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Abstract

Vascular cells restructure extracellular matrix in response to aging or changes in mechanical loading. Here, we characterized col-
lagen architecture during age-related aortic remodeling in atherosclerosis-prone mice. We hypothesized that changes in collagen
fiber orientation reflect an altered balance between passive and active forces acting on the arterial wall. We examined two fac-
tors that can alter this balance, endothelial dysfunction and reduced smooth muscle cell (SMC) contractility. Collagen fiber orga-
nization was visualized by second-harmonic generation microscopy in aortic adventitia of apolipoprotein E (apoE) knockout (KO)
mice at 6wk and 6 mo of age on a chow diet and at 7.5mo of age on a Western diet (WD), using image analysis to yield
mean fiber orientation. Adventitial collagen fibers became significantly more longitudinally oriented with aging in apoE knock-
out mice on chow diet. Conversely, fibers became more circumferentially oriented with aging in mice on WD. Total collagen
content increased significantly with age in mice fed WD. We compared expression of endothelial nitric oxide synthase and ac-
etylcholine-mediated nitric oxide release but found no evidence of endothelial dysfunction in older mice. Time-averaged volu-
metric blood flow in all groups showed no significant changes. Wire myography of aortic rings revealed decreases in active
stress generation with age that were significantly exacerbated in WD mice. We conclude that the aorta displays a distinct
remodeling response to atherogenic stimuli, indicated by altered collagen organization. Collagen reorganization can occur in
the absence of altered hemodynamics and may represent an adaptive response to reduced active stress generation by vas-
cular SMCs.

NEW & NOTEWORTHY The following major observations were made in this study: 1) aortic adventitial collagen fibers become
more longitudinally oriented with aging in apolipoprotein E knockout mice fed a chow diet; 2) conversely, adventitial collagen
fibers become more circumferentially oriented with aging in apoE knockout mice fed a high-fat diet; 3) adventitial collagen con-
tent increases significantly with age in mice on a high-fat diet; 4) these alterations in collagen organization occur largely in the
absence of hemodynamic changes; and 5) circumferential reorientation of collagen is associated with decreased active force
generation (contractility) in aged mice on a high-fat diet.

active force; collagen; aging; apolipoprotein E; fiber angle; high-fat diet; vascular remodeling

INTRODUCTION

Vascular cells restructure extracellular matrix in response to
aging or changes in mechanical loading (1-5). We hypothesized
that changes in collagen fiber orientation, an underexplored
aspect of vascular remodeling, reflect an altered balance
between passive and active forces acting on the arterial
wall. Therefore, we examined two factors that may alter
this balance, endothelial dysfunction and reduced smooth
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muscle cell (SMC) contractility, in the apolipoprotein E
(apoE) knockout (KO) mouse model of atherosclerosis dur-
ing age-related aortic remodeling.

Atherosclerosis is a chronic inflammatory disease of the ar-
terial intima, constituting a significant source of morbidity
and mortality in the United States. Increasing age and elevated
low-density lipoprotein cholesterol are known to be independ-
ent risk factors for the development of atherosclerosis (6).
Apolipoprotein E is an essential ligand for the uptake and
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clearance of atherogenic lipoproteins. Mice with a genetic defi-
ciency in apoE develop elevated plasma cholesterol levels,
which lead to rapid and severe atherosclerosis (7, 8). The
pathophysiology in apoE KO mice is similar to that in humans
in regard to vascular distribution of lesions, cellular compo-
nents, and overall lipid content of the lesions (9). Thus, apoE
KO mice are regarded as one of the best small animal models
for studying the development of atherosclerosis (10-12).

Many investigators have examined collagen deposition in
atherosclerotic plaques in the apoE KO mouse, as well as in
clinical specimens, based on the paradigm that collagen con-
tent of the fibrous cap is a key determinant of plaque stabil-
ity or resistance to rupture (13-17), an important clinical
target. In addition, compensatory outward remodeling of
atherosclerotic vessels to maintain lumen cross section in
the presence of plaque growth is a well-documented phe-
nomenon (18-20). Akyildiz et al. (21) used diffusion tensor
imaging to demonstrate complex collagen fiber architectures
in human carotid atherosclerotic plaques, with multiple fiber
orientations at different radial positions within the vessel wall.
However, there has been much less attention paid to altera-
tions in collagen architecture during vascular remodeling of
the atherosclerosis-susceptible vessel before lesion formation.
Agianniotis and Stergiopulos (22) reported that thoracic aortas
of apoE KO mice on chow diet at 10-12wk of age had signifi-
cantly lower collagen content than those of matched wild-type
C57BL/6 mice (7% vs. 20% area fraction, respectively). At the
same time, the thoracic aortas of the apoE KO mice were stiffer
than those of the controls, leading the authors to suggest that
collagen fibers were recruited earlier under pressure loading
in the apoE KO mice than in their wild-type counterparts (22).
Cilla et al. (23) evaluated the in situ pressure-diameter behav-
ior of descending thoracic and abdominal aorta in both
C57BL/6 wild-type controls and apoE KO mice on chow diet,
together with apoE KO mice on Western diet, as a function of
age from 17 to 47 wk. Compared to 17-wk-old mice, older apoE
KO mice on Western diet showed a progressive decrease in cir-
cumferential stretch ratio versus pressure that was absent in
both groups of mice on the chow diet, together with signifi-
cantly increased aortic stiffness after 30 wk of Western diet
feeding (23). However, these authors did not evaluate changes
in adventitial collagen deposition as a potential morphological
correlate of increased circumferential stiffness.

