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ARTICLE INFO ABSTRACT

Keywords: Aortic wall material properties are needed for computational models and for comparisons across developmental
Elastin and disease states. There has been abundant work in comparing aortic material properties across disease states,
g\?rta hani but limited work across developmental states. We performed passive biaxial mechanical testing on newborn
romechanics . mouse aorta with (Eln™/*) and without (Eln~/") elastin. Elastin provides elasticity to the aortic wall and is
Constitutive modeling . . . . . N o
Maturation necessary for survival beyond birth in the mouse. Mechanically functional elastin is challenging to create in vitro

and so Eln~/~ aorta can be a comparison for tissue engineered arteries with limited elastin amounts. We found
that a traditional arterial strain energy function provided reasonable fits to newborn mouse aorta and generally
predicted lower material constants in Eln~/~ compared to Eln*/* aorta. At physiologic pressures, the circum-
ferential stresses and moduli trended lower in Eln~/~ compared to Eln*/* aorta. Increased blood pressure in Eln~/
~ mice helps to alleviate the differences in stresses and moduli. Increased blood pressure also serves to partially
offload stresses in the isotropic compared to the anisotropic component of the wall. The baseline material pa-
rameters can be used in computational models of growth and remodeling to improve understanding of devel-
opmental mechanobiology and tissue engineering strategies.

1. Introduction

Passive biaxial mechanical behavior of adult mouse aorta has been
well-characterized and has provided insight into how mechanical
changes in the aortic wall may be linked to disease progression (Bellini
et al.,, 2017). However, adult mouse aorta represents an already
remodeled or diseased state and does not provide information on how
the aorta progressed to the current state. Growth and remodeling models
have been used to understand how mechanical forces during develop-
ment and maturation contribute to mechanical behavior of the adult
aorta (Wagenseil, 2011), but there is limited experimental data to
inform starting material parameters for embryonic or newborn aorta
(Murtada et al., 2021; Cheng et al., 2013).

We performed passive biaxial mechanical testing on newborn (<24 h
old) mouse aorta to quantify mechanical behavior at this young age. We
fitted a constitutive model based on a fiber-reinforced composite that
has been used extensively for adult aorta (Holzapfel et al., 2000). We

previously used a similar model to calculate elastin and collagen con-
tributions in maturing mouse aorta from 3 to 60 days of age (soon after
birth to adulthood) and predict how these contributions change with
postnatal maturation and elastin haploinsufficiency (Eln™") (Cheng
et al., 2013). Elastin is the core component of elastic fibers that provide
reversible distensibility to the large, conduit arteries. Collagen provides
strength and limits over-distension of the arterial wall at high pressures.

We compared passive biaxial mechanical behavior of control (wild-
type) aorta to aorta from mice that do not express elastin (Eln~/"). ElIn™”/
~ mice die soon after birth from severe elastic fiber defects (Li et al.,
1998). We previously showed that the absence of elastin leads to
increased stiffness (Wagenseil et al., 2009) and energy dissipation (Kim
et al., 2017) in the newborn mouse aorta, confirming the role of elastic
fibers in providing elasticity to the aortic wall. Our previous study did
not include biaxial mechanical data or fitting of constitutive models to
fully characterize changes in aortic material behavior.

Our current results provide biaxial material properties for newborn
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wild-type mouse aorta that are applicable for growth and remodeling
studies and for Eln~/~ mouse aorta that are relevant to elastic fiber
disease (Merla et al., 2012) and tissue engineered arteries (Patel et al.,
2006) with absent or reduced amounts of functional elastic fibers. Our
constitutive model also provides insight into the contributions of elastic
fibers to biaxial mechanics in the maturing mouse aorta.

2. Methods
2.1. Animals

EIn™/ mice (Li et al., 1998) were bred to produce Eln~/~ and ElIn*/*
pups. All pups were sacrificed within 24 h after birth by thoracotomy
under 2.5% isoflurane or CO, inhalation. Ascending aortic (AA) seg-
ments from the root to the brachiocephalic artery were used for all
studies. Sex of the animals was not determined. All animal protocols
were approved by the Institutional Animal Care and Use Committee at
Washington University.

