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Abstract

The continuing lack of longitudinal histopathological and biomechanical data for human arteries
in health and disease highlights the importance of studying the many genetic, pharmacological,
and surgical models that are available in mice. As a result, there has been a significant increase in
the number of reports on the biomechanics of murine arteries over the past decade, particularly for
the common carotid artery. Whereas most of these studies have focused on wild-type controls or
comparing controls versus a single model of altered hemodynamics or vascular disease, there is a
pressing need to compare results across many different models to understand more broadly the
effects of genetic mutations, pharmacological treatments, or surgical alterations on the evolving
hemodynamics and the microstructure and biomechanical properties of these vessels. This paper
represents a first step toward this goal, that is, a biomechanical phenotyping of common carotid
arteries from control mice and seven different mouse models that represent alterations in elastic
fiber integrity, collagen remodeling, and smooth muscle cell functionality.
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INTRODUCTION

Together with vertebral arteries, common carotid arteries are important conduits of
oxygenated blood and nutrients to the brain. Diseases of carotid arteries include stiffening
due to hypertension or aging, atherosclerosis (often at or near the carotid bifurcation), and
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sometimes dissection38:39.46 hence these vessels demand careful study. Fortunately, its
nearly straight, circular, uniform thickness geometry devoid of major branches renders the
common carotid artery convenient for biomechanical study, which began in larger
animals®? but now often focuses on mice. Despite the increasing number of papers on the
biomechanical behavior of mouse carotid arteries, data are typically presented either for
wild-type controls or for controls versus a single model of adaptation or disease. Yet, the
increased availability of genetic, pharmacological, and surgical models in the mouse has
created a special opportunity to compare results more broadly. Only in this way can we
exploit this growing data base and identify contributions of particular matrix constituents,
cell-matrix interactions, and cellular behaviors to overall arterial stiffness and structural
integrity.

One goal of this paper, therefore, is to begin the process of consistent biomechanical
phenotyping of common carotid arteries by comparing directly the biaxial mechanical
behaviors of normal controls and seven different mouse models. Four of these models have
been used to study thoracic aortic disease: fibrillin-1 deficient mice (Fbn1MIR/MIR)
fibulin-5 null mice (Fbin5~/"), angiotensin-I1 infused ApoE null mice (Ang-11 ApoE~-), and
smooth muscle a-actin null mice (Acta2~/~). Two of these models have been used to study
effects of muscular dystrophy on arteries: dystrophin deficient mice (mdx) and sarcoglycan-
delta null mice (Sgcd~"). And one model, surgical banding of the aortic arch, has been used
to study longitudinal effects of increased pulse pressure, that is, hypertension. Note,
therefore, that the associated eight basic groups of data provide information on alterations to
extracellular matrix (Fbn1MIR'MIR Fpin5~/~ Ang-1l ApoE™'~, and Aortic Banding), smooth
muscle cell — matrix interactions (mdx and Sgcd™"), and smooth muscle contractility
(Acta2™/~, Ang-11 ApoE~"~, and Aortic Banding), and thereby potentially new insights into
microstructural contributions to arterial mechanics. Finally, another goal of this paper is to
highlight an approach that can facilitate comparisons of data across larger numbers of mouse
models based on reports of geometric data and stored energy functions independent of the
availability of complete sets of raw biaxial data.

METHODS

Data used herein were compiled from experiments performed at Texas A&M University or
Yale University, with approval of the Institutional Animal Care and Use Committee at the
appropriate institution. Male mice were euthanized via an intraperitoneal injection of a lethal
dose of sodium pentobarbital. The common carotid arteries were then excised, gently
cleaned of excess perivascular tissue, cannulated on glass micropipets, and secured with 6-0
silk sutures. The cannulated vessels were placed within a custom computer-controlled
biaxial testing system1® and, in general, equilibrated at 37°C for 30 minutes in a buffered
physiologic solution to render the mechanical behavior passive, then preconditioned via 3
cycles of pressurization from 10 to 140 mmHg at an in vivo value of axial stretch that was
estimated via the force — pressure relationship (i.e., a constant transducer measured force in
response to changes in pressure).

We then performed cyclic pressure-diameter (P-d) tests at multiple fixed lengths (i.e., at the
in vivo axial stretch and approximately 5% above and below the in vivo value) and cyclic
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axial force-length (f-I) tests at multiple fixed pressures (typically 10, 60, 100, and 140
mmHg). Mean in-plane biaxial Cauchy stresses in these up to seven biaxial protocols were
estimated via

Pa f
o9=(tos)=—— Uz:<tzz>:mv @

o
where P is the measured distending pressure, f = fr + a2 P the axial load applied to the
closed-end specimen (with f1 representing the axial load measured directly by the force
transducer), a the deformed inner radius, and h the deformed thickness. In practice,
however, neither a nor h can be measured well on-line. Assuming incompressibility (i.e.,
isochoric motions) during transient loading, it proves useful to calculate a and h in one of
two ways?5. Of these two methods, we now prefer to measure the mean unloaded thickness
H via image analysis of cross-sections of intact excised rings (e.g., by averaging values of
thickness around the circumference that are determined via radial lines that intersect the
unloaded inner and outer contours). After measuring the unloaded outer radius B and
unloaded axial length L of the sample, we calculate the mean wall volume V in the unloaded
configuration as V = 7(B2 — (B — H)?)L. Hence, online measurement of the deformed outer
radius b and the deformed length | (over which volume was measured) enables calculation
of the deformed inner radius a, and thus thickness h, for all subsequent deformations. That
is,

a=1/b2-V/(xl), h=b—a. (2)

Finally, the associated mean biaxial wall stretches (i.e., principal components of the left
stretch tensor) were estimated via

a+h/2 l
)\ = — A = —
“armiy o ©

where A is the undeformed inner radius and | the deformed overall length, respectively.

In the absence of complete microstructural information throughout the arterial wall, we
adopted a previously proposed, microstructurally-motivated, but phenomenological “four-
fiber family model” of the passive behaviorl®. This model is a straightforward extension of
the two-fiber family model of Holzapfel et al.2”, which was postulated to capture
contributions to overall passive load bearing by an isotropic elastin-dominated matrix and
embedded diagonal families of collagen fibers. The four-fiber family model additionally
accounts phenomenologically for possible contributions due to passive smooth muscle
(typically in the circumferential direction), nearly axially oriented collagen fibers (in the
adventitia), and yet unquantified lateral cross-links or effects of physical entanglements; it
has proven useful for quantifying the mechanical behavior of diverse murine carotid
arteries1114.20.49.50 The associated strain energy function W has the form
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where ¢, ¢t and ¢} (i=1, 2, 3, 4) are model parameters, with ¢ and ¢ having units of stress
(kPa) and ¢, dimensionless, C = FT F the right Cauchy-Green tensor, and F the deformation
gradient tensor?®. M'=(0, sina, cosa’,) is a unit vector in the direction of the i fiber
family, where the angle ! is computed relative to the axial direction in a reference
configuration. Thus, axial and circumferential fiber families are oriented at a, =0 and aq =

90 degrees, respectively. In addition, I = trC and 7V, =M’ - CM' are coordinate invariant
measures of deformation, namely

IC:A§+/\§+ IVZ =AZsin?a? +\2cos? of, )

AZAZ’
for F = diag(A,, 14 A;), noting that incompressibility requires A, = 1/(1 4A,).