A major pathological change often preceding the develop-
ment of atherosclerosis and associated with vascular aging is
endothelial dysfunction. Endothelial dysfunction denotes
diminished production/availability of nitric oxide and/or an
imbalance between vasoconstricting and vasodilating sub-
stances produced by or acting on the endothelium (24,25).
The critical role of endothelial nitric oxide production in flow-
induced vascular remodeling is now well established (26).
However, a role for nitric oxide in maintaining mechanical
homeostasis during vascular aging in the absence of altered
hemodynamics remains to be confirmed. We reasoned that
collagen fiber realignment may be influenced by endothelial
dysfunction because nitric oxide production is essential to the
maintenance of physiological contractile tone by arterial
smooth muscle, and long-term changes in active contractile
tone may be associated with compensatory alterations in pas-
sive mechanical behavior of the vessel (27). Therefore, we
investigated both changes in active force generation by
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vascular SMCs and endothelial dysfunction as potential driv-
ers of vascular remodeling and collagen fiber reorganization
in the apolipoprotein E (apoE) knockout (KO) mouse.

In a previous study, we reported the use of a second har-
monic generation (SHG) imaging technique to quantify colla-
gen fiber distribution and alignment in the apoE KO mouse in
lesion-free regions of the vessel wall. We employed a novel
statistical analysis to study three dimensional (3D) fiber distri-
bution and to provide details on differences in collagen fiber
orientation in mice on a chow diet versus a Western diet (28).
In this article, we have used an approach similar to that of
Watson et al.(28) to report that diet alters age-related remodel-
ing in the apoE knockout mouse model of atherosclerosis.

MATERIALS AND METHODS

Animals and Experimental Groups

For analysis of collagen content and organization, three
sets of five apoE KO mice (9) (Mus musculus, B6.129P2-
Apoe™Unc/3 JAX stock no. 002052, Jackson Laboratory, Bar
Harbor, ME; RRID:IMSR_JAX:002052) each were assigned to
different treatment groups. Animals were assigned to groups
consecutively on the basis of availability of litters. All groups
received standard chow diet (Teklad Rodent Diet 8904, irradi-
ated, Envigo, Indianapolis, IN) for the first 6 wk after weaning,
The first group (two females, three males) was euthanized af-
ter 6 wk, whereas group 2 (five males) was maintained on a
chow diet for an additional 4.5mo before euthanasia, and
group 3 (three males, two females) was transferred to a high-
fat Western diet (4.5 kcal/g, 15 kcal% protein, 43 kcal% carbo-
hydrates, and 42kcal% fat) (stock no. TD.88137, Envigo,
Indianapolis, IN) for an additional 6 mo and euthanized at
7.5mo of age. The Western diet was used to promote hyper-
cholesterolemia and atherosclerotic lesion formation within
the aorta of the mice in group 3. Blood pressure measure-
ments and ultrasonography were performed on all groups
during the week preceding tissue harvest.

As described below, separate groups of apoE KO mice
were used for wire myography experiments and for measure-
ment of NO release by DAF-2 fluorescence, since these stud-
ies required fresh, unfixed tissue specimens. For the DAF-2
experiments, each group contained five mice. In both the
chow diet groups, there were three males and two females.
In the Western diet group, there were two males and three
females. The entire thoracic aorta of each mouse was ana-
lyzed for the NO release experiments, as described below.
For the myography experiments, each group contained
seven mice. Both the 6-wk chow and 6-mo chow groups con-
tained four males and three females, while the 6-mo Western
diet group consisted of seven males. A single tissue ring from
the descending thoracic aorta (region of the third to fourth in-
tercostal arteries) was analyzed by wire myography.

All mice were handled in compliance with protocols
approved by the University of South Carolina Institutional
Animal Care and Use Committee.

In Vivo Physiological Measurements

Tail-cuff plethysmography.
Prior to blood pressure measurements, all mouse body weights
(in grams) were recorded. Mouse blood pressure was
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monitored by a tail-cuff blood pressure analysis system
(MC4000; Hatteras Instruments, Cary, NC). Systolic and dia-
stolic blood pressures were recorded over 5 preliminary equili-
bration cycles and 10 measurement cycles in awake mice.
Mice were acclimated to the plethysmography system for 3
days minimum before the final blood pressure recording.

Ultrasonography.

Mice were anesthetized with 1.5-2.5% isoflurane in oxygen
before and throughout ultrasound measurements on a Vevo
770 small animal ultrasound machine (Fujifilm VisualSonics,
Toronto, ON, Canada). To acquire flow velocity and aortic
inner diameter measurements in the thoracic aorta, mice
were placed in a laterally recumbent position. For measure-
ments in the abdominal aorta, mice were placed in a supine
position. Ultrasound measurements correspond with the ana-
tomical locations of collagen fiber measurements at the level
of the fourth intercostal space and the abdominal aorta. B-
mode images, pulsed-Doppler velocity measurements, and
M-mode images were obtained using the RMV-707 probe
(VisualSonics) with a broadband frequency up to 45 MHz. M-
mode images were used to measure vessel diameter during
systole and diastole. Volumetric flow rates were calculated
from the mean aortic diameter and the time-averaged veloc-
ity, assuming Poiseuille flow behavior.