2.2. Wadll structure

AAs were frozen in optimal cutting temperature media, sectioned on
a cryostat, and fluorescently stained to visualize wall structure. Elastin
was stained with Alexa Fluor 633 Hydrazide (0.6 pM, Life Technologies)
(Shen et al., 2012; Clifford et al., 2011). Collagen was stained with
CNA35 (kindly provided by Magnus Hook, Texas A&M) labeled with
Oregon Green 488 (Life Technologies) (5 pM) (Krahn et al., 2006). Cell
nuclei were stained with Hoechst 34580 (5 pM, Life Technologies).
Images were taken on a Zeiss 710 confocal microscope at 40x magni-
fication. Three — four AAs from each genotype were examined.

2.3. Passive 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 on custom
stainless steel cannulae that have machined grooves to hold 7-0 silk
suture ties in a 37 °C Myograph 110P (Danish Myotechnology) bath
filled with physiologic saline solution (Amin et al., 2012). The AA was
stretched axially to 1.05 times the unloaded length between sutures ties,
and preconditioned circumferentially by pressurizing for three cycles
from 0 to 60 mmHg. The pressure range was chosen based on previous
systolic blood pressure measurements in newborn Eln™" and Eln~/~
mice (Wagenseil et al., 2009). The AA was preconditioned axially by
stretching from approximately 1.05-1.25 the unloaded length at O
mmHg. The axial stretch values varied slightly for each AA to avoid
overstretch and irreversible damage.

After preconditioning, the AA was subjected to three constant length
inflation cycles from 0 to 60 mmHg near 1.05, 1.15, and 1.25 times the
unloaded length and three constant pressure axial stretch cycles near
1.05-1.25 times the unloaded length at 12, 24, and 36 mmHg. For the
inflation cycles, the AA was pressurized in 5 mmHg step increments,
holding for 12 s at each step. For the axial stretch cycles, the AA was
stretched by manually turning a micrometer attached to one end of the
AA at a rate of approximately 20 pm/s. Three of each inflation or axial
stretch cycles were performed while recording outer diameter, lumen
pressure, and longitudinal force at 2 Hz. Axial stretch with respect to the
unloaded configuration was calculated based on the distance traveled by
the artery mounting rod. Only AAs that underwent all six mechanical
testing protocols were included in the data analysis. A total of seven
EIn*/* and six Eln~’~ AAs were included in the analyses. The pressure-
outer diameter data for one inflation cycle at 1.05 axial stretch have
been previously published (Kim et al., 2017). Cross-sectional rings were
cut after testing and imaged to determine the AA unloaded thickness.
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2.4. Data analyses

The unloaded thickness (T) 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. The unloaded diameter and thickness
values have been previously published (Kim et al., 2017). Unless there
was a problem with video tracking of the AA diameter, the third
recorded loading cycle was used for all analyses. The loaded inner
diameter (d;) was calculated from the unloaded dimensions assuming
incompressibility (Faury et al., 1999). Although a thin-walled approxi-
mation 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 (Fer-
ruzzi et al., 2013). Since the AA loading and unloading behavior is
repeatable at the constant strain rates after preconditioning, we applied
the concept of pseudo-elasticity and analyzed only the loading curves
(Fung, 1993).

Assuming the aorta acts as an incompressible cylinder with no shear,
the mean arterial wall stresses in the circumferential (649) and axial (¢,,)
direction can be calculated from:

Pr;

o —1i

®

Opog =
Pr?
6. = AP )
"E-r)

where P is the internal pressure, f is the measured axial force, r; is the
inner radius and r, is the outer radius of the inflated aorta.

2.5. Constitutive modeling

For an axisymmetric cylinder subjected to non-linear, large elastic
deformation in the absence of shear, the inflation and extension of the
aorta can be described by the deformation gradient (F) and the right
Cauchy-Green (C) strain tensor:

[F] = diag[Ag, 4., 4] ®
[Cl=diag[2}, 42, 27] @

where /; are the stretch ratios in each direction (§ = circumferential z =
axial, and r = radial) defined by:

1 _or

= & ()

and r and R are the radii of the deformed and undeformed configura-
tions, and [ and L are the axial lengths in the deformed and undeformed
configurations.

