birth, euthanized by CO, inhalation, and the
entire thoracic aorta or the ascending aorta (AA) was removed. As sex is difficult to
determine in newborn mice, all pups were used and were not separated by sex. For protein
composition studies N = 5 — 6/group, for microstructural studies N = 3 — 5/group, and for
mechanical testing N = 6 — 8/group. All animal protocols were approved by the Institutional
Animal Care and Use Committee.

Aortic protein composition

Protein composition was determined by quantifying the ratios of desmosine, a crosslink
specific to mature elastin, and hydroxyproline, an amino acid abundant in collagen, to the
total protein in the aortic wall. The entire thoracic aorta was removed, hydrolyzed in 6 N
HCI, dried in a speedvac, and then stored at 20°C until use. A competitive ELISA was used
to quantify desmosine amounts (Cheng et al. 2013). An ELISA plate was coated with
desmosine-ovalbumen conjugate (DOC375, Elastin Products Company), the sample and
desmosine antibody (kindly provided by Barry Starcher, University of Texas Health Science
Center) were added simultaneously, then secondary peroxidase labeled anti-rabbit 1gG
(KPL) was added. Hydroxyproline amounts were measured through a Chloramine T reaction
(Jamall et al. 1981) and total protein amounts were measured through a ninhydrin assay

J Biomech. Author manuscript; available in PMC 2018 August 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 4

(Starcher 2001). Absorbance was determined with a microplate reader and protein amounts
were calibrated from a standard curve. Standards were: elastin (E60, Elastin Products Co.),
hydroxyproline (H54409, Sigma-Aldrich), and total protein amino acids (012506C,
Pickering Labs). Hydroxyproline amounts were converted to collagen amounts assuming
that 13.4% of mammalian collagen is hydroxyproline (Neuman and Logan 1950).

Aortic microstructure

AAs were frozen in optimal cutting temperature media immediately after dissection,
sectioned on a cryostat, and fluorescently stained to visualize wall microstructure. Alexa
Fluor 633 Hydrazide (0.6 uM, Life Technologies) was used for elastin staining (Shen et al.
2012; Clifford et al. 2011). CNA35 (kindly provided by Magnus Hook, Texas A&M) labeled
with Oregon Green 488 (Life Technologies) was used for collagen staining (5 pM) (Krahn et
al. 2006). Hoechst 34580 (5 uM, Life Technologies) was used for nuclear staining. Images
were taken on a Zeiss 710 confocal microscope. £/n**, Lox**, and Fbin4*’* AA appeared
similar, so representative WT images were used for qualitative comparison to the KO AAs.
Cell density was calculated by outlining the cross-sectional wall area and counting cell
nuclei per area using Image J software.

Aortic mechanical testing

AAs were stored in physiologic saline solution at 4°C for up to two days before testing
(Amin et al. 2011). The AA was mounted in a 37°C Myograph 110P (Danish
Myotechnology) bath filled with physiologic saline solution, stretched axially to 1.05 times
the unloaded length, and preconditioned by pressurizing for three cycles from 0 — 60 mmHg
at a constant rate (4 mmHg/sec). Average AA axial stretch values are 1.17 in newborn
Fbin4™~and Fbin4*’* mice, but are highly variable across individual samples (Kim et al.
2015). Axial stretch at or below the physiologic value provides similar pressure-diameter
curves (Wagenseil et al. 2005) and we have noted that newborn aorta is susceptible to axial
stretch induced damage, hence we conservatively applied 1.05 axial stretch. The pressure
range was chosen based on previous systolic blood pressure measurements averaging 25
mmHg in newborn £/n*/* and 50 mmHg in £/n~~ mice (Wagenseil et al. 2009).