Sample Preparation

Following the duration of each diet, mice were ethically eu-
thanized at 6 wk, 6 mo, or 7.5 mo of age by controlled-rate car-
bon dioxide asphyxiation. Following thoracotomy, mice were
perfused through the left ventricle with heparinized normal
saline (10 U/ml) for 5 min at physiological pressure, followed
by pressure perfusion fixation for 10 min with 10% neutral
buffered formalin. Thoracic and abdominal aortas were har-
vested from apoE KO mice from each age group and diet. One
segment each from the thoracic and abdominal aortas was re-
served for histology. For SHG microscopy analysis, nonle-
sioned areas of the aorta were sampled, with one segment
taken at the level of the fourth intercostal arteries and one
taken from the infrarenal abdominal aorta. Under a dissecting
microscope, each aortic segment was opened longitudinally
for en face examination. The specimens were flattened to a
slide and labeled according to the direction of blood flow.

Second-Harmonic Generation Microscopy

To image collagen fibers, we used a custom-built hybrid
two-photon excitation fluorescence (TPEF) second harmonic
generation (SHG) microscope (29). Optical sectioning with
SHG microscopy permits visualization of collagen fibers
throughout the vessel wall thickness without staining. The
SHG signals were collected from the forward direction
through an Olympus 1.4NA oil immersion condenser (29,
30). The XYZ stage of the microscope was controlled through
three orthogonally mounted motors to collect image stacks
throughout the vessel wall thickness using a x60 objective.
The area in pixels for each image was 512 x 512 pixels with the
actual calibrated image being 176 x176 um. A few aortic speci-
mens were counterstained with Hoechst 33258 nuclear stain
(1:10,000 dilution) before imaging to confirm the flow direc-
tion, as indicated by alignment of endothelial cell nuclei, and
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the radial position of collagen fibers relative to the luminal
surface.

Semiautomated Image Analysis

Using Continuity 6.4b software, a previously described
analytic protocol for automatic angle recognition (28, 31) was
employed to quantify collagen fiber orientation. The soft-
ware determined collagen fiber orientation using the circum-
ferential (0°) and axial directions (¥90°) as the reference
points. The individual, local fiber orientations were deter-
mined in the z-0 plane. Each image of the stack was analyzed
and provided fiber angle measurements to be used in a mul-
tivariate statistical analysis.

Linear Mixed-Effects Model

For this study, we constructed a linear mixed-effects
model with random intercepts. The model is implemented
using R package “lme4”. The correlation of angle measure-
ments on the same mouse is modeled by three random
effects (i.e., random intercepts) in the model, which are the
mouse random effect, the random effect of location [ana-
tomic location (thoracic versus abdominal)] nested in
mouse, and the random effect of depth (radial position)
nested in location. The three random effects are independ-
ent normal random variables, each of which has mean 0 and
positive variance. We denote the variances of the three ran-
dom effects as 6%y, 62.m, and 6c..m, respectively. To com-
pare the mean absolute angle of the three groups of mice, we
create a categorical variable (“group”) with three levels to
describe the age/diet information, where group = O labels the
6-wk mice fed with chow diet, group =1 labels the 6-mo mice
fed with chow diet, and group = 2 labels 6-mo mice fed with
Western diet. To account for radial position within the artery
wall, we investigated depth (radial position) as a categorical
variable. An observation from depth in the first third of the
image stack (0 < t < 1/3, where t is the wall thickness) relates
to collagen fibers at the medial-adventitial boundary, an ob-
servation from the middle third (1/3<t < 2/3) corresponds
roughly to collagen fibers in the central adventitia, and an
observation from the final third (2/3 <t < 1) is equivalent to
fibers in the outer adventitia. We then create a three-level
categorical variable (“catdep”) to describe the depth infor-
mation. If catdep =0, a measurement is taken from the first
third of the stack. If catdep =1, a measurement is taken from
the middle third of the stack. Measurements taken from the
final third are given the value of catdep=2. Fixed effects in
the model are mouse group, anatomic location (thoracic ver-
sus abdominal), and radial position (catdep). The mean abso-
lute angle can be calculated from the formula: E (Absolute
Angle) = Bo + By (group 1) + B, (group 2) + Pz(location) +
By(catdepl) + PBs (catdep2), where E (Absolute Angle) is the
mean absolute fiber angle for a given set of conditions, Bg is the
fixed intercept, and B; are coefficients describing the contribu-
tion of each fixed effect. Fixed effects with P < 0.05 in the
model were considered to be statistically significant contribu-
tors to the mean average absolute fiber angle.

Tissue Preparation for Histology

Fixed specimens from the third or fourth intercostal space
and the infrarenal segment of mouse aortas were dehydrated
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in graded alcohols and processed using conventional meth-
ods before paraffin embedding. Following embedding, the
aortic segments were sectioned transversely at 5Sum to pro-
duce ring-shaped cross sections. In some cases, aortic sam-
ples were first embedded in 10% agarose gel for ease of
handling and to obtain appropriate vertical orientation of
the small specimens. In this process, cylindrical aortic seg-
ments were positioned horizontally in warm 10% agarose
gel. After the gel had set, it was cut into blocks with the long
axis of the block parallel to the vessel axis, dehydrated in
graded alcohols, and processed using conventional methods
for paraffin embedding. The blocks were oriented vertically
during paraffin embedding to ensure that the aorta was sec-
tioned transversely.