Independent of the specific form of the strain energy function W, and given the
aforementioned assumption of incompressibility under transient loading, the passive Cauchy
stress can be determined constitutively in 3-D as

ow

T
8CF )
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where p is a Lagrange multiplier that enforces isochoric motions and is determined largely
from radial traction conditions?®. We calculated p by invoking the common assumption that
the radial stress was negligible with respect to the circumferential and axial values. Best-fit
values of the eight model parameters were determined from the aforementioned seven
biaxial testing protocols for all eight groups of mice using a nonlinear least squares
minimization of the error e between the theoretically predicted th and experimentally
inferred exp loads, where

_N ’7 Pth_Pexp 2 fth_fexp 2—|
x| () ) ) o

7

with the overbar representing an average over all data points N included in the regression.
Note, too, that we performed the regressions on data obtained during unloading, which
yields information on the stored energy that is available to do work on the blood during
elastic recoil (i.e., energy not dissipated during cyclic loading), which thereby captures an
important function of a central artery such as the common carotid. Because the linearized
stiffness in unloading is as high or higher than that in loading, using data from the unloading
curves also provides a conservative estimate of wall stiffness and wall stress.
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For comparison, we also tabulate best-fit values of the model parameters that have been
reported previously. In some cases, such regressions were accomplished using different
biaxial testing protocols and a different objective function, as, for example,

o= \/zl () \/22 g

exp P'rp
P 1 1 f

(8)
th €J~P th exp
eg_\/z 1+\/z (o SIL )7

where o again represents the mean stress in the circumferential () or axial (z) directions.

Following determination of best-fit values of the model parameters (equation 4) for
individual specimens within actual experimental data sets, we then re-created and averaged
circumferential and axial Cauchy stress — stretch data for simulated biaxial protocols, that is,
for consistently prescribed loaded configurations. Specifically, given a reference
configuration defined by the unloaded axial length L, outer radius B, and thickness H, the
best-fit model parameters for W, and a prescribed loaded configuration (defined by a
physiologic pressure and axial stretch), biaxial stresses were computed by first determining
the associated circumferential stretch ratio in the loaded configuration. Rearranging equation
1,, a Newton-Raphson algorithm was used to solve the following nonlinear equation

0'19()\19, )\Z)h
a

Px— =0, (9

for the loaded inner radius a, where P* is the prescribed distending pressure at the loaded
configuration, h is the loaded thickness computed via incompressibility, and o1 4A;) is
the circumferential stress expressed as a nonlinear function of principal stretches. After
determining both the inner radius a that minimized equation 9 and the associated
circumferential stretch from equation 31, the Cauchy stresses were then calculated at each
loaded configuration of interest using equation 6 and the best-fit model parameters and
associated axial stretches. This procedure was used to test the hypothesis that given
complete information on the reference configuration and constitutive properties, one can re-
create data for various biaxial testing protocols that can then be used to perform parameter
estimations for any constitutive relation of interest. Such a procedure could obviously
facilitate a consistent comparison of results from different laboratories provided that the
requisite information is available®2.

Finally, we employed the theory of “small deformations superimposed on large” to compute
linearized values of stiffness about a prescribed in vivo state defined by a distending
pressure and axial stretch (i.e., an in vivo pair A4and A;,). This linearized stiffness is given

byl

L1t would be useful, of course, to compare responses to the same pharmacological treatment or surgical procedure by the different
genotypes as well as different arteries for a given phenotype, but this was beyond the present scope.
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where ° are deformation-dependent Cauchy stresses in the finitely deformed configuration
about which the linearization is performed, F° are deformation gradients from an appropriate
reference to the same finitely deformed configuration, and C are associated components of
the right Cauchy-Green tensor. This appropriately linearized stiffness has multiple
advantages. For example, it enables consistent comparisons, given any stored energy
function W, in terms fewer parameters than needed in the different nonlinear forms of W and
it yields values having in vivo relevance, as needed in fluid-solid-interaction simulations of

in vivo mechanics.

To further enable consistent comparisons of results from different laboratories, we mined the
literature for correlations between conscious central blood pressures and those collected
either using a tail cuff device or under different anesthetics. As shown in the Appendix, such
correlations allow reported blood pressures to be adjusted to a common in vivo condition,
which can facilitate comparisons of stress, stiffness, or stored energy. Herein, published
pressures measured via noninvasive tail cuff (pooled controls, Ang-11 ApoE~~, Acta2™ -,
and Aortic Banding) and catheterization under isoflurane anesthesia, (mdx, Sgcd ") were
adjusted to a conscious central systolic state (Appendix). The reported Fbin5~/~ data were at
collected at this preferred state®*.

Table 1 lists hemodynamic, geometric, and mechanical data (mean =+ standard error of the
mean) for pooled controls as well as six of the seven different mouse models: Fbn1MIR/MIR,
FbIn5~/~, Ang-11 ApoE~"~, Acta2™/~, mdx, and Sgcd™~. Many of the same parameters for the
Aortic Banding model at 0, 7-10, 10-14, and 35-56 days post-banding are listed in Eberth
et al.1213 and not repeated here. Note both the considerable similarities and significant
differences in the various metrics amongst these seven groups. In particular, a superscript *
denotes a statistically different value relative to control based on an ANOVA, with a post-
hoc Bonferroni correction, with p < 0.05 considered significant. For example, in vivo wall
thickness and outer diameter at systole ranged from 20 to 34 um and 579 to 680 pm,
respectively, with reported systolic pressures ranging from 80 to 157 mmHg. Because these
values of blood pressure reflected, in part, the different methods of measurement (e.g., tail
cuff or catheter-based) and associated conditions (e.g., conscious or anesthetic used), we
also list “adjusted” systolic pressures, which ranged from 81 to 159 mmHg. Of course,
associated ratios of a/h at individual systolic pressures, ranging from ~ 7.8 to 14.5, likely
contributed to the high systolic values of intramural biaxial stresses (average ~ 170 and 195
kPa in circumferential and axial directions, not including the > 200 kPa stresses in the
Sgcd ™~ model that likely resulted in part from its higher axial stretch). Note, in particular,
that the in vivo axial stretches ranged from 1.4 to 1.80, with the two elastin compromised
models (Fbn1MIR/MIR and Fbin5~/7) exhibiting lower values. The most dramatic reduction
in axial stretch, to 1.27, was found in the 35-56 day Aortic Banding model2:13, Values of
axial stretch affect values of both circumferential and axial Cauchy stress.
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The left panels of Figure 1 show associated P-d and f-P data (also mean + standard error of
the mean) during cyclic pressurization tests at fixed axial stretches near the individual in
vivo values (with n ranging from 5 to 8 per group, except for the pooled controls with n =
16). As it can be seen, P-d responses were similar for four of the seven groups, with the mdx
and Sged ™~ carotids exhibiting an identically reduced distensibility and the Fbin5~/~
carotids exhibiting the lowest distensibility. In contrast, there was greater variation in the
transducer-measured axial force fr needed to maintain fixed the individual values of in vivo
stretch during pressurization tests. Similar findings for the Aortic Banding data are again
found in Eberth et al.1213, Such variations appeared to reflect differences in the in vivo axial
stretch (which ranged from 1.4 to 1.8; Table 1). Axial forces were slightly higher for
Acta2~/~ and Ang-11 ApoE ™ carotids and similarly for mdx and Sgcd ™" carotids, each
compared with controls; on the other hand, the Fbon1MIR/MIR and Fhin5~/~ carotids
exhibited lower axial forces at their individual in vivo axial stretches, which were amongst
the lowest of the seven groups. The right two panels of Figure 1 show data from f-I tests at a
constant pressure of 100 mmHg. Note the similar values of loaded outer diameter amongst
these seven groups with the exception of the larger diameter Acta2~/~ mice and the much
smaller diameter FbIn5~/~ mice. Note, too, that FbIn5~/~ carotids were both the least
distensible (in P-d tests) and least extensible (in f-I tests). These observations emphasize the
importance of biaxial data in any biomechanical characterization of arterial behavior.
Indeed, axial behavior may be particularly important in many arterial adaptations to altered
hemodynamics as well as in cases of altered matrix composition or cell-matrix
interactions®2.