For an incompressible cylinder, the relevant principle stresses can be
calculated as:

— p, (not summed) (6)

where i = 6, r, or 2, and p is the Lagrange multiplier. Inflation and
extension in the absence of shear requires 6,9 = 6, = 69, = 0.

The passive strain energy function (W) for the aortic wall is repre-
sented as a fiber-reinforced composite with an isotropic term (I) and an
anisotropic term (A) (Holzapfel et al., 2000):
w=w+w' )

The isotropic term is a neo-Hookean solid:

w! :%‘ (I, —3) ®
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where c; is a material parameter, and the first invariantis; = trC =
4%+ 22+ 22. The anisotropic term is two symmetrically oriented fiber-
families with exponential behavior:

2
A_ N2 (i)
W 2 2¢;3 <e 1) ®
where c; and c3 are material parameters and 14 is the fourth invariant for
the kth fiber-family as defined by:
I¥ = 2 cos? (@) + Asin® (") 10

where +a represents the angle of the fiber families in the unloaded
configuration with respect to the circumferential direction. The linear-
ized elastic moduli in the circumferential () and axial ({;) directions
were calculated by (Baek et al., 2007):
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2.6. Parameter fitting

The material parameters (c; — c3) and unloaded fiber family angle (@)
were determined by constrained nonlinear regression to minimize the
error between the experimental and predicted circumferential and axial
stress values for every data point, i, using the fmincon function in Matlab
(Mathworks). The error is defined as:

S (00000 (i) = Go0prea (D))’ |2 (Grzonp i) = Oepreali))’
Z ((709.exp (l)) : Z (O—ZZ-,CXP (l)) ?

The material parameters were constrained to the positive domain,
and a was only allowed to vary between 0° and 90° with 0° aligning with
the circumferential axis. Parameter fitting was performed on data for
each individual aorta. Multiple initial parameter estimates were
randomly generated to ensure a global minimum was found. Preliminary
results showed that some minimum stress contribution was needed for
the isotropic term to prevent it having zero contribution in both Eln™/~
and Eln*/* AA. Hence we implemented a constraint that the minimum
stress contribution from the isotropic term was at least 10% of the total
circumferential stress over the entire loading protocol, as we have done
previously in fitting constitutive equations to young mouse aorta (Cheng
et al., 2013). Specifically, the constraint:

error = 13)

O'(I%,/O'/}() > 10% (14)

was implemented. To enforce the constraint in Eqn. (14), a penalty
function was included in the final minimization function:

min_error = error + Z (penalty(i)) (15)

where penalty(i) is a penalty function applied to each data point, i, to
enforce the minimum circumferential stress contribution of the isotropic
term. The penalty function is:

ol ol
penalty(i) =0.1 — =% if =% < 0.1 (16)
Ogo O

2.7. Statistical analyses

All values are presented as individual data points (when possible)
with mean and standard deviation. Results were compared with an
unpaired, two-tailed t-test with Welch’s correction for unequal standard
deviations or with a one-way ANOVA followed by Tukey’s multiple
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comparison test using GraphPad Prism software. P < 0.05 was consid-
ered significant, while P < 0.1 was considered a trend.

3. Results
3.1. Wall structure of newborn mouse AA

Representative images of the elastin, collagen, and cell nuclei in the
AA wall are shown in Fig. 1. In EIn*/" AA, cell nuclei are organized in
layers surrounded by elastin throughout the medial (middle) layer of the
wall. Faint collagen signal is detected in the medial layer, with larger
collagen amounts in the adventitial (outer) layer of the wall. In Eln~/~
AA, there are still layers of cell nuclei, but there is no elastin present in
the wall. The collagen signal is strong throughout the wall thickness. The
increased collagen signal in Eln™/~ AA may be due to more collagen
being available for binding to the CNA35-Oregon Green 488 in the
absence of elastin, as collagen amounts measured by a biochemical assay
for hydroxyproline are similar between the two genotypes (Kim et al.,
2019). The Eln™/~ AA wall is thicker than Eln™™, as confirmed by
unloaded dimension measurements (Fig. 2c).