Collagen Content by Picrosirius Red Staining

Cross sections of aortic tissues were deparaffinized and
rehydrated in descending grades of alcohol before incuba-
tion with Direct Red [0.1% in saturated picric acid; Sigma
Aldrich, St. Louis, MA) for 90 min. The slides were washed in
0.01N HCI and then dehydrated in ascending grades of alco-
hol and xylene before mounting with Permount. Picrosirius
red (PSR)-stained tissue sections were analyzed by cross-
polarized transmitted light microscopy on a Zeiss Axioskop 2
(Carl Zeiss Microscopy, Thornwood, NY). PSR-stained sec-
tions were imaged in bright-field for total area measure-
ments and under cross-polarized transmitted light for
collagen area measurement. Cross-polarized transmitted
light images were segmented in ImagePro Plus software
(Media Cybernetics, Silver Springs, MD) to measure the
area of collagen birefringence in each aortic section.
Fractional area of collagen was calculated as area of colla-
gen birefringence (pixels)/total area of aortic wall (pixels) x
100%. A single section from each thoracic aorta was imaged
for collagen analysis by PSR staining.

Collagen Type | Inmunohistochemistry

For immunohistochemical detection of Type I collagen,
we followed a standard protocol involving deparaffinization
of the tissue, antigen retrieval with 10 mM citrate buffer,
blocking with 10% donkey serum, staining with primary
antibody against collagen type I (1:20 dilution, anticollagen
type I rabbit polyclonal; MilliporeSigma, Burlington, MA;
cat. no. 234167-500UL, RRID:AB_10682946), and visualiza-
tion with a fluorescently labeled secondary antibody (1:50
dilution, Rhodamine Red X donkey anti-rabbit IgG, Jackson
ImmunoResearch, West Grove, PA; RRID: AB_2340613).
Negative controls consisted of sections processed in the ab-
sence of primary antibody. Nuclei were counterstained with
Hoechst 33258 (1:10,000 dilution; Sigma Aldrich, St. Louis,
MO). The epifluorescence microscope (Zeiss Axioskop 2) was
equipped with a standard filter set to detect FITC (excitation
450-490 nm; emission 500-550 nm) and Rhodamine (exci-
tation 538-562nm; emission 570-640nm). A charge-coupled
device camera (Axiocam, Zeiss) with appropriate acquisition
software (Axiovision, Zeiss) captured 8-bit images using the
x5 objective. The merged green (FITC channel) and red
(Rhodamine channel) images provided the total vessel wall
area, while the Rhodamine image provided the collagen
area. Control sections were not stained with primary
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antibody and provided the baseline threshold to eliminate
nonspecific background fluorescence. Images of control and
experimental tissue samples were acquired at the same time
using the same instrument settings. Epifluorescent images
were segmented in ImagePro Plus software to measure the
area of collagen I-specific staining in each aortic section.
Fractional area of collagen I was calculated as area of colla-
gen I staining (pixels)/total area of aortic wall (pixels) x
100%. A single section from each thoracic aorta was analyzed
for collagen I content using this approach.

Nitric Oxide Synthase 3 Immunohistochemistry

Nitric oxide synthase 3 (NOS3) expression was evaluated by
staining fixed cross sections of aortic specimens with a rabbit
polyclonal antibody (pAb) to NOS3 (1:75 dilution) (Thermo
Fisher Scientific cat. no. PA1-037, RRID: AB_325774). After
deparaffinizing sections and blocking endogenous peroxidases
with 3% hydrogen peroxide, antigen retrieval was performed
using the citrate buffer technique. Sections were incubated
with the primary antibody for 2 h. A biotinylated goat anti-rab-
bit secondary antibody (1:100 dilution; Jackson Immuno-
Research, RRID: AB_2337965) was used to detect the primary
antibody and was visualized using horseradish peroxidase-con-
jugated streptavidin (1:250 dilution; Jackson ImmunoResearch,
RRID: AB_2337238). Diaminobenzidine (DAB; Vector Labora-
tories) was used as the chromogen with a color development
time set at 1.5min. Negative controls consisted of sections
stained in the absence of primary antibody. Sections were
dehydrated in ascending grades of alcohol and Histoclear
before mounting with Permount. Bright-field images were
acquired on a Zeiss Axioskop and analyzed in ImagePro Plus
by segmenting for DAB-stained area (brown color). Images of
control and experimental tissue samples were acquired at the
same time using the same instrument settings. Fractional area
of NOS3 expression was calculated as area of DAB staining in
the intima/total intimal area. Two individual sections were an-
alyzed from each aortic ring and the results were averaged to
represent each anatomic location from each animal.