After preconditioning, AAs were pressurized from 0 — 60 mmHg in 5 mmHg increments (7
sec/increment), and then returned from 60 — 0 mmHg at a constant rate (4 mmHg/sec) for
three cycles, while recording lumen pressure and outer diameter at 2 Hz. AAs were held at 0
mmHg for 60 sec between cycles. Preliminary experiments with newborn £/n*/* AAs
showed that there are no differences in the pressure-outer diameter behavior between the
constant rate cycles and those with step increases in pressure, that three preconditioning
cycles are sufficient for repeatable behavior, and that the AA returns to a stable unloaded
diameter between cycles (Fig. 1). Cross-sectional rings were cut after testing and imaged to
determine the AA unloaded thickness. The raw pressure-outer diameter data for loading of
Lox**, Lox™~, Fbin4*’*, and Fbin4~~ AA have been previously published (Kim et al. 2015;
Staiculescu et al. 2017).
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Data analyses

The unloaded thickness ( 7) was determined by averaging four linear measurements across
the wall in three cross-sectional rings for each AA. The unloaded outer diameter (D,) was
determined from the minimum diameter at 0 mmHg from the mechanical testing data. The
unloaded inner diameter is D; = D, — 2T. Unless there was a problem with video tracking of
the AA diameter, the third recorded loading-unloading cycle was used for all analyses. The
loaded inner diameter (&) was calculated from the unloaded dimensions assuming
incompressibility (Faury et al. 1999). The average circumferential stretch (1) was
calculated by,

o di+do

A .
"Di+D, Eqn. 1

The average circumferential Green strain was calculated by,

_1l
E9—§(/\9 - 1), Eqn. 2

assuming no shear strains.

The average circumferential Cauchy stress (og) was calculated by,

Pd;
do—d;" Egn.3

gp=

The average circumferential second Piola-Kirchoff stress (Sg) was calculated by,

gg

5=22.
N Eqn. 4

Although a thin-walled approximation is not appropriate for newborn mouse aorta because
the radius to thickness ratio is approximately three, radial variations in stress and strain were
ignored by using the average stress and strain values (Ferruzzi et al. 2013). The calculated
Green strain-second Piola-Kirchoff stress curves were numerically integrated using Matlab
(Mathworks) to determine the area under the loading and unloading curves. The area under
the loading curve (A;) represents the stored energy with loading and the area under the
unloading curve (A) represents the returned energy with unloading (Fig. 2A) (Tian et al.
2013). The percent dissipated energy (DE) was calculated by,

A —A
DE="t—"Y %« 100%.
Ap Eqgn.5
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The percent dissipated energy is a measure of the energy lost with each cyclic pressurization
cycle between 0 — 60 mmHg at 1.05 axial stretch.

Since the AA loading and unloading behavior is repeatable at the constant strain rates after
preconditioning, we applied the concept of pseudo-elasticity and separately analyzed the
loading and unloading curves (Fung 1993). Two linear functions were fit to the Green strain-
second Piola-Kirchoff stress loading or unloading curves by systematically varying the
transition point between the functions until the minimum squared error was obtained
between the experimental and calculated stresses for each strain using Matlab. The slopes of
the resulting functions are called the “low modulus” and “high modulus” and are estimates
of the resistance to stretch under low and high pressures, respectively (Fig. 2B). The
transition point represents the strain and stress at which it is hypothesized that the aorta
transitions from elastin-dominant to collagen-dominant mechanical behavior (Tabima and
Chesler 2010).

Statistical analyses

Results

Two outliers (one £/n*/* and one Fbin4*/*) were identified in the pressure-outer diameter
data using SPSS software (IBM). Examination of the data suggested there may have been a
leak during mechanical testing for these AAs, so they were removed from all further
analyses. One-way ANOVA followed by a Bonferroni posthoc test for multiple comparisons
was used to compare all data using Graphpad (Prism) or SPSS software. P < 0.05 was
considered significant.

Aortic protein composition and microstructure

Biochemical assays were used to determine the amounts of crosslinked elastin and total
collagen in the newborn mouse AA. Crosslinked elastin amounts, measured by desmosine,
are reduced 56 — 97% in KO AAs compared to their respective WT controls (Fig. 3A). Total
collagen amounts, measured by hydroxyproline, are similar in all groups. Fluorescence
microscopy was used to examine the organization of elastin, collagen, and cell nuclei in the
newborn mouse AA (Fig. 4). Complete layers of elastic laminae can be seen in WT AA,
which are absent in £/77~ AA and fragmented in Lox™~and Fbln4™~ AA (Fig. 4A — D).
Collagen staining looks relatively normal in all KO AAs, except for the additional layers of
collagen associated with additional SMC/elastic fiber layers through the wall in KO AAs
(Fig. 4E — H). The density of cell nuclei per unit wall area is similar across groups (not
shown), but cell nuclei appear more disorganized in the KO AAs, especially near the lumen
(Fig. 41 - L).