3.2. Passive biaxial mechanical behavior of newborn mouse AA

Images of an Eln*/* AA at 1.15 times the unloaded length and
inflated to 0 and 60 mmHg are shown in Fig. 2a and b. The average
unloaded diameter and thickness values are shown in Fig. 2¢. Individual
values are provided in Supplemental Table S1. The AA starts out cylin-
drical at 0 mmHg, but approaches a spherical shape at 60 mmHg,
indicating that the cylindrical assumption may not be valid for the entire
loading protocol. The length:diameter ratio is approximately 2:1 at 0
mmHg, so end effects may be significant. We developed a preliminary
finite element model in Comsol based on Brinkley et al. (Brinkley, 2006)
using the average unloaded dimensions, fitted parameters, and different
length:diameter ratios for each genotype. For all length:diameter ratios
>1, the finite element model predicted diameters and axial forces at the
mid-axial region were consistent with the experimental values shown in
Fig. 3, indicating that the material parameters fitted using our simpli-
fying assumptions can reproduce the experimental results.

Representative pressure-diameter-force-axial stretch (Fig. 3) and
stress-stretch (Fig. 4) data show the expected nonlinear behavior for the
mouse AA (Bellini et al., 2017; Cheng et al., 2013). The force consis-
tently decreased with increasing pressure, even at the higher axial
stretch values. This behavior is unlike adult mouse arteries where the
force increases with increasing pressure at axial stretches above physi-
ologic values (Ferruzzi et al., 2013). In preliminary experiments,
increasing the axial stretch caused irreversible damage and plastic
deformation of the AA, so conservative values were used for the axial
stretch in all experiments and the AA may not have been stretched
enough to reach a point of increasing force with pressure. The predicted
data from fitting the material parameters in the strain energy function
are overlaid with the experimental data in Figs. 3 and 4.

3.3. Fitted material parameters for newborn mouse AA

Overall, the strain energy function showed a reasonable fit to the
experimental data (R2 = 0.64-0.84), with R? for Eln~/~ AAs trending
lower than Eln*/* AAs (P = 0.053, Fig. 5a). Multiple strain energy
functions previously used for arterial tissue, including modifications of
the current fiber-reinforced composite function with three fiber families
(Cheng et al., 2013), four fiber families (Baek et al., 2007), or two to
three fiber families with a fiber dispersion function for the symmetri-
cally oriented pair of fiber families (Gasser et al., 2006) and Fung-type
functions with seven (Chuong and Fung, 1986) or four parameters
(Takamizawa and Hayashi, 1987), were fitted to the experimental data
with only small increases in R? for either genotype, despite increases in
the number of fitted parameters in most cases. For all strain energy
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functions, R? for Eln~/~ AAs trended lower than Eln™* AAs (Supple-
mental Table S2 — S8).

The fitted material parameters are shown in Fig. 5. The isotropic
constant, ¢, is 37% lower in Eln~’~ compared to Eln™/* AA (Fig. 5b). For
the anisotropic fibers, the first material constant, ¢y, is 52% lower in
Eln™’~ compared to Eln™* AA (Fig. 5c), while the second material
constant, cs, is similar between groups (Fig. 5d). The angle, o, of the
anisotropic fibers is similar between groups (Fig. 5e). The ratio of ca/c3 is
a measure of the nonlinearity of the anisotropic fibers and is similar
between groups (Fig. 5f). Individual values for the fitted material con-
stants for each aorta for all strain energy functions are provided in
Supplemental Table S2 — S8.
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Fig. 1. Aortic wall structure. Cross-sections of newborn Eln*’* (a—d) and Eln~/~ (e-h) AA stained for elastin (a,e), collagen (b,f), cell nuclei (c,g), and composite (d,
h). Scalebar = 10 pm.