Direct Measurement of NO with DAF-2

Acetylcholine-induced nitric oxide release was used as a
second marker of endothelial dysfunction in a separate
group of aortic specimens, using a modification of the
method of Ozaki et al. (32). Mice (n = 5 per group, both sexes)
were euthanized by carbon dioxide asphyxiation and per-
fused with heparinized saline (10 U/ml) through the left ven-
tricle for 5 min. The entire thoracic aortic was excised,
opened longitudinally, and mounted en face in a prepared
pinning dish with stainless-steel insect pins. Specimens
were refrigerated at 4°C in PBS (pH 7.4) for no more than 1
h before NO measurement, at which time the medium was
replaced with 0.1M phosphate buffer containing 1.5 mM
calcium chloride. The samples were imaged before addi-
tion of 4,5-diaminofluorescein diacetate (DAF-2 DA) (nega-
tive control) with excitation at 465nm and emission at
520 nm in an IVIS Spectrum imaging system (PerkinElmer,
Waltham, MA). The IVIS settings used were field of view B,
aperture F1, and small binning. Following baseline imag-
ing, 50 ul of DAF-2 DA (Cayman Chemical, Ann Arbor, MI)
was added to yield a final concentration of 10 umol/l. After
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a 5-min incubation, the sample was reimaged with the
same settings. After 5-min incubation in the presence of 1
uM acetylcholine, the sample was again imaged at the
same settings. NO release was measured as integrated fluo-
rescence intensity over the tissue area in each image. The
negative control value was used as a baseline and sub-
tracted from the integrated intensity in the DAF-2 DA and
ACh-treated samples.

Wire Myography for Active Force Measurement

Active and passive mechanical response to uniaxial load-
ing was measured using a wire myograph (Radnoti, Covina,
CA) for apoE KO mice at ages 6 wk and 6 mo on a chow diet
and 6 mo on a Western diet. Seven mice per group (both
sexes) were euthanized at each time point, and the descend-
ing thoracic aorta at the fourth intercostal region was har-
vested. All biomechanical measurements were done within
4 h after tissue harvest. Each aortic segment was mounted
on two 50-pum wires and incubated for 30 min in oxygenated
Krebs buffer at 37°C to equilibrate. The segments were then
preconditioned by stretching three times to the normal
stretch at physiological conditions. To measure the total
force (Fr = active and passive), the aortic rings were treated
with 10 uM phenylephrine in Krebs buffer to cause maximal
contraction of SMCs. The initial distance (length) between
two wires for the nonstretched state of the aorta was consid-
ered Lo. The segments were then stretched 100 um at a time
and kept for 3min until the force stabilized. Images were
taken at each stretch point to measure width (W) of the seg-
ment and the actual stretch which is denoted as L. The maxi-
mum circumferential stretch ratio varied from 1.8 to 2.3 for
the 6-wk specimens and from 1.6 to 2.03 for the stiffer 6-mo
specimens. These values were chosen to avoid breaking the
aortic rings. To measure passive force (Fp), the aorta was
brought back to L and treated with 10 pM sodium nitroprus-
side (SNP) in Krebs buffer to cause complete relaxation of
the SMCs and to inhibit active force generation. The rings
were then stretched uniaxially in steps of 100um as
described for total force measurement. Collected data were
then processed to calculate active force (F,) from the meas-
ured forces (Fo = Fr — Fp). To analyze the data, stretch ratio
was measured from images as A = L/Lo. Unloaded aortic
thickness (t) was measured from ring images taken after
myography, and segment width was measured from images
to calculate stress as s = Zﬁj”;’fr;ﬁ . Relative active force was
calculated at (Fo/F1)x100% at the stretch value correspond-
ing to the maximum active force value.

Statistical Analysis

For analysis of collagen content, maximum active stress
generation, and active stress as a fraction of total stress,
statistical differences among treatment groups were ana-
lyzed by one-way ANOVA followed by Tukey’s test for
multiple comparisons. For analysis of volumetric blood
flow rate, NOS3 expression, and DAF-2 fluorescence, dif-
ferences among treatment groups were analyzed by two-
way ANOVA followed by Tukey’s test for multiple compar-
isons. P values less than 0.05 were considered significant.
Error bars in histograms (Fig. 10C) represent standard
deviations.
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RESULTS

Physiological Measurements

Body weight for 6-wk-old mice was found to be 16.4 2.6 g.
Mice consuming a Western diet for 6 mo demonstrated signif-
icantly increased body weight compared to 6-mo-old mice
consuming a chow diet (31.0+4.2 g vs. 24.5+3.0 g, P < 0.05).
However, despite the increase in body weight, systolic and di-
astolic aortic diameters measured using ultrasound were not
significantly different between mice on a chow diet for 6 mo
versus those on Western diet (Fig. 1). Similarly, aortic diame-
ters did not increase significantly with age between 6 wk and
6-7.5mo, despite a significant increase in body weight (Fig. 1).

As shown in Fig. 2, apoE KO mice on a Western diet for
6 mo had significantly lower systolic blood pressures by tail
cuff plethysmography than 6-wk-old mice. However, there
were no significant differences in diastolic blood pressures
(P > 0.05 by ANOVA) or in calculated blood flow rates
between the different treatment groups (Fig. 3).

Constructed three-dimensional histograms of collagen
fiber distribution across aortic adventitia.

Figure 4 provides an illustration of representative three-
dimensional (3D) histograms of adventitial collagen fiber
angle distribution for apoE KO mice on chow diet at 6 wk old
and 6 mo old and on Western diet at 7.5 mo old. Each 3D his-
togram reflects image stacks for one individual mouse on
each diet with O degrees representing fibers oriented in the
circumferential direction. The distribution of collagen fiber
angles in the abdominal aortas is similar to that of the tho-
racic aortas but somewhat more disperse (Fig. 5).

Statistical analysis of collagen fiber distributions.