Aortic dimensions and mechanical behavior

Unloaded outer diameters at 0 mmHg from the mechanical tests and measured thicknesses
from cut cross-sectional rings are shown in Fig. 5. Fb/n4~~ AA is 23% larger than Fbind*’*.
The unloaded thicknesses of KO AAs are 18 — 45% larger than their respective WT controls.
Newborn mouse AA demonstrates nonlinear outer diameter vs. pressure behavior (Fig. 6).
Eln™~ AA has smaller diameters than £/n*/*, while Lox™~ AA and Fbin4™~ AA have larger

J Biomech. Author manuscript; available in PMC 2018 August 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 7

diameters than their respective WT controls for the loading data between 5 — 30 mmHg. The
WT AAs show similar diameter-pressure behavior to each other, with slight shifts in the
absolute diameter values. The loading and unloading data follow similar paths for each WT
group. The loading and unloading data follow different paths for each KO group, with the
largest differences between loading and unloading paths observed in £/n7~ AA.

Average circumferential Green strain vs. second Piola-Kirchoff stress data are shown in Fig.
7. Strain energy values were calculated by numerically integrating the strain-stress curves.
There are no differences in the stored energy with loading between groups, but the returned
energy with unloading is 43 — 69% lower for the KO AAs compared to their respective WT
controls (Fig. 8). These differences leads to a 53 — 387% increase in dissipated energy for
one pressurization cycle for the KO AAs compared to their respective WT controls. Bilinear
functions were fit to the circumferential Green strain vs. second Piola-Kirchoff stress data to
quantify and compare the mechanical behavior between groups. The transition Green strain
is similar for loading and unloading data for all groups (Fig. 9A). The average transition
second Piola-Kirchoff stress is 27 — 72% lower for the KO AAs compared to their respective
WT AAs, except for the loading data of Lox™~ AA compared to Lox** AA (Fig. 9B). The
low modulus is decreased 82% in £/n”~ AA for unloading only (Fig. 9C), while the high
modulus is similar in all groups (Fig. 9D).

Table 1 provides a summary of the different mouse models, the crosslinked elastin and total
collagen amounts, and the measured changes in aortic mechanical behavior.

Discussion

Newborn £/n™~, Lox™~, and Fbln4~~ mice allow us to revisit basic tenets of how elastic
and collagen fibers contribute to the nonlinear, viscoelastic behavior of the aortic wall.
Biochemical assays confirm that the absence of elastin expression leads to essentially no
crosslinked elastin, while the absence of lysyl oxidase or fibulin-4 expression severely
decreases the amount of crosslinked elastin. There are no compensatory increases in total
collagen amounts. The protein quantification results are consistent with previous studies
(Hornstra et al. 2003; Li et al. 1998; McLaughlin et al. 2006). The fluorescence microscopy
images confirm that the lack of elastin, fibulin-4, or lysyl oxidase results in absent or
severely disrupted elastic fibers in the aortic wall. The microscopy images suggest changes
in cellular organization, but do not show any obvious changes in cell or collagen amount or
collagen organization for the KO AAs. The fluorescence microscopy results are consistent
with previous data on the aortic microstructure in these mice (Wagenseil et al. 2009; Maki et
al. 2002; Huang et al. 2010; Kim et al. 2015).