Table 2 lists best-fit values of the eight model parameters (cf. equation 4) for all 11 groups
of data (i.e., those in Table 1 plus 4 groups from the Aortic Banding study), which fit
reasonably well all of the averaged P-d and f-I data. These parameters were thus used to
simulate mean biaxial stress — stretch behaviors. Figure 2 visually compares experimentally
derived (filled black symbols) and theoretically simulated (open symbols, with values
generated using geometric data in Table 1 and model parameters in Table 2) Cauchy stress —
stretch behaviors for three representative genotypes. Because the simulated data were
derived from best-fit model parameters, they can be computed consistently over the same
range of loading conditions; simulations here represent pressure states ranging from 10 to
140 mmHg in increments of 10 mmHg. Results were similar for the other mouse models, but
only three are shown in Figure 2 for clarity. Note that these biaxial simulations consistently
agreed well with actual experimental data (i.e., P-d and f-1 tests) independent of the mouse
model. Moreover, simulated data best matched the actual oA ;4 (top left panel) and o, — A,
(bottom right panel) data (r2 > 0.95), whereas it matched the A,4— A, (top right panel) and o,
— A (bottom left panel) data reasonably well (0.70 < r2 < 0.95), with only one outlier (r% <
0.70) in the stretch-stretch plane. Because the best matches to data were for the stress-stretch
results, which are of primary interest in terms of understanding material behaviorl®, this
finding supports the utility of re-creating biaxial data that are not available but are otherwise
described by an appropriate nonlinear constitutive relation?2. Albeit an arbitrary value, we
recommend that a goodness of fit to “data” sufficient to justify this approach should yield an
r2 > 0.95 in terms of the stress — stretch behaviors. Clearly, such an approach could enable in
the future a broader biomechanical phenotyping across many mouse models studied by
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different laboratories. Our goal herein was merely to validate this approach, however, which
required us to have the actual experimental data in each case and thereby to focus our
attention on a retrospective analysis of the groups reported herein.

Figures 3 and 4 show simulated mean data for the seven groups of Table 1, the former for
models with affected extracellular matrix (Fbn1MIR'MIR Fhin5~/~ Ang-1l ApoE~'") and the
latter for those with affected smooth muscle or smooth muscle — matrix interactions
(Acta2™~, mdx, Sgcd™"). In particular, Figure 3 reveals marked differences in
circumferential and axial Cauchy stress — stretch behaviors due to altered matrix: the
FbIn5~/~ carotids appeared “stiffest” biaxially (i.e., the least distensible and extensible)
whereas Ang-11 ApoE~~, Fbn1MIR/MIR and control carotids exhibited similar behaviors.
Results for these Fbn1M3IR/MIR and Fhin5~/~ carotids versus controls are similar to prior
findings by others1149, but this is the first direct comparison of results across multiple
models of compromised elastic fiber integrity for the same experimental protocols and
methods of data analysis. It appeared that the different “offsets” in axial stress — stretch plots
associated, in large part, with the different levels of axial stretch (cf. Table 1). Similarly,
Figure 4 shows mean circumferential and axial Cauchy stress — stretch behaviors for the
smooth muscle cell affected models. Each of the three models appeared “stiffer” biaxially
(i.e., less distensible and extensible) when compared with the controls, with the mdx and
Sged ™~ carotids appearing slightly stiffer than those from the Acta2~/~ mice.

Table 1 also lists values of linearized stiffness at the adjusted systolic pressure and
individual in vivo axial stretch. Note that these values, computed from unloading curves,
were similar to or slightly higher than those computed from loading curves — for example,
for a subset of control carotids (n = 7), the mean circumferential stiffness was 1.238 and
1.249 MPa and the mean axial stiffness was 2.610 and 2.985 MPa, both in loading and
unloading, respectively. As it can be seen from the Table, the common carotid appears to be
strongly anisotropic, with the axial direction stiffer than circumferential. Moreover,
consistent with the stress — stretch plots, the FbIn5~/~ carotids were the stiffest biaxially.
Nevertheless, consider Figure 5, which shows circumferential and axial Cauchy stress and
linearized stiffness at the individual adjusted systolic pressures and in vivo axial stretches
for all 11 sets of data: controls, the six models included in Table 1, and the Aortic Banding
model at four times post-surgery (0, 7-10, 10-14, and 35-56 days). As it can be seen (Fig 5,
upper panels), with few exceptions, the mean circumferential stress was comparable for
most groups at the individual Pgys (slope = 0.001, dark dashed line), whereas the mean axial
stress tended to decrease slightly with increasing Psys (slope = —0.607, dark dashed line).
Similarly, with few exceptions, the linearized circumferential stiffness tended to be
comparable across groups (slope = 0.004, dark dashed line) whereas the linearized axial
stiffness tended to increase slightly with Pgys (slope = 0.015, dark dashed line) (Fig 5, lower
panels). The trend toward decreasing axial stress given an increasing axial stiffness may
reflect an important compensatory role of reduced axial stretch32. Although axial stiffness is
typically not reported, note that a linearized circumferential stiffness at systole of order 1.5
MPa is similar to the incremental value of ~1 MPa (the calculation of which does not
account directly for biaxial pre-stresses in vivo) reported by Wagenseil and Mecham (cf.
their Fig 9b)*8. For purposes of comparison, Table 1 also lists estimated values of pulse
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wave velocity at Psys and the in vivo axial stretch based on the Moens-Korteweg equation
(c2 = Eh/2pa, where c is the pulse wave velocity, p the mass density of the fluid (1060
kg/m3), and E the Young’s modulus, which was replaced here with the linearized
circumferential stiffness). Although theoretically inappropriate because of the underlying
assumptions used in its derivation, the Moens-Korteweg equation nevertheless provides
some intuitive insight by combining overall contributions of material stiffness, wall
thickness, and luminal radius; it also enables a further comparison of results independent of
a particular stored energy function while reflecting an important hemodynamic metric that is
easily measured clinically. Consistent with other findings, the highest value of pulse wave
velocity at Pgys arose for the FbIn5~/~ carotid (10.65 m/s); values for the Ang-11 ApoE™/~
(9.71 m/s) and Fbn1M3IR/maR (8 88 m/s) carotids were similarly elevated relative to control
(7.74 m/s), noting that an elevated value for a Fbn1MIR/MIR mytation is consistent with
measurements in the aorta3’. Note, however, that pulse wave velocity not only reflects
overall arterial stiffness, it also increases, in general, with increases in blood pressurel’. For
example, estimated values of pulse wave velocity were 5.53, 6.15, 6.77, and 7.97 m/s for
control carotids at 80, 90, 100, and 120 mmHg transmural pressure (with the associated
slope of pulse wave velocity versus pressure similar to that of published values!”:37), again
emphasizing the importance of evaluations and cross-comparisons at model-specific
mechanical conditions. Values would probably be better compared at mean arterial pressure,
but these pressures were not available for all groups of mice.