d Overlay

3.4. Physiologic mechanical states for newborn mouse AA

It is necessary to compare the mechanical state of the newborn
mouse AA in each genotype under physiologically relevant loading
conditions. To do this, we chose a standard axial stretch of 1.05, as this
was our first common inflation protocol and previous data showed this
to be a reasonable approximation for newborn mouse aorta (Kim et al.,
2015). We then determined the circumferential stretch ratio from our
experimental data at the measured systolic pressure in each genotype.
We recently measured the average systolic pressures to be 31 and 41
mmHg in newborn Eln™" and Eln~/~ mice, respectively (Kim et al.,
2019). For comparison, we also calculated the Eln~’~ AA mechanical
states at the Eln™" blood pressure value of 31 mmHg. The physiologic
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a 0 mmHg

Genotype | Unl OD (um) Unl thick (um)
Eln*"* 441 %29 62+5

Eln”" 377 +23 88 +4

P value 0.002 <0.001

Fig. 2. Aortic mechanical testing. Eln™" AA mounted in the mechanical test
system at 1.15 axial stretch and inflated to 0 (a) and 60 (b) mmHg. Outer
diameter in the region of maximum dilation is shown. Unloaded outer di-
ameters and thicknesses (mean + SD) measured from cut rings after mechanical
testing are shown in c. N = 6-7/group. P values from two-tailed t-test with
Welch’s correction for unequal standard deviations.

circumferential stretch ratios (Fig. 6a) and linearized axial moduli
(Fig. 6f) are not significantly different between genotypes. The
circumferential stresses (Fig. 6b) and stored strain energies (Fig. 6d) at
physiologic pressures are not different between genotypes, but are
significantly reduced in Eln~/~ compared to Eln*/* AA at a common
pressure of 31 mmHg. The physiologic axial stresses are 42-56% lower
(Fig. 6¢) and the incremental circumferential moduli are 32-63% lower
(Fig. 6e) in Eln~/~ compared to Eln™/* AA. In all cases where the
physiologic mechanical states are lower in Eln~/~ compared to Eln*™/*
AA, the differences would have been even greater if the Eln~/~ mice had
comparable blood pressure to Eln*/* mice (e.g. Fig. 6b—e).

We are interested in comparing the relative contributions of the
isotropic and anisotropic components to the physiologic stresses to
better understand developmental AA mechanics and remodeling due to
the lack of elastin. The isotropic contribution to the circumferential and
axial stresses ranges from 14 to 42% (Fig. 7a and b). The isotropic stress
ratios are not significantly different between genotypes at their physi-
ologic pressures, but are significantly different or trend towards reduced
values in Eln~/~ compared to Eln*/* AA at a common pressure of 31
mmHg. The anisotropic contribution makes up the rest of the total
stresses and is 58-86% in each direction (Fig. 7c and d). The increased
physiologic pressure in Eln~/~ mice serves to increase the anisotropic
stress contribution and decrease the isotropic stress contribution
compared to values calculated at Eln*/* physiologic pressure.

Journal of the Mechanical Behavior of Biomedical Materials 126 (2022) 105021

4. Discussion
4.1. Elastin and aortic development

Elastin is uniquely designed to provide elasticity to tissues that un-
dergo passive stretch and cyclic loading, including the large arteries, the
bladder, and the lungs. In the large arteries, elastin allows the wall to
stretch during systole and elastically recoil during diastole, doing work
to aid the heart in circulating blood. In the mouse aorta, collagen and
elastin deposition begin late in embryonic development and continue
through early postnatal maturation, following a similar temporal in-
crease to blood pressure and flow, and suggesting that these extracel-
lular matrix proteins are laid down either in response to or in
preparation for increases in hemodynamic forces (Wagenseil and
Mecham, 2009). A better understanding of mechanically induced
remodeling during aortic development is critical for recreating the
process in tissue-engineering and manipulating the process for disease
interventions and treatments. A key starting point is quantification of
aortic material properties at different developmental stages. While many
groups have focused on mechanical characterization of the adult aorta,
there is limited experimental data on late embryonic and newborn aorta
(Murtada et al., 2021; Cheng et al., 2013). Here, we present biaxial
mechanical data on the AA from newborn mice to provide a starting
point for predictions of growth and remodeling mechanisms during a
critical time of extracellular matrix deposition and hemodynamic
alterations.