Severe defects in elastic fibers are associated with thickening of the aortic wall in newborn
mice. Wall thickening may be a remodeling response to altered circumferential stresses
during development (Wells et al. 1999), caused by mechanical and hemodynamic changes
accompanying the elastic fiber defects. The absence of elastin leads to a smaller AA
diameter when pressurized and is consistent with the aortic stenosis phenotype observed in
humans with mutations in the elastin gene (Li et al. 1997). The absence of lysyl oxidase or
fibulin-4 leads to a larger AA diameter when pressurized and is consistent with the aortic
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aneurysm phenotype of humans with mutations in lysyl oxidase (Guo et al. 2016) or
fibulin-4 (Hucthagowder et al. 2006). The data show that the absence of elastic fibers vs.
improper assembly and crosslinking of elastic fibers have similar effects on the AA wall
thickness, but differential effects on the AA diameter-pressure behavior.

Roach and Burton put forth the tenet that the resistance to stretch at low pressure in large
arteries is due to elastic fibers (Roach and Burton 1957). Although all three KO mouse
models have severe decreases in the amount of crosslinked elastic fibers, only the £/77~ AA
has reduced low modulus values and the low modulus is only significantly different for the
unloading data. This indicates that the elastin protein itself, and not necessarily properly
assembled and crosslinked elastic fibers, provide the resistance to stretch at low pressures in
the newborn mouse aorta. It also highlights the importance of examining both loading and
unloading behavior. Our results extend previous studies where arterial elastin is digested
with specific proteases (Dobrin and Canfield 1984; Fan et al. 2005; Fonck et al. 2007).

The second part of Roach and Burton’s tenet is that the resistance to stretch at high pressure
in large arteries is due to collagen fibers (Roach and Burton 1957). Although the absence of
lysyl oxidase decreases collagen crosslinking (Hornstra et al. 2003) and fibulin-4 has been
implicated in collagen fiber assembly and crosslinking (Papke et al. 2015), we did not see
any changes in the high modulus values for Fb/n47~ or Lox™~ AA. Since we found no
changes in absolute collagen amounts, our results indicate that other compensatory
mechanisms, such as changes in the type, distribution, structure, and crosslinking of
different collagen proteins, are in place to maintain the resistance to stretch at high pressure
in the absence of lysyl oxidase or fibulin-4.

The transition from elastin-dominant to collagen-dominant mechanical behavior (Tabima
and Chesler 2010) occurs at the same Green strain, but lower second Piola-Kirchoff stresses,
when elastin is absent from or is improperly assembled and crosslinked in the aortic wall.
The nonlinear behavior is usually attributed to wavy collagen fibers that do not begin to bear
load until straightened (Fung 1993). Our results suggest that the waviness of the collagen
fibers in the aortic wall is similar in KO and WT AAs, so that they begin to bear load at the
same strain, but that the reduced amounts of crosslinked elastic fibers present in the KO AAs
cannot support the same stress as WT and so collagen fibers begin contributing at lower
stresses. The relationship of the transition point to the physiologic loading conditions is
critical for determining the /n vivo behavior of the aortic wall. The second Piola-Kirchoff
stress at 25 mmHg, the average systolic pressure in a newborn WT mouse (Wagenseil et al.
2009), is 5 — 10 kPa for all groups, which is in the same range as the transition stress. This
indicates that both elastic and collagen fibers contribute to the aortic mechanical behavior at
physiologic pressures in newborn mouse AA, as put forth by Roach and Burton (Roach and
Burton 1957), and that small changes in the physiologic loading conditions near the
transition point can significantly affect the /n vivo aortic mechanical behavior and
consequent cardiovascular function (Greenwald 2007).

KO AAs have significantly increased dissipated energy compared to WT. The large increase
is consistent with the tenet that elastic fibers are responsible for low energy loss in the large,
elastic arteries. The major component of elastic fibers, elastin, alone is not enough, however,
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correctly assembled and crosslinked elastic fibers are necessary for low energy loss. Fluid-
structure interaction models show that increased viscous behavior of the arterial wall affects
pressure wave dissipation in the cardiovascular tree (Maxwell and Anliker 1968; Ghigo et al.
2017; Perdikaris and Karniadakis 2014). Altered pressure wave dissipation may affect small
vessels such as the coronary arteries, as evidenced by a viscoelastic index that is a
significant, independent risk factor for coronary artery disease (Taniguchi et al. 2015). /n
vitro studies have shown that elastic and viscoelastic substrate properties can influence cell
behavior (Chaudhuri et al. 2015). Hence, viscoelastic properties of the aortic wall may affect
cardiovascular function and influence cell-directed remodeling in elastic fiber disease and
are an important direction for future work.