Notwithstanding the importance of quantifying in vivo values of circumferential and axial
(material) stiffness for stress analyses and simulations of fluid-solid interactions, one must
be careful not to over-interpret stiffness or anisotropy from data that reflect pressurization
tests at fixed axial stretches (i.e., data from non-equibiaxial stretching tests)2°. For this
reason, and because of the difficulty of interpreting differences in eight best-fit model
parameters across multiple mouse models (cf. Table 2), we compared the energy W stored as
a function of biaxial stretches, including those at the in vivo state. Recall, therefore, that W
was computed using model parameters determined from unloading curves, which yielded
the energy that is stored during systole and is available to do work on the blood during
diastole, a key function of central arteries (of course, calculations of energy stored during
loading would similarly be useful when studying cardiac energetics). Figure 6 shows iso-
energy contour plots for all 11 groups based on equation 4 and best-fit values of the model
parameters listed in Table 2. Note that the two symbols represent specific values of stored
energy at particular pressurized states: the filled circle is at a common pressure of 100
mmHg and the open circle is at the adjusted individual systolic pressure noted in Table 1. As
it can be seen, the FbIn5~/~ behavior again differed the most of the mutant models. In
particular, these carotids exhibited slight anisotropy (i.e., asymmetry in the iso-energy
contours), but a marked decrease in distensibility and extensibility (indicated by the
stretches) and a marked decrease in energy stored at the in vivo state. Many of these
characteristics are similar to those in the dramatic, progressive carotid remodeling that
occurred in the Aortic Banding model (denoted by HT for hypertensive)12, which at 35-56
days post-surgery resulted in extreme anisotropy and a remarkable reduction in axial stretch
to 1.27. In particular, the lower energy storage for in the FbIn5~/~ and the long-term
hypertensive (HT) carotids at physiologic pressures suggests that less energy would be
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available for elastic recoil, hence exacerbating the structurally stiffer response with regard to
possible effects on the hemodynamics (cf. estimated high values of pulse wave velocity in
Table 1). Note, too, that small increases in biaxial stretch could increase significantly the
stored energy in these highly nonlinear tissues (reflected by the closeness of the iso-energy
contours at modest stretches), which could potentially result in microstructural damage.
Finally, note that it was the two models of decreased elastic fiber integrity that showed the
stiffest axial responses and lowest energy storage of the mutants. That fibulin-5 null
(FbIn5~/7) carotids exhibited a more dramatic mechanical phenotype than the fibrillin-1
deficient (Fbn1MIR/MIR) mice was interesting given that the latter have an increased
susceptibility to thoracic aortic aneurysms and dissections. There are likely many factors
other than overall stiffness that lead to aneurysms and potential dissection, not the least of
which would be local rather than global properties33. Finally, there is a need to compare
results regionallyl® and a need to quantify the “biological age” of the vessels, not just the
chronological age (noting that the FbIn5~~ mice were the oldest amongst those studied,
though we have found no significant difference in carotid behavior from 5 to 22 weeks of
age (unpublished data) and 22 weeks of age is still very young relative to old micel6).

DISCUSSION

The resilience, stiffness, and strength of an artery result primarily from the elastic fibers,
fibrillar collagens, and smooth muscle, which in turn depend strongly on cell — matrix and
matrix — matrix interactions*®. Amongst the many mouse models available, we focused on
two models of altered elastic fiber integrity (Fbn1MIR/MIR and Fhin5~/), two models of
pressure-induced collagen remodeling (Ang-11 ApoE~'~ and Aortic Banding), one model of
altered smooth muscle contractility (Acta2~/~), one model of an altered smooth muscle cell
cytoskeleton (mdx), and one model of altered smooth muscle — matrix interaction (Sgcd™"),
each relative to controls. For purposes of completeness, we also list comparable findings
from four prior papers based on the four fiber family model (Table 3), one each for the
Fbn1MIR/MIR and Fbin5~/~ models, one on the two muscular dystrophy models, and one on
Aortic Banding (i.e., a non-pharmacologically induced hypertension). Of particular note,
four of the six models in Table 1 (Fbn1MIR/MIR ' Fhin5~/~ Ang-11 ApoE~/~, and Acta2~/")
have been used to study thoracic aortic disease, an area within vascular mechanics that has
received far less attention than many others3°. Although carotid arteries share a common
embryonic lineage with the ascending thoracic aorta and arch (i.e., neural crest derived
cells36), they tend not to experience the dilatation or dissection seen in the thoracic aorta
when subject to the same genetic mutation. Clearly, there is a pressing need for
biomechanical phenotyping of the thoracic aorta in each of these, and other, mouse
models’®, yet there is equal motivation to study vessels that do not typically succumb to
disease?2°. In other words, understanding why certain types of arteries do not become
diseased while others do may help us to promote arterial health, not just to prevent or treat
arterial disease. We thus focused on common carotid arteries in this study.

The microfibril fibrillin-1 appears to be important in preserving the long-term structural
integrity of elastic fibers (i.e., the extreme half-life), hence rendering these fibers less
susceptible to mechanical damage (fatigue) and chemical insult (premature proteolysis).
Fbn1MIR/MIR mice produce normal fibrillin-1 at ~15 to 25% normal levels*! and thus
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represent an important model of Marfan syndrome (other models being Fbn1C1039G/+ and
Fbn1MI&* mice). Fbn1MIR/MIR mice tend to die at 2 to 4 months of age from ruptured
thoracic aortic aneurysms. The fibulins similarly associate with elastic fibers, although they
appear to be involved more in elastogenesis®®. Whereas FbIn4™~ and FbIn4R/R mice also
present with thoracic aortic aneurysms or dissections2228, FbIn5~~ mice tend to present
with stiff, tortuous arteries®*. Both fibulin-4 and fibulin-5 mutations have been associated
with thoracic aneurysms in humans, however®?,

Angiotensin-Il (Ang-I1) is a potent vasoconstrictor having pleiotropic activity. Local
increases in Ang-l1 can lead to an increased intramural production of multiple cytokines and
chemokines, which in turn can dramatically affect local matrix turnover within the arterial
wall. In particular, Ang-11 is frequently associated with hypertension, due both to local
intramural and systemic renal-controlled changes. It is noteworthy that altered fibrillin-1 has
been implicated in the dysregulation of the important cytokine transforming growth factor —
beta (TGF-B), and Ang-Il and TGF-p have partially overlapping signaling pathways in
smooth muscle cells#3. Hence, there is motivation to compare results from Fon1MIR/MIR gng
Ang-Il infused mice. Apolipoprotein E (ApoE) is an important ligand for receptor mediated
removal of lipoproteins from plasma; lack of ApoE causes low density lipoproteins to
accumulate within the arterial wall, thus contributing to atherosclerotic plaques?®. Although
the angiotensin-I1 infused ApoE ™~ mouse was introduced to study effects of angiotensin on
atherosclerosis, it is now one of the most common models of dissecting aortic aneurysms,
which typically present in the suprarenal abdominal aorta and exhibit marked regional
variations in properties!®. In addition, however, aneurysms also form in the ascending
thoracic aorta of the Ang-11 ApoE ™~ mouse®. The carotids studied herein from Ang-I1
ApoE~~ mice were free of atherosclerosis2. The aortic arch banding model was introduced
to study effects of increased afterload on the heart, but it is also a good model of a
mechanically induced increase in common carotid artery pressurel2. Among its advantages,
pulse pressure increases in the right common carotid artery without a significant increase in
mean arterial pressure, and the left common carotid serves as a natural contralateral control.
One limitation, however, is that blood pressure increases abruptly, then decreases slowly
toward normal likely due to distal vascular remodeling.

Recent studies show that mutations in Acta2, the gene that codes smooth muscle a-actin,
associate with familial thoracic aortic aneurysms and dissections as well as diverse
phenotypes in other vessels#0. Smooth muscle a-actin is fundamental to vascular smooth
muscle cell contractility and it is interesting that decreased contractility has been reported in
fibrillin-1 deficient®11 and fibulin-5 null® mice. Muscular dystrophy is typically thought of
as a disease of skeletal muscle, but genetic defects in components of the dystrophin-
glycoprotein complex also affect vascular smooth muscle cells. This complex links the actin
cytoskeleton to adjacent extracellular matrix and thereby contributes to the structural
integrity of smooth muscle cells during contraction and relaxation. The mdx mouse is
deficient in the cytoskeletal protein dystrophin whereas the sarcoglycan-8 null (Sgcd ")
mouse lacks a key transmembrane protein within the dystrophin-glycoprotein complex.
There have been few studies of effects of muscular dystrophy on arterial mechanicsC.
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Despite not becoming aneurysmal, most of the common carotid arteries studied herein
exhibited apparent geometric adaptations in response to the particular genetic mutation,
pharmacologic intervention, or surgical procedurel, including an altered in vivo outer
diameter, thickness, or axial stretch (which may result from a biological lengthening of the
vessel), each of which may affect biaxial wall stress and stiffness. Recalling Table 1,
therefore, it is clear that consistent reporting of basic information on the mice (e.g., sex, age,
body mass, and genotype), the unloaded geometry, and in vivo hemodynamic conditions, as
well as in vitro computed intramural stress and material stiffness, is vital for comparing
results across different mouse models. In particular, a question of interest is whether a
certain artery adapts in response to perturbations in hemodynamic loading or whether
compromised cell function leads to a maladaptation. Toward this end, many suggest that
normal adaptive changes in arterial caliber and wall thickness tend to restore mean wall
shear stress (=, = 4uQ /a3, where i is viscosity) and mean circumferential stress (o= Pa /
h) toward homeostatic (i.e., original) values in response to sustained changes in volumetric
blood flow Q and pressure P, respectively’30. If one parameterizes sustained changes in
flow and pressure by the scalars e and v, respectively, then perturbed values can be written
as Q=eQP and P=y PO, with (°) denoting original values. It is then easy to show that restored
wall shear and circumferential stress would require3!