Newborn Eln~/~ mice are a unique resource to investigate aortic
growth and remodeling in the presence of perturbations to extracellular
matrix amounts and hemodynamic forces. Eln~/~ AA has no elastin,
increased numbers of smooth muscle cells, and similar collagen amounts
to Elnt/* (Wagenseil et al., 2009; Kim et al., 2019). Eln™’~ mice die soon
after birth due to overproliferation of smooth muscle cells that occlude
the aortic lumen (Li et al., 1998). At embryonic day 18, 2-3 days before
birth, EIn~/~ mice have a longer, thicker aorta with increased stiffness,
but do not have high blood pressure or compromised heart function
compared to Eln*/* mice (Wagenseil et al., 2010). At birth, Eln~/~ mice
continue to have a longer, thicker aorta with increased stiffness, and also
have high blood pressure and compromised heart function, including
reduced ejection fraction and cardiac output, compared to Eln*/* mice
(Wagenseil et al., 2009). Although we had previously quantified the
morphology, dimensions, and stiffness in Eln™’~ aorta, we had not fully
investigated the passive biaxial mechanical behavior of the wall and
how it may adapt to the absence of elastin and the resulting alterations
in hemodynamic forces.

4.2. Alterations to aortic mechanical behavior in the absence of elastin

In Eln~/~ AA, smooth muscle cells still organize into layers sur-
rounded by extracellular matrix (mostly collagen) in the aortic wall
(Fig. 1), consistent with previous observations (Li et al., 1998; Wagenseil
et al., 2009, 2010; Kim et al., 2017). Mechanically, traditional arterial
strain energy functions can describe the behavior of Eln~/~ AA, but not
as well as EIn*/* AA (e.g. Fig. 5a), indicating that additional terms may
be necessary to fully characterize the behavior in the absence of elastin.
We found reduced goodness of fit for a similar strain energy function
applied to the AA from mice lacking fibulin-5 (Fbln5~/7), a critical
component for assembly of elastin into mature elastic fibers (Le et al.,
2015). Bellini et al. (2017) showed a higher fitting error for a similar
strain energy function in 7 out of 9 different mouse models of thoracic
aortic aneurysm associated with fragmented elastic fibers compared to
control.

The fitted constants in the strain energy function are consistently
lower in Eln~’~ AA compared to Eln™/* (Fig. 5). The isotropic term is
typically associated with elastin (Cheng et al., 2013; Holzapfel et al.,
2000; Gasser et al., 2006), so the reduced contribution in Eln™/~ AA is
consistent with the absence of elastin in the wall. Using a similar strain
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energy function, we found a reduced contribution of the isotropic
component in heterozygous elastin (EIn*") (Cheng et al., 2013) and
Fbln5~"~ AA (Le et al., 2015) compared to control at several different
ages throughout postnatal maturation. Bellini et al. (2017) showed a

decreased isotropic constant for a similar strain energy function in
several mouse models of thoracic aortic aneurysm compared to control.

The ratio of the anisotropic constants in the strain energy function is
not different between genotypes (Fig. 5f), but the absolute values are
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P values from one-way ANOVA followed by Tukey’s multiple comparison test.

generally reduced in Eln~/~ AA compared to Eln"/" (Fig. 5¢c and d).
Since the nonlinear behavior is similar, but the absolute values of the
constants are lower, the overall strain energy contribution of the
anisotropic fibers is lower in Eln~/~ compared to Eln*/* AA under
equivalent loading conditions. The anisotropic constants are usually
attributed to collagen (Cheng et al., 2013; Holzapfel et al., 2000; Gasser
et al., 2006), so these results suggest that the mechanical behavior of
collagen in the wall is altered by the absence of elastin. However, pre-
vious work showed that the nonlinear contribution of collagen typically
increases after degradation of elastin in Fbln5~/~ arteries (Le et al.,
2015; Wan et al., 2010) or by elastase treatment (Fonck et al., 2007;
Zeinali-Davarani et al., 2013) due to straightening of the collagen fibers

mice (Kim et al., 2019). For comparison, the Eln

~/~ values were also calculated at 31 mmHg. N = 6-7/group.

and a decreased engagement stretch. It is possible that collagen
remodeling due to the absence of elastin or elastin-related proteins in
newborn aorta is different than later in maturation and adulthood or in
the case of sudden elastin removal by enzymatic degradation. These
differences demonstrate the importance of studying aortic remodeling at
different developmental stages and from varying causes.