We report the estimates of model parameters, standard
errors, and P values of the fixed effects in the linear mixed
model (see Linear Mixed-Effects Model) in Table 1. In Table
2, we also report the same set of outputs from R of the final
model. The final model is fit without the fixed effect (loca-
tion), and we regroup the categorical variable (catdep) to

O Thoracic — Systole
A Thoracic — Diastole
@® Abdominal — Systole
A Abdominal - Diastole
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Figure 1. Systolic and diastolic aortic inner diameters obtained from ultra-
sound imaging for the three treatment groups (n=5 per group). Two-way
ANOVA showed that there was a significant effect of anatomic position
(thoracic>abdominal; P < 0.001) for both systolic and diastolic diameters,
but no significant differences among age/diet groups.
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Figure 2. Systolic and diastolic blood pressure measurements from apoli-
poprotein E knockout (apoE KO) mice for the three treatment groups (n=5
per group). Systolic blood pressure in mice on Western diet for 6 mo was
significantly lower than 6-wk-old mice, but there were no significant differ-
ences in diastolic blood pressures between groups (one-way ANOVA fol-
lowed by Tukey multiple-comparisons test). *P < 0.05 vs. 6 wk.

have just two levels because there is no difference in mean
fiber angle between measurements taken from the first- and
second-thirds of the stack. At o = 0.05 level of significance,
the anatomic location fixed effect is not statistically signifi-
cant. After taking into account whether a measurement is
taken from the last third of the stack, we conclude that the 6-
mo mice fed with chow diet have mean fiber angle ~28°
larger than that of the 6-wk mouse group, and the 6-mo mice
fed the Western diet have mean fiber angle ~23° smaller
than that of the 6-wk mouse group. We display the variance
components estimates of the final model in Table 3.

Figure 6 shows a boxplot comparing the median, first, and
third quartiles of collagen fiber angle observations for the
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Figure 3. Mean volumetric blood flow rate acquired from Doppler ultraso-
nography of thoracic and abdominal aorta at 6 wk or after 6 mo on diet for
the three treatment groups (n=5 per group). No significant differences
among treatment groups were detected by ANOVA.
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Figure 4. Representative three-dimensional histograms showing the distri-
bution of collagen fiber angles in the adventitia of apolipoprotein E knockout
(apoE KO) mice fed a chow diet for 6 wk (6 wk old; A), apoE KO mice fed a
chow diet for 6 mo (~6 mo old; B), apoE KO mice fed a Western diet for
6 mo (~7.5mo old; C). Circumferentially oriented fibers are given as 0° and
axial fibers +90°. The radial wall position is designated as zero at the medial-
adventitial boundary and as one at the outer edge of the adventitia.
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Figure 5. Representative three-dimensional histograms showing the distri-
bution of collagen fiber angles in the infrarenal abdominal aorta of apoli-
poprotein E knockout (apoE KO) mice fed a chow diet for 6 wk (6 wk old;
A), apoE KO mice fed a chow diet for 6 mo (~6 mo old; B), apoE KO mice
fed a Western diet for 6 mo (~7.5mo old; C). Circumferentially oriented
fibers are given as 0° and axial fibers £ 90°. The radial wall position is des-
ignated as zero at the medial-adventitial boundary and as one at the outer
edge of the adventitia.

apoE KO mice at different ages on a chow diet and on a
Western diet after 6 mo.

Histological Analyses

Fractional collagen content (% area) for each of the three
treatment groups obtained by Picrosirius red staining (Fig. 7)
showed that collagen content increases significantly with
age from 6wk to 7.5mo (P < 0.05). Qualitatively similar
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results were obtained from the collagen type I immunohisto-
chemistry (IHC) analysis (Fig. 8). As age increased, aortic col-
lagen type I content increased significantly; however, there
were no statistical differences between older mice on differ-
ent diets. The fractional collagen content measured by IHC
was greater than that measured by PSR because PSR only
shows mature, well-organized collagen that gives rise to bire-
fringence. IHC shows all collagen type I, even immature or
disorganized collagen.

NOS3 expression detected by immunoperoxidase staining
was confined to the endothelial lining of the intima and to
vasculature in the periadventitial fat (Fig. 9). In this study,
we detected no significant differences in NOS3 expression by
immunohistochemistry between any groups (Fig. 9, bottom).

Measurement of Nitric Oxide via DAF-2 in ApoE
Knockout Mice

Figure 10 provides a bar and whisker graph illustrating the
average nitric oxide (NO) expression for each experimental
group, measured as integrated fluorescence intensity over
the tissue area before and after addition of acetylcholine.
While fluorescent intensity was significantly greater after
addition of acetylcholine, there were no significant differen-
ces among treatment groups by two-way ANOVA.

Measurement of Active Force Generation by Aortic
Rings

We used wire myography to study the effects of age and
diet on contractility in the descending thoracic aorta of
apoE KO mice after 6-wk chow, 6-mo chow, and 6-mo
Western diet (Fig. 11). Young mice (6 wk) on chow diet
show significantly higher maximum active stress genera-
tion compared to old mice (6mo) on either chow or
Western diet (102.0+32.7 vs. 54.5+19.3 and 23.2+7.4kPa,
respectively). Moreover, older mice on Western diet have
significantly lower active stress generation than those
maintained on a chow diet.