CL:£1/30,0, hzgl/i}/yho7 (11)

and similarly for changes in cross-sectional area, zh(2a+h), which can also be compared
with normal values. Taking the pooled control group as homeostatic, with loaded
dimensions of a® = 298 um and h® = 26 um, computed systolic cross-sectional areas for the
seven groups in Table 1 ranged from 0.74 (Sgcd™") to 1.36 (Ang-11 ApoE ") that of
homeostatic, thus indicating marked differences in the in vivo configuration due to either
altered hemodynamics or a direct genotypic effect on wall structure (i.e., changes in
extracellular matrix organization, smooth muscle cell contractility, or smooth muscle-matrix
interactions). Such assessments may complement standard methods of quantification as we
biomechanically phenotype arteries from diverse mouse models and seek to correlate
changes in structure, function, and properties with specific changes in the mechanobiology
of the endothelial cells, smooth muscle cells, and fibroblasts.

Unfortunately, with one exception, there was no information available on carotid flows for
the data sets examined. For illustrative purposes, however, we estimated the change in flow
rate that would have associated with a perfectly adaptive response for all of the models in
Table 1 relative to control. Such a calculation suggested a range from a 36% decrease
(FbIn57/") to a 9% increase (Ang-11 ApoE~'") in common carotid flow relative to normal,
which if compared to actual values could provide insight into possible adaptive versus
maladaptive changes. Clearly, these estimations reflect the measured values of inner radius
at the in vivo state (with FbIn5~/~ and Ang-11 ApoE~/~ having the smallest and largest values
of a, respectively), noting that homeostatic values of wall shear stress are higher in mice
than humans due in large part to the smaller inner radius?. Similar to the estimated changes
in flow, we also estimated possible changes in pressure from normal based on the observed
systolic geometries. For example, values for models in Table 1 implied from a 21% decrease
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(Sgcd™") to a 48% increase (FbIn5~/7), which corresponded to systolic pressures of 91 and
172 mmHg respectively. Comparing these geometry-based estimates of pressure with the
adjusted measured systolic pressures in Table 1 revealed that the values corresponded well,
in general (percent error < 15%). This finding suggests a possible normal, or adaptive,
growth and remodeling in response to changes in either genotype or pharmacologic
treatment for most of the cases studied, which is consistent with the report by Sather et al.*4
that arterial caliber was well adapted in an elastin haploinsufficient mouse model (EIn*). A
similar analysis of the Aortic Banding model revealed values of e ranging from 0.83 (0 day)
to 1.91 (10-14 day) and y ranging from 0.94 (0 day) to 2.59 (35-56 day); the actual data
suggest a value of e~ 2 at the 7-10 day period but only a maximum value of y~1.28 at 10—
14 days12.

Note, therefore, that two of the six mutant genotype (Acta2~/~ and Sgcd™") and two of the
Aortic Banding (10-14 and 35-56 day) data sets had greater than 15% differences in
estimated systolic pressures relative to measured, thus suggesting a possible sub-optimal, or
maladaptive, growth and remodeling response in these models with respect to wall shear
stress and/or mean circumferential stress. It is interesting that these are the same four models
that deviated the most from the other results in Figure 5 (denoted therein by a slash through
the symbol). Of these four, the Acta2~/~ mice and 35-56 day Aortic Banding carotids
exhibited markedly lower values of circumferential stress and stiffness relative to all other
groups, including controls (Figure 5 and Table 1). Note, therefore, that the Acta2™/~ carotids
were the only ones that were hypotensive (~81 mmHg) and the 35-56 day banding carotids
were the only ones to have experienced an abrupt increase (from 120 to 154 mmHg at 7-14
days), then decrease (to 124 mmHg) in systolic blood pressure. In other words, it appears
that “reverse” growth and remodeling (e.g., thinning of the wall) in response to decreases in
pressure was much less adaptive than “positive” growth and remodeling in response to
increases in blood pressure see, for example, previous results for EIn*/~ carotids** as well as
the Fbn1MIR/MIR 'Fhin5~/~ Ang-11 ApoE~~, and Aortic Banding models at 7-10 and 10-14
days, all of which only experienced elevated pressures. That central arteries tend to adapt
better, or quicker, to increases rather than decreases in pressure has been known since the
important work of Wolinsky®3 and may have important implications regarding the clinical
goal to reverse effects of established hypertension. Nevertheless, the potential utility of
evaluating (mal)adaptive responses emphasizes the importance of measuring physiological
flows and pressures (e.g., central pressure measurements in the absence of anesthesia) when
determining vessel geometry or biaxial stresses at a given in vivo state. Because pulse wave
velocity is both a convenient and informative clinical metric, it too should be measured (not
estimated via Moens-Korteweg) as part of biomechanical phenotyping. That is, there is
clearly a need for increased attention to in vivo ranges of arterial geometry and
hemodynamics, not just wall stress and stiffness, across different mouse models as well as
across species as we continue to seek to uncover fundamental mechanobiological
mechanisms of wall growth and remodeling0.

For purposes of further comparison, we also list in Table 3 the mean values of best-fit model
parameters for equation 4 for common carotid arteries from other studies: the original
analysis of the two models of muscular dystrophy considered herein (mdx and Sgcd~")20,

Ann Biomed Eng. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bersi et al.

Page 14

the Fbn1MIR/MIR modellL, the Aortic Banding model of hypertensionl3, and another study
of the FbIn5~~ mouse®®. Although based on different experimental protocols and objective
functions, it can be useful to compare results in Tables 2 and 3 directly. One particularly

interesting observation is that the ratio of ¢} /¢, in the axial direction (i = 1) switched from >
1 for the controls to < 1 for both the FbIn5~/~ carotids (Table 2) and the Aortic Banding
carotids (Tables 2 and 3), which suggests a marked change in collagen engagement upon
loading (cf. Figure 9 in reference 49). Indeed, the same switching was found in elastase-
treated carotids wherein it was discovered that loss of (pre-stretched) elastic fibers can
decrease the undulation of associated collagen fibersl4. Again, however, given the different
objective functions used in the different papers, it is better to re-create the biaxial data (cf.
Figure 2) and to perform a consistent quantification and interpretation (cf. Table 2). As
noted before, provided that sufficient information is available, such a procedure could
increase access to “data” without the need to document entire experimental data sets for a
given mouse model, which could prove invaluable in biomechanically phenotyping different
genetic, pharmacological, and surgical mouse models.