4.3. Changes to physiological set points in the absence of elastin

The stretch, stress, modulus, and stored strain energy of the aorta
under physiologic loading conditions are important for mechanically
induced remodeling and maintaining normal cardiovascular function.
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Fig. 7. Component stress ratios. The ratios of the total physiologic stresses carried by the isotropic term (a, b) and the anisotropic term (c, d) in the circumferential (a,
¢) and axial (b, d) directions were calculated to help understand component stress distributions in the newborn AA wall with and without elastin. N = 6-7/group. P

values from one-way ANOVA followed by Tukey’s multiple comparison test.

The circumferential stretch ratio is not different between genotypes
(Fig. 6a). We also found that the physiologic circumferential stretch
ratio is maintained within tight limits throughout postnatal maturation
in Fbin5~/~ and FbIn5"* AA (Le et al., 2015), suggesting that circum-
ferential stretch is an important parameter to control during growth and
remodeling. This is consistent with the idea that smooth muscle cells in
the wall are most efficient at specific stretch values due to the organi-
zation of contractile filaments (Hill, 1938). While the absolute stretch
depends on the zero-stress state, which may be time dependent and may
not be experienced in vivo, the contractile filament (or sarcomere)
arrangement in smooth muscle cells may serve as a reference length for
stretch that drives growth and remodeling (Taber, 1995).

We found that the physiologic circumferential and axial stresses and
moduli are lower in Eln~/~ compared to Eln™'™ and that the increased
blood pressure in Eln~/~ mice serves to increase the values closer to
those of Eln*/* mice (Fig. 6). This implies that blood pressure regulation
may be a response to alterations in stress and/or moduli. We previously
found that physiologic stresses and moduli are similar in young (3-20
days old) AA, but are typically higher in older (21-60 days old) AA from
mice with fragmented (Fbln5_/ ) or reduced amounts (Eln*’") of elastic
fibers (Cheng et al., 2013; Le et al., 2011, 2015) indicating continual
remodeling with maturation as the hemodynamic forces increase.
Smooth muscle cell contractility (Steucke et al., 2015) and differentia-
tion (Nagayama and Nishimiya, 2020) depend on the moduli of the
surrounding extracellular environment. We have suggested a “universal
elastic modulus” across adult species as a target mechanical property
that is best able to provide capacitance and pulse smoothing in the
pulsatile circulatory system (Wagenseil and Mecham, 2009). The line-
arized modulus is a function of the current stress and the slope of the
stress-stretch curve (Baek et al., 2007). Stress dependent growth and
remodeling is commonly applied for soft tissues (Taber, 1995). Modulus
dependent growth and remodeling would involve a complex interplay
between stress and stretch values that is likely not trivial to implement in
computational models. Note that the modulus is different than stiffness,

which is a structural property that takes into account material properties
and geometry. We previously showed that stiffness is increased in Eln ™/~
late embryonic and newborn AA (Wagenseil et al., 2009, 2010), likely
due to the increased wall thickness (Fig. 2c).

The relative stress contributions of the isotropic and anisotropic
strain energy terms to the total physiologic stress may provide insight
into how stress is distributed across wall components. At physiologic
pressures, the contribution of isotropic and anisotropic components to
the circumferential and axial stresses is similar between genotypes.
However, if the groups are compared at a common pressure value of 31
mmHg, the stress contribution from the isotropic term is higher and the
anisotropic term is lower in Eln~/~ compared to Eln™/" AA (Fig. 7). The
increased blood pressure in Eln~/~ mice shifts the values to be similar to
those of Eln*/* mice, perhaps to redistribute the stresses onto the
anisotropic wall components in the absence of elastin. As the isotropic
terms are typically associated with elastin and the anisotropic terms are
associated with collagen (Cheng et al., 2013; Holzapfel et al., 2000;
Gasser et al., 2006), this would serve to shift stresses off of the elastin
and onto the collagen.