DISCUSSION

Changes in collagen fiber arrangement represent a subtle
form of vascular remodeling. Collagen fibers have preferred
directions associated with the mechanical stresses on the tis-
sue (33). Understanding the microscopic structure of collagen
fibers and changes in their arrangement can provide infor-
mation on how arteries remodel to maintain mechanical ho-
meostasis. Quantitative analysis of collagen fiber angles from
the atherosclerotic specimens used in our studies has been
informative in defining the distribution of collagen and the
factors that contribute to the remodeling capabilities of the
aorta.

Our research has shown that, as apoE KO mice age, aortic
adventitial collagen fibers redistribute to become more lon-
gitudinally oriented, increasing the average fiber angle by
27.8° (Table 2). The combination of a Western diet and aging
resulted in a different rearrangement of collagen fibers, lead-
ing to an overall decrease in average fiber angle by 22.8°.
With regard to the mean fiber angle, the structure-based con-
stitutive model used by Collins et al. (34) predicted an angle
of 39° with respect to the Z-direction (that is, 51° relative to
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Table 1. Parameter estimates of the linear mixed-effects model for 6-mo Western diet vs. 6-mo chow diet vs. 6-wk

chow diet-fed apoE KO mice

Variable Coefficient Estimate, Degrees Standard Error P Value
Intercept Bo 35.05 1.896 <0.05
Six-month chow diet Bs 27.75 2.399 <0.05
Six-month Western diet B —23.01 2.398 <0.05
Thoracic aorta Bs 2.27 1.342 0.13
Central adventitial layer (1/3 <t < 2/3) Ba 0.076 0.914 0.934
Outer adventitial layer (2/3 <t <) Bs 214 0.913 0.023

Anatomic location (thoracic vs. abdominal) and radial position in the central adventitial layer (depth 1/3 <t <2/3) as fixed effects are

not significant at the 0.05 level of significance in this model

the 6-direction) for normal (wild type) mouse infrarenal ab-
dominal aorta. Similarly, Ferruzzi et al. (35) used biaxial me-
chanical test data to predict the average fiber angle values in
the descending thoracic aorta and infrarenal aorta of B6
wild-type mice at 20 wk of age, obtaining values of 63.5° and
60.6°, respectively. Our observed mean fiber angle in the aor-
tic adventitia is ~36° in 6-wk-old chow diet-fed mice, some-
what lower than the predicted value. However, our result
represents the experimental average of a three-dimensional
distribution of fibers, as opposed to a parameter identified
by fitting a four-fiber family model to biaxial test results. In
addition, Collins et al. (34) studied mice that were 2-3mo
old, while Ferruzzi et al. used 5-mo-old mice (35). Consistent
with their data, we observed a larger mean fiber angle (63.9°)
in older apoE KO mice on the chow diet.

We found that there are no significant differences between
the average absolute angles on the basis of anatomical loca-
tion (thoracic vs. abdominal) in aging mice on either the
chow diet or the Western diet (Table 1). Our data suggest that
diet and age were the most significant factors causing altera-
tion of the mean collagen fiber angle.

In trying to understand the cause of shifts in collagen fiber
arrangement, we have assessed physiological factors, such as
blood pressure (BP) and volumetric blood flow rate, which
have previously been found to play an important role in driv-
ing geometrical arterial remodeling (36, 37). Our blood pres-
sure results showed a significant reduction in systolic BP by
37mmHg in apoE KO mice on a Western diet for 6 mo rela-
tive to 6-wk-old mice, but there were no significant differen-
ces in systolic BP between aged mice on chow diet versus
those on Western diet and no significant differences in dia-
stolic BP between any treatment groups. These results fall
roughly within the range of BPs measured in several stud-
ies evaluating BP in young adult (12-34 wk of age) apoE KO
mice fed either a standard chow diet or a Western-type
diet (38-42). In contrast, Yang et al. (43) reported elevated
BP in older (7.5mo) apoE KO mice compared to 6-wk-old
mice. It should be noted that a decrease in blood pressure
would be expected to increase average collagen fiber angle

relative to the circumferential direction, based strictly on
passive mechanical response (44, 45), in contrast to our
observation of decreased collagen fiber angle in the aged
mice on a Western diet. Thus, it is unlikely that altered
hemodynamics are mainly responsible for the reorganiza-
tion of collagen in the Western diet-fed mice. Our blood
flow rate measurements were similar to those acquired in
vivo in the abdominal aorta of apoE KO mice using phase-
contrast magnetic resonance imaging. Amirbekian et al.
(46) recorded a mean blood flow rate in the apoE KO
mouse infrarenal abdominal area of 2.95+1.62 mL/min
and a mean aortic diameter for the same area of 0.69 =
0.04 mm. Our 6-wk-old mice had a mean blood flow rate of
2.95+2.65 mL/min; however, we measured a larger abdom-
inal aortic diameter at 0.96+0.5mm. These young mice
did not show an aortic diameter or mean blood flow rate
significantly different than older mice of the same strain
on chow or Western diet.

Beyond hemodynamics, we also investigated total collagen
content and looked for evidence of endothelial dysfunction
by measuring NOS3 expression and acetylcholine-stimulated
NO release (Fig. 10). Our data reveal that mature, birefringent
collagen content, as well as collagen type I, increase signifi-
cantly with aging in apoE KO mice on a Western diet.
Although there was some apparent increase in adventitial
collagen in older mice on a chow diet, it did not reach the
level of statistical significance.