Consistent data on arteries from control mice is fundamental to such phenotyping. Note,
therefore, that we combined results from two different mouse models, Acta2*/* littermates
and Fbn1MIR™ Jittermates, to create a larger control data set (n = 16; cf. Tables 1 and 2 and
Figures 1 to 6). Carotids from Fbn1M3R* mice were reported to be comparable
mechanically to those of their Fbn1*/* littermates'! and thus to serve well as control data.
The closeness of our control data to the controls used in the Aortic Banding study
(C57BL/6J x 129Sv) provides additional confidence in our choice (cf. Figure 5).
Nevertheless, given that differences exist even amongst the many different wild-type
controls?3, care will be needed when comparing results from different laboratories that use
different strains as controls or backgrounds for mutants. For example, compare values of the
best-fit parameters for the control FbIn5*/* mice in Table 3 with those for the overall
controls in Table 2, which were determined using the same objective function. In addition,
there is need for caution in the interpretation of results when nonlinear regressions are based
on different types of data sets, ranges of pressures or loads used in the tests, or objective
functionsS. Herein, we used the objective function proposed by Wan et al.4° because it
provides a reasonable compromise between the need to fit P-d data at low, but especially
high, pressures while capturing well the associated f —P and f —I data. Although there is a
need for further work to fit better the low pressure data, the associated predictions of stress
stretch behavior needed to quantify the material stiffness, especially in the physiologic range
of loading, remain very good>. Hence, although we previously found that the neoHookean
parameter ¢ (motivated by the elastin-dominated amorphous matrix that dominates behavior
at lower pressures) correlated well with the mass fraction of elastin in hypertension!? and
the loss of elastic fiber integrity in the Fon1M3R/MIR moysell.14, this finding was not borne
out exclusively herein (Table 2). Much work remains to identify better constitutive relations
and improved methods for regression*°0. Such a need is highlighted by the present finding
that the best-fit value of ¢ may have depended, in part, on the range of circumferential
stretches experienced by the vessel note that fits to data for lower values of A4 (i.e.,
Acta2™/~ and FbIn5~") tended to have higher values of ¢ and to fit better at low pressures
(not shown). Nevertheless, the four-fiber family model continues to yield useful fits and
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predictions for murine carotid arteries!1:14:2049_|ndeed, this model has been shown to
provide a better fit to data than two- and six-fiber family models>6 and to provide the best fit
to murine carotid data of six candidate relations that included four microstructurally based
models®C. Finally, we have shown using a nonparametric bootstrap that the present method
of parameter estimation yields robust fixed point estimates for this constitutive relation
provided that the estimation is based on appropriate biaxial datal®.

In summary, we demonstrated via direct comparisons to full data sets that properly recreated
mean biaxial data are sufficient for consistent comparisons of arterial behaviors across
diverse mouse models and we presented the first such comparison of the mechanical
behavior of common carotid arteries from multiple mouse models. The former supports the
approach of Roccabianca et al.#2 in which human aortic properties were consistently
compared based on data collected from diverse experimental protocols and characterizations
in terms of different stored energy functions. The latter revealed, for example, that models of
compromised elastic fibers exhibit dramatic reductions in both the in vivo axial stretch and
elastic energy storage under systolic conditions (see Figure 6 wherein control carotids stored
>40 kPa whereas the FbIn5~/~ and Fbn1MIR/MIR carotids stored ~20-30 kPa, reminiscent of
changes due to extreme hypertension achieved early in the aortic banding model). Lower
energy storage suggests less ability to do work on the blood due to elastic recoil during
diastole. Indeed, consistent with the qualitative suggestion of Yanagisawa et al.>, the
FbIn5~~ mutation appears to result in a particularly severe biomechanical phenotype (i.e.,
elastopathy), including the most severe phenotype of the six mutant models that were
compared herein versus controls. Finally, our findings also suggest, more generally, that
biomechanical phenotyping should include a delineation of adaptive versus maladaptive
changes in geometry relative to the in vivo hemodynamics, particularly when evaluating
possible changes in values of in vivo biaxial stress and stretch, linearized stiffness, and
energy storage. Indeed, perhaps the most important, and unexpected, finding was the
remarkable consistency in the linearized circumferential stiffness of “adapted arteries”
regardless of mouse model and the in vivo level of pressure. This finding may have
important mechanobiological implications, perhaps suggesting that intramural cells seek to
offset perturbations in hemodynamic loading via changes in structural stiffness while
preserving a locally favorable mechanical environment defined by the material stiffness.

Acknowledgments

This work was supported, in part, by grants from the National Marfan Foundation and the NIH (R01 HL105297 and
R21 HL107768). JDH also acknowledges colleagues (Drs. Vince Gresham, Emily Wilson, and Alvin Yeh at Texas
A&M University) and former students (Wendy Dye, M.S., Heather N. Hayenga, Ph.D., Anne I. Taucer, M.S., and
Melissa J. Collins, Ph.D.) who contributed so much over the years to this overall work on arterial mechanics in
mice. Finally, we are grateful to Dr. Kevin Campbell (HHMI and University of Utah), Dr. Francesco Ramirez (Mt.
Sinai School of Medicine), Dr. Warren Zimmer (Texas A&M Health Science Center), and Dr. Hiromi Yanagisawa
(University of Texas Southwestern Medical Center) for graciously providing the initial breeding pairs for the
Sged™/~, FbniMIRIMIR | Acta2~/~, and Fbins~/~ mice, respectively.

References

1. Baek S, Gleason RL, Rajagopal KR, Humphrey JD. Theory of small on large: Potential utility in
computations of fluid-solid interactions in arteries. Comp Meth Applied Mech Engr. 2007;
196:3070-3078.

Ann Biomed Eng. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bersi et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Page 16

. Bersi M, Collins MJ, Wilson E, Humphrey JD. Disparate changes in the mechanical properties of

murine carotid arteries and aorta in response to chronic infusion of angiotensin-II. Int J Adv Engr
Sci Appl Math. 2012; 4:228-240.

. Cassis LA, Gupte M, Thayer S, Zhang X, Charnigo R, Howatt DA, Rateri DL, Daugherty A. ANG

Il infusion promotes abdominal aortic aneurysms independent of increased blood pressure in
hypercholesterolemic mice. Am J Physiol. 2009; 296:H1660-5.

. Cheng JK, Stoilov I, Mecham RP, Wagenseil JE. A fiber-based constitutive model predicts changes

in amount and organization of matrix proteins with development and disease in the mouse aorta.
Biomech Model Mechanobiol. 2013; 12:497-510. [PubMed: 22790326]

. Chung AWY, Yeung KA, Sandor GGS, Judge DP, Dietz HC, van Breemen C. Loss of elastic fiber

integrity and reduction of vascular smooth muscle contraction resulting from the upregulated
activities of matrix metalloproteinase-2 and -9 in thoracic aortic aneurysm in Marfan syndrome.
Circ Res. 2007; 101:512-522. [PubMed: 17641224]

. Cox RH. Regional variation of series elasticity in canine arterial smooth muscle. Am J Physiol.

1978; 234:H542-551. [PubMed: 645919]

. Dajnowiec D, Langille BL. Arterial adaptations to chronic changes in haemodynamic function:

coupling vasomotor tone to structural remodeling. Clin Sci. 113:15-23. [PubMed: 17536999]

. Daugherty A, Rateri DL, Charos IF, Owens AP, Howatt DA, Cassis LA. Angiotensin Il infusion

promotes ascending aortic aneurysms: attenuation by CCR2 deficiency in ApoE—/- mice. Clin Sci.
2011; 118:681-689. [PubMed: 20088827]

. Dobrin PB. Biaxial anisotropy of dog carotid artery: Estimation of circumferential elastic modulus. J

Biomech. 1986; 19:351-358. [PubMed: 3733760]

. Dye WW, Gleason RL, Wilson E, Humphrey JD. Biaxial biomechanical behavior of carotid
arteries in two knockout models of muscular dystrophy. J Appl Physiol. 2007; 103:664—672.
[PubMed: 17525297]

Eberth JF, Taucer Al, Wilson E, Humphrey JD. Mechanics of carotid arteries from a mouse model
of Marfan Syndrome. Annls Biomed Engr. 2009; 37:1093-1104.

Eberth JF, Popovic N, Gresham V, Wilson E, Humphrey JD. Time course of carotid artery growth
and remodeling in response to altered pulsatility. Am J Physiol. 2010; 299:H1875-1883.

Eberth JF, Cardamone L, Humphrey JD. Altered mechanical properties of carotid arteries in
hypertension. J Biomech. 2011; 44:2532-2537. [PubMed: 21851943]

Ferruzzi J, Collins MJ, Yeh AT, Humphrey JD. Mechanical assessment of elastin integrity in
fibrillin-1 deficient carotid arteries: Implications for Marfan syndrome. Cardiovasc Res. 2011;
92:287-295. [PubMed: 21730037]

Ferruzzi J, Bersi MR, Humphrey JD. Biomechanical phenotyping of central arteries in health and
disease: Advantages of and methods for murine models. Annl Biomed Engr. 2013; 41:1311-1330.