The mouse models used in this study have severe elastic fiber defects. Less severe mouse
models of elastic fiber defects survive to adulthood and offer additional insight into the role
of elastic fibers in arterial mechanics. Elastin haploinsufficient (£/7%/~) mice have 60% of
the normal elastin levels (Faury et al. 2003), while fibulin-5 knockout (F6/n57~) mice have
normal crosslinked elastin levels, but fragmented elastic fibers (Le et al. 2015).
Microstructurally-based constitutive modeling of biaxial mechanical test data suggests that
collagen fiber structure or orientation are altered in £/7*/~and Fb/n5~~ arteries to maintain
circumferential mechanical behavior near WT levels (Cheng et al. 2013; Wan and Gleason
2013). Compensatory remodeling of collagen fibers during development may also play a
role in our current study.

In conclusion, we offer two revised tenets of large artery mechanics that highlight the
differential contributions of elastin vs. properly assembled and crosslinked elastic fibers: 1)
Resistance to stretch is due to elastin at low pressure; and 2) Crosslinked elastic fibers are
responsible for low energy loss on loading and unloading. We do not include collagen or cell
contributions in our revised tenets at this time, as additional studies are needed to further
investigate their roles.

We interpret our results in £/7~, Lox™~, and Fbln4~~ AA to be the result of the absence of
properly assembled and crosslinked elastic fibers. Although there were no changes in cell
density or total collagen amounts, there could be compensatory changes in other cell or
collagen characteristics that contribute to the observed differences in mechanical behavior.
Future studies must carefully evaluate contributions of other major wall components.
Newborn mouse AA is limited in size and has a natural curvature, so bending moments and
end effects may be present during mechanical testing. We evaluated only circumferential
mechanical behavior at a single axial stretch ratio within a small range of cyclic loading
rates. Future studies should include axial mechanical behavior and a more comprehensive
analysis of viscoelastic properties.
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Fig. 1.

Rgpresentative preliminary mechanical tests in newborn £/n*/* AA to investigate the effects
of pressurization rate and repeatability. Time vs. pressure (A) and time vs. outer diameter
(B) show constant loading and unloading rates for the first two cycles, then step
pressurization rates for the loading portion only of the next four cycles. After the fourth
cycle, a 60 sec wait time was implemented between cycles to allow the diameter to return to
a stable unloaded value. The resulting outer diameter-pressure curves (C) do not vary with
pressurization rate and are highly repeatable for each cycle number.
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Fig. 2.
Representative circumferential Green strain vs. second Piola-Kirchoff (2nd P-K) stress data

for a newborn Lox** AA. Loading and unloading data are shown to demonstrate energy
calculations (A). Stored energy is the total area under the loading curve (light gray + dark
gray). Returned energy is the total area under the unloading curve (dark gray). Dissipated
energy is the percent energy lost during one complete loading and unloading cycle
(represented by the light gray area). Loading data are shown to demonstrate the transition
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strain, transition stress, low modulus, and high modulus calculations (B). Two linear
functions were fit to the data and the transition point between the functions was determined.
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Fig. 3.

Protein composition of newborn mouse AAs. KO AAs have significantly reduced amounts
of crosslinked elastin, as measured by a competitive ELISA for desmosine, an elastin-
specific crosslink (A). There is no compensatory increase in total collagen amounts, as
measured by a reaction with hydroxyproline, an amino acid abundant in collagen (B). * =P
<.05. Mean % SD are shown on the scatter plots. N = 5 — 6/group.
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Fig. 4.
Cross-sectional images of newborn AAs. Elastin is red, collagen is green, and cell nuclei are