We did not include any strain energy terms to explicitly account for
the smooth muscle cells. In previous modeling efforts for the passive
mechanical behavior of postnatal maturation in the aorta, smooth
muscle cells were included as a discrete family of circumferentially
oriented nonlinear fibers (Cheng et al., 2013). However, fitted material
constants provided almost zero stress contribution for that component.
Preliminary work showed similar results for the newborn AA (Supple-
mental Table S3) and so we did not include an additional fiber family in
our chosen constitutive equation. It is likely that the passive smooth
muscle cells contribute in a complex way to both the isotropic and
anisotropic components considered here. Additional investigation is
needed to identify smooth muscle cell contributions to passive aortic
mechanics in developing mice, especially since smooth muscle cells have
a larger contribution in newborn aorta compared to adult due to reduced
amounts of extracellular matrix material at this stage (Murtada et al.,
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2021; Wagenseil and Mecham, 2009).
4.4. Comparisons between newborn and adult aorta

The stretch, stress, modulus, and stored strain energy of the newborn
aorta under physiologic loading conditions are comparable to previous
studies (Murtada et al., 2021; Cheng et al., 2013; Wagenseil et al., 2009;
Kim et al., 2017). While the circumferential stretch values are similar to
adult AA, the stresses, moduli, and stored strain energy of the newborn
AA are an order of magnitude lower than adult AA (Bellini et al., 2017).
The axial stretch ratios used in this study for newborn AA are also
considerably lower than those used for biaxial mechanical testing of
adult AA, although they are near those used for AA after the elastic fibers
have been degraded by elastase (Bellini et al., 2017). The low axial
stretch ratios and the pressure-force behavior (Fig. 3¢ and d) may be
caused by the relatively immature state of the extracellular matrix at this
stage. Recent single cell RNA sequencing data show that extracellular
matrix organization and synthesis pathways are the most upregulated
Reactome pathways for smooth muscle and fibroblast cells in AA from 8
day old mice (Lin et al., 2021). Comparison of stresses and moduli in the
aorta throughout development and evolution suggests that additional
amounts and types of extracellular matrix proteins are produced to
provide the necessary strength and elasticity for increasing hemody-
namic loads (Wagenseil and Mecham, 2009; Wagenseil et al., 2010).
Murtada et al. (2021) propose that extracellular matrix deposition after
birth in the mouse aorta serves to stress-shield the smooth muscle cells.
High extracellular matrix production in the early postnatal period of the
mouse AA is consistent with the stress-shielding hypothesis (Wagenseil
and Mecham, 2009). The passive stress carrying capacity of isolated
smooth muscle cells is estimated to be 10-15 kPa (Steucke et al., 2017)
or about 30% of the physiological circumferential wall stress in newborn
Eln™* AA (Figs. 6b) and 3% of the wall stress in adult AA (Bellini et al.,
2017). Genetically modified mice, such as Eln™/~ and others with
extracellular matrix defects, allow investigation of how smooth muscle
cells respond when the stress-shielding effect is altered during matura-
tion (Staiculescu et al., 2018).

4.5. Limitations

The newborn mouse aorta is not the ideal geometry for mechanical
testing of a cylindrical pressure vessel (Fig. 2). However, performing the
tests in a cylindrical geometry allows biaxial data to be collected and is
closer to the physiologic loading conditions than planar biaxial testing
or indentation experiments. Advanced imaging and finite element
models are needed in future work to determine local stresses in the
unique testing geometry (Bersi et al., 2019). Due to the delicate nature of
the newborn mouse AA, we were conservative in our applied axial
stretches, which may limit the nonlinear behavior captured in the axial
direction. We measured only passive mechanical behavior in the current
study and did not include specific terms to account for smooth muscle
cell contributions to the strain energy function. Additional research is
needed to investigate individual contributions of the smooth muscle
cells (passive and active) and extracellular matrix in newborn AA.

5. Conclusions

Passive biaxial mechanical testing and constitutive modeling of the
newborn mouse aorta with and without elastin provide material prop-
erties for the maturing aorta and in the absence of a key mechanical
component. The properties serve as a starting point for growth and
remodeling studies of the maturing aorta and a comparison for tissue
engineered arteries with varying amounts of elastin.
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