Fleenor BS, Marshall KD, Durrant JR, Lesniewski LA, Seals DR. Arterial stiffening with ageing is
associated with transforming growth factor beta 1 related changes in adventitial collagen: reversal
by aerobic exercise. J Physiol. 2010; 588:3971-3982. [PubMed: 20807791]

Geddes LA, Voelz MH, Babbs CF, Gourland JD, Tacker WA. Pulse transit time as an indicator of
arterial blood pressure. Psychophysiology. 1981; 18:71-74. [PubMed: 7465731]

Genovese K, Collins MJ, Lee YU, Humphrey JD. Regional finite strains in an angiotensin-II
infusion model of dissecting abdominal aortic aneurysms. J Cardiovasc Engr Tech. 2012; 3:194—
202.

Gleason RL, Gray SP, Wilson E, Humphrey JD. A multiaxial computer-controlled organ culture
and biomechanical device for mouse carotid arteries. ASME J Biomech Engr. 2004; 126:787-795.
Gleason RL, Dye WW, Wilson E, Humphrey JD. Quantification of the mechanical behavior of
carotid arteries from wild-type, dystrophin-deficient, and sarcoglycan-delta knockout mice. J
Biomech. 2008; 41:3213-3218. [PubMed: 18842267]

Greve JM, Les AS, Tang BT, Draney Blomme MT, Wilson NM, Dalman RL, Pelc NJ, Taylor CA.
Allometric scaling of wall shear stress from mice to humans: Quantification using cine phase-
contrast MRI and computational fluid dynamics. Am J Physiol. 2006; 291:H1700-1708.

Ann Biomed Eng. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bersi et al.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 17

Hanada K, Vermeij M, Garinis GA, de Waard MC, Kunen MGS, Myers L, Maas A, Duncker DJ,
Meijers C, Deitz HC, Kanaar R, Essers J. Perturbations of vascular homeostasis and aortic valve
abnormalities in fibulin-4 deficient mice. Circ Res. 2007; 100:738-746. [PubMed: 17293478]
Harmon KJ, Couper LL, Lindner V. Strain-dependent vascular remodeling phenotypes in inbred
mice. Am J Path. 156:1741-1748.1. [PubMed: 10793085]

Hartner A, Schaefer L, Porst M, Cordasic N, Gabriel A, Klanke B, Reinhardt DP, Hilgers KF. Role
of fibrillin-1 in hypertensive and diabetic glomerular disease. Am J Physiol Ren Physiol. 2006;
290:F1329-36.

Haskett D, Doyle JJ, Gard C, Chen H, Ball C, Estabrook MA, Encinas AC, Dietz HC, Utzinger U,
Vande Geest JP, Azhar M. Altered tissue behavior of a non-aneurysmal descending thoracic aorta
in the mouse model of Marfan syndrome. Cell Tiss Res. 2012; 347:267-277.

Hayenga HN, Trache A, Trzeciakowski J, Humphrey JD. Regional atherosclerotic plaque
properties in ApoE—/— mice measured by atomic force, immunofluorescence, and light
microscopy. J Vasc Res. 2011; 48:495-504. [PubMed: 21832839]

Holzapfel GA, Gasser TC, Ogden RW. A new constitutive framework for arterial wall mechanics
and a comparative study of material models. J Elast. 2000; 61:1-48.

Huang J, Davis EC, Chapman SL, Budatha M, Marmorstein LY, Word RA, Yanagisawa H.
Fibulin-4 deficiency results in ascending aortic aneurysms: A potential link between abnormal
smooth muscle cell phenotype and aneurysm progression. Circ Res. 2010; 106:583-592. [PubMed:
20019329]

Humphrey, JD. Cells, Tissues, and Organs. Springer; NY: 2002. Cardiovascular Solid Mechanics.
Humphrey JD. Vascular adaptation and mechanical homeostasis at tissue, cellular, and sub-cellular
levels. Cell Biochem Biophys. 2008a; 50:53-78. [PubMed: 18209957]

Humphrey JD. Mechanisms of arterial remodeling in hypertension: Coupled roles of wall shear and
intramural stress. Hypertension. 2008b; 52:195-200. [PubMed: 18541735]

Humphrey JD, Eberth JF, Dye WW, Gleason RL. Fundamental role of axial stress in compensatory
adaptations by arteries. J Biomech. 2009; 42:1-8. [PubMed: 19070860]

Humphrey JD. Possible roles of glycosaminoglycans in aortic dissections, with implications to
dysfunctional TGF-beta. J Vasc Res. 2013; 50:1-10. [PubMed: 23018968]

Janssen BJA, De Celle T, Debets JJM, Brouns AE, Callahan MF, Smith TL. Effects of anesthetics
on systemic hemodynamics in mice. Am J Physiol Heart Circ Physiol. 2004; 287:H1618-24.
[PubMed: 15155266]

Koullias G, Modak R, Tranquilli M, Korkolis DP, Barash P, Elefteriades JA. Mechanical
deterioration underlies malignant behavior of aneurysmal human ascending aorta. J Thorac
Cardiovasc Surg. 2005; 130:677-683. [PubMed: 16153912]

Majesky MW. Developmental basis of vascular smooth muscle diversity. Arterioscl Thromb Vasc
Biol. 2007; 27:1248-1258. [PubMed: 17379839]

Marque V, Kieffer P, Gayraud B, Lartaud-Idjouadinene I, Ramirez F, Atkinson J. Aortic wall
mechanics and composition in a transgenic mouse model of Marfan syndrome. Arterioscl Thromb
Vasc Biol. 2001; 21:1184-1189. [PubMed: 11451749]

Masson |, Boutouyrie P, Laurent S, Humphrey JD, Zidi M. Characterization of arterial wall
mechanical properties and stresses from human clinical data. J Biomech. 2008; 41:2618-2627.
[PubMed: 18684458]

Matlung HL, Neele AE, Groen HC, van Gaalen K, Tuna BG, van Weert A, de VVos J, Wentzel JJ,
Hoogenboezem M, van Buul JD, Vanbavel E, Bakker EN. Transglutaminase activity regulates
atherosclerotic plaque composition at locations exposed to oscillatory shear stress. Atherosclerosis.
2012; 224:355-362. [PubMed: 22921425]

Milewicz DM, Guo DC, Tran-Fadulu V, Lafont AL, Papke CL, Inamoto S, Kwartler CS, Pannu H.
Genetic basis of thoracic aortic aneurysms and dissections: focus on smooth muscle cell
contractile function. Annu Rev Genomics Hum Genet. 2008; 9:283-302. [PubMed: 18544034]
Pereira L, Lee SY, Gayraud B, Andrikopoulos K, Shapiro SD, Bunton T, Biery NJ, Dietz HC,
Sakai LY, Ramirez F. Pathogenetic sequence for aneurysm revealed in mice underexpressing
fibrillin-1. Proc Nat Acad Sci (USA). 1999; 96:3819-3823. [PubMed: 10097121]

Ann Biomed Eng. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bersi et al.

Appendix

Page 18

42. Roccabianca S, Figueroa CA, Tellides G, Humphrey JD. Quantification of regional differences in
aortic stiffness in the aging human aorta. J Biomech Behavior Biomed Matl. 2014; 29:618-634.

43. Ruiz-Ortega M, Rodriguez-Vita J, Sanchez-Lopez E, Carvajal G, Egido J. TGF-b signaling in
vascular fibrosis. Cardiovasc Res. 2007; 74:196-206. [PubMed: 17376414]

44. Sather BA, Hageman D, Wagenseil JE. Murray’s law in elastin haploinsufficient (EIn+/-) and
wild-type (WT) mice. J Biomech Engr. 2012; 134:124504.