cyan. Elastic lamellae are uninterrupted in WT AA, absent in £/77~ AA, and fragmented in
Lox™~and Fbin47~ AA (A - D). Collagen appears normal in KO AAs (E — H). The cell
density is similar across groups, but the nuclei appear disorganized near the lumen of KO
AA:s (I - L). Composite images are shown in panels M — P. The lumen is at the bottom of the
images. Scale bar =20 um. 3 — 5 aortic sections were examined for each group.
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Unloaded dimensions for newborn mouse AAs. The outer diameter at a pressure of 0 mmHg
is larger in Fbin4™~ AA than Fbin4*/* (A). The unloaded wall thickness measured from cut
rings is larger for all KO AAs than WT (B). * = P < .05. Mean £ SD are shown on the scatter

plots. N = 6 — 8/group.

J Biomech. Author manuscript; available in PMC 2018 August 16.

Black = WT
Gray = KO *
*

v

& .
% W A
I L & © & 1
+ = +* + =t
S ] 3 o = £
W ~ - ey
~ If L

] ] L

Ein Lox Fbin4



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kim et al. Page 19
+/+
Black = Eln*/* Black = Lox™/ Black = Fbin4™/*
Gray= Eln" | Gray=Lox Gray= Fbin4™"
60 - | 60 - HEBH 60 -
S 50 - S 50 o 50 -
Ic'.n 50 :EJ E
E 40 £ 40 - £ 40
£ 30 £ 30 - 3 30 -
n 2 7]
® 20 - @ 20 £ 20
Q * 1 o
10 {xef 10 - 10 -
*d
0 +— : 0 - st i 0 4+—
350 550 750 350 550 750 350 550 750
A diameter (um) B diameter (um) C diameter (um)

Fig. 6.
Average outer diameter vs. pressure curves for newborn £/n (A), Lox (B), and Fbin4 (C)

AAs held at 1.05 axial stretch. The average outer diameter was calculated for every 5 mmHg
pressure increment. All KO diameters are significantly different from WT at 5 — 30 mmHg
for the loading data. Lox™~and Fb/n4™~ AAs show diameter differences from their
respective WT controls for the unloading data as well. All KO AAs show larger differences
between the loading and unloading behavior than WT. Open symbols, dotted lines = loading.
Filled symbols, solid lines = unloading. * = P <.05. Mean = SEM. N = 6 — 8/group.
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Fig. 7.
Average Green strain vs. second Piola-Kirchoff (2nd P-K) stress curves for newborn E/n

(A), Lox (B), and Fbin4 (C) AAs pressurized cyclically from 0 — 60 mmHg at 1.05 axial
stretch. The average strain and stress were calculated from the outer diameter at every 5
mmHg pressure increment. £/77~ curve is shifted to the right, Lox™~ curve is similar to,
and £Fbln4~~ curve is shifted to the left of their respective WT controls. All KO AAs show
larger differences between the loading and unloading behavior than WT. Filled symbols,
solid lines = unloading. Mean = SEM. N = 6 — 8/group.
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Fig. 8.

Quantification of energy stored, returned, and dissipated for newborn mouse AAs
pressurized from 0 — 60 mmHg at 1.05 axial stretch. Stored energy (A) and returned energy
(B) are the areas under the loading and unloading Green strain vs. second Piola-Kirchoff
stress curves, respectively. Dissipated energy (C) is the percent energy lost during one
complete loading and unloading cycle. All KO AAs have significantly reduced returned
energy and increased dissipated energy. * = P < .05. Mean and SD are marked in the scatter
plots. N = 6 — 8/group.
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Fig. 9.

Quantification of Green strain vs. second Piola-Kirchoff (2nd P-K) stress curves for
newborn mouse AAs. The transition between the low and high modulus values is thought to
represent the point at which the AA mechanical behavior shifts from elastin-dominated at
low pressure to collagen-dominated at high pressure. The transition Green strain is similar
across groups (A). The transition 2nd P-K stress is reduced in most KO groups for loading
and unloading (B). The low modulus is decreased only in £/77~ AA for unloading (C). The
high modulus is similar across groups (D). * = P <.05. Mean and SD are marked in the
scatter plots. N = 6 — 8/group.
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