45. Schildmeyer LA, Braun R, Taffett G, Debiasi M, Burns AE, Bradley A, Schwartz RJ. Impaired
vascular contractility and blood pressure homeostasis in the smooth muscle a-actin null mouse.
FASEB J. 2000; 14:2213-2220. [PubMed: 11053242]

46. Stevic |, Chan HHW, Chan AKC. Carotid artery dissections: Thrombosis of the false lumen.
Thromb Res. 2011; 128:317-324. [PubMed: 21843900]

47. Townsend D, Yasuda S, McNally E, Metzger JM. Distinct pathophysiological mechanisms of
cardiomyopathy in hearts lacking dystrophin or the sarcoglycan complex. FASEB J. 2011,
25:3106-14. [PubMed: 21665956]

48. Wagenseil JE, Mecham RP. Vascular extracellular matrix and arterial mechanics. Physiol Rev.
2009; 89:957-989. [PubMed: 19584318]

49. Wan W, Yanagisawa H, Gleason RL. Biomechanical and microstructural properties of common
carotid arteries from fibulin-5 null mice. Annl Biomed Engr. 2010; 38:3605-3617.

50. Wan W, Dixon JB, Gleason RL. Constitutive modeling of mouse carotid arteries using
experimentally measured microstructural parameters. Biophys J. 2012; 102:2916-2925. [PubMed:
22735542]

51. Wang X, LeMaire SA, Chen L, et al. Decreased expression of fibulin-5 correlates with reduced
elastin in thoracic aortic dissection. Surgery. 2005; 138:352-359. [PubMed: 16153447]

52. Whitesall SE, Hoff JB, Vollmer AP, D’Alecy LG. Comparison of simultaneous measurement of
mouse systolic arterial blood pressure by radiotelemetry and tail-cuff methods. Am J Physiol Heart
Circ Physiol. 2004; 286:H2408-15. [PubMed: 14962829]

53. Wolinsky H. Effects of hypertension and its reversal on the thoracic aorta of male and female rats.
Circ Res. 28:622-637. [PubMed: 5087325]

54. Yanagisawa H, Davis EC, Starcher BC, Ouchi T, Yanagisawa M, Richardson JA, Olson EN.
Fibulin-5 is an elastin-binding protein essential for elastic fiber development in vivo. Nature.
2002; 415:168-171. [PubMed: 11805834]

55. Yanagisawa H, Davis EC. Unraveling the mechanism of elastic fiber assembly: The roles of short
fibulins. Int J Biochem Cell Biol. 2010; 42:1084-1093. [PubMed: 20236620]

56. Zeinali-Davarani S, Choi J, Baek S. On parameter estimation for biaxial mechanical behavior of
arteries. J Biomech. 42:524-530. [PubMed: 19159887]

Reported values of systolic blood pressure summarized in Table 1 were collected using
different methods, with data for control, Ang-11 ApoE™~, and Acta2™/~ mice measured using
a noninvasive tail cuff method in the conscious mouse324:45 data for the Fon1MIR/MIR ang
FbIn5~~ mice measured via an indwelling polyethylene catheter in the conscious
mouse3724, and data for the mdx and Sgcd™~ mice measured under isoflurane anesthesia
using a left ventricular catheter®”. To render more consistent the comparison of intramural
stress, stiffness, and stored energy across mouse models, these pressures were adjusted to
central arterial pressure in the conscious state using published correlations3452, Briefly,
Whitesall and colleagues simultaneously measured pressure using direct (radiotelemetry)
and indirect (noninvasive tail-cuff) methods and reported a linear relationship, Pt¢ =
0.961xPc+ 4.203 mmHg, where Py¢ and P are systolic pressures measured by tail-cuff and
telemetry (or central pressure), respectively. Rearranging this equation, tail-cuff measured
pressures (i.e., control, Ang-11 ApoE~'~, and Acta2~/~ mice) were adjusted to the conscious
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central pressure state. In contrast, Janssen and colleagues used an indwelling central artery
catheter to evaluate effects of multiple anesthetics on the hemodynamics in mice. They
found that isoflurane reduces the measured pressure by 24.3% relative to conscious
ambulatory pressures. Hence, we adjusted pressures measured under isoflurane anesthesia
(i.e., mdx and Sgcd™") via P = 0.757xP¢, where P4 represents the anesthetized pressure.
Table 1 thus lists both the value reported in the respective paper and the values adjusted
herein.
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Figure 1.
Mean + standard error of the mean data for the seven experimental groups listed in Table 1 and collected via P-d tests (left

panels) performed at the individually estimated in vivo axial stretches (as determined from the force — pressure responses) and f—
| tests (right panels) performed at 100 mmHg. Filled symbols and solid lines show data for controls and extracellular matrix
affected mice (Fbn1MIR/MIR Fhin5—/= Ang-1I ApoE~/~), whereas open symbols and dashed lines show data for smooth muscle
cell affected mice (Acta2~/~, mdx, Sgcd~"). Despite a general clustering of circumferential behaviors (cf. top panels), there was
greater variation in axial behaviors (bottom panels), which highlights the importance of biaxial comparisons of mechanical
properties across different models.
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*0 Control
&5 FbIn5 -/

3 Acta2 /-

Figure 2.
Comparison of Cauchy stress stretch responses determined experimentally (equation 1) and simulated theoretically (e.g.,

equation 4) for the same loading conditions (i.e., pressure and axial stretch) as in the experimental protocol. Experimental values
are shown by filled symbols (e.g., @, for controls) and theoretical values by open symbols (e.g., O, for controls). Observe that
our procedure for recreating, or simulating, data captured well the general stress — stretch behaviors across all models (r2 >
0.95). Shown here for illustration is a subset of the groups: controls, FbIn5~/~, and Acta2™/~. Error bars show the standard error
of the mean.
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Figure 3.

Simulated stress — stretch curves for extracellular matrix affected models (Fbn1MIR/MIR  Fpin5~/~ Ang-11 ApoE~/~) compared
with controls. Note the stiffer circumferential and axial (i.e., less distensible and extensible) behaviors of the FbIn5~~ carotids
as compared with all others. Biaxial simulations were performed using the same loading conditions as in the experiments. Note,
too, that the in vivo axial stretches used to recreate the P-d data (left panels) were determined from the crossover point of
multiple f-I protocols.
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Figure 4.
Simulated stress — stretch curves for smooth muscle cell affected models (Acta2~/~, mdx, Sgcd™~) compared with controls. Each

genotype exhibited increased stiffness in axial and especially circumferential directions compared with controls, with the two
muscular dystrophy models (mdx and Sgcd™") being similar. As in Figure 3, the biaxial simulations were performed using the
same loading conditions as in the experiments and individual in vivo axial stretches were determined from the crossover point of
multiple f—I protocols. For clarity, each genotype maintains the same line style (e.g., open symbol with dashed line) as in Figure
1.
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Plot of mean circumferential and axial Cauchy stress (upper panels) and linearized stiffness (lower panels) for all 11 groups as a
function of the adjusted central systolic blood pressure (cf. Table 1). Error bars show the standard error of the mean. The light
dashed line shows the best linear regression of all data whereas the dark dashed line shows the best linear regression if the four

apparently “maladaptive” results (Acta2~~, Sgcd™~, and the 10-14 day and especially the 35-56 day Aortic Banding sets, which

are indicated by the slash through the symbol), are excluded from the regression. See text for exclusion criteria.
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Figure 6.

Iso-energy contours for the strain energy function W (equation 4) for all 11 groups computed using the best-fit constitutive
parameters (Table 2). The leftmost column shows results for controls, the next column shows extracellular matrix affected
genotypes, the next column shows smooth muscle cell affected genotypes, and the rightmost column shows Aortic Banding data
sets at 7-10, 10-14, and 35-56 days post-banding. The filled symbol (@) represents values at circumferential and axial stretches
corresponding to a common pressure of 100 mmHg whereas the open symbol (O) represents values at circumferential and axial
stretches corresponding to the adjusted systolic pressures listed in Table 1, all at the individual estimated in vivo axial stretch.
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