Previous studies detailing how endothelial dysfunction in
the apoE KO mouse is influenced by aging, sex, and diet
revealed that impaired endothelial nitric oxide-dependent
relaxation response to acetylcholine, associated with plaque
formation (47, 48), is aggravated by a Western-type diet (49,
50) and by aging (51, 52). We did not detect any significant
differences in NOS3 protein expression by immunoperoxi-
dase staining between older mice on either diet versus 6-wk-
old mice, but the total endothelial area examined in aortic
cross sections is very limited. To overcome this sampling li-
mitation and to look for functional differences in NO pro-
duction, we measured acetylcholine-induced NO release by

Table 2. Parameter estimates of the final model without fixed location (thoracic aorta) and radial position in the cen-

tral adventitial layer effects

Variable Coefficient Estimate, Degrees Standard Error P Value
Intercept Bo 36.10 1.610 <0.05
Six-month chow diet B4 27.78 2.220 <0.05
Six-month Western Diet B —22.79 2.223 <0.05
Outer adventitial layer (2/3 <t <) B3 214 0.742 0.007
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Table 3. Estimated variance components of the final lin-
ear mixed model

Error Variance
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G c:im

7.478
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10.422

%m

5.071

Estimate

DAF-2 DA fluorescence in en face specimens of thoracic
aorta. We found no significant differences between groups
by ANOVA when considering both age and diet. This finding
is contrary to published studies suggesting that nitric oxide
release would decrease with age and atherogenic stimuli (48,
49). It should be noted that many of these previous studies
used a different methodology, in which endothelial dysfunc-
tion is measured in aortic rings as reduced relaxation in
response to acetylcholine. It is likely that the DAF-2 DA pro-
tocol for measuring NO production from intact aortic speci-
mens lacks sufficient sensitivity to detect small differences
between groups in our study. In the previous work by Ozaki
et al. (32), the authors were able to detect a 1.5-fold increase
in NO production in apoE/NOS3-Tg mice relative to apoE KO
mice, but they also measured a 3.6-fold increase in aortic
NOS3 protein by Western blot analysis in the apoE/NOS3
transgenics. They reported no detectable change in NO pro-
duction between 12-wk old apoE KO mice and wild-type
C57BL/6 mice.

To further investigate the cause of collagen fiber remodel-
ing, circumferential uniaxial stretch tests were performed by
wire myography on aortic rings taken from mice of corre-
sponding ages and diets. Our data showed that there was a
significant decrease in phenylephrine-induced active force
generation with age, as well as a significant decrease in
active forces in the older mice on a Western-style diet com-
pared to those on chow diet. These data extend and comple-
ment previous work by Agianniotis and Stergiopulos (22)
showing that apoE-deficient mice at 10-12wk of age on a
nonatherosclerotic diet have lower SMC contractility com-
pared to their wild-type (WT) littermates. Using a biaxial
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Figure 6. Average adventitial collagen fiber angle diverges with aging in
apolipoprotein E knockout (apoE KO) mice on chow diet vs. those on
Western diet (n=5 mice per group). Compared to six-wk-old apoE KO
mice, multivariate analysis showed a significant difference in average
absolute fiber angle in response to age and a high-fat diet. On average,
absolute fiber angle was increased by 27.8° in older mice on a chow diet
and reduced by 22.8° in mice fed a Western diet for 6 mo. Whiskers show
range 1-99%, with outliers in gray. **P < 0.001.
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Figure 7. A: representative histological images of cross sections of de-
scending thoracic aorta from 6 wk, 6-mo chow diet, and 6-mo Western
diet apolipoprotein E knockout (apoE KO) mice. Brightfield images (x20)
(top row) were used to obtain total area of vascular sections, while cross-
polarized transmitted light images (x20) (bottom row) were employed to
visualize the collagen content. B: fractional collagen content (% area)
obtained by Picrosirius red staining for each of the three treatment groups
(n=5 per group). Collagen content increases with age, but differences
become significant only in mice on a Western diet (*P < 0.05 vs. 6wk,
ANOVA followed by Tukey multiple comparisons test). Scale
bars =100 pm. CD, chow diet; WD, Western diet.

inflation-extension test, these authors demonstrated that
thoracic aortas of apoE-deficient mice showed lower maxi-
mum active diameters than WT under induced contractility.

We believe the reduction in active stress generation in
older apoE KO mice could be due to a loss of SMC contractile
phenotype, frequently reported in atherosclerosis (53). The
loss of contractility can be attributed to either overt loss of
contractile cells or to impaired activity of these cells. It is
well established that smooth muscle cells are not termi-
nally differentiated cells and can dedifferentiate to a syn-
thetic phenotype if needed, based on environmental cues.
Phenotypic switching (54) and apoptosis (55) of SMCs are
known to happen at the site of atherosclerotic lesions. The
same phenomena occurring in regions adjacent to lesions
could explain our findings of lower contractility, since the
synthetic phenotype does not show contractile properties.
Moreover, SMCs are shielded by their local ECM from stresses
applied to the vessel (56). As we demonstrate here, both colla-
gen content and adventitial fiber orientation are affected by
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Figure 8. Collagen type | (% area) for each of the three treatment groups
obtained from immunohistochemistry (n=5 per group). Top: representative
immunohistochemistry (IHC) images (red channel only) of aortic sections
from each mouse group stained for collagen |, x10 objective, scale
bar=50 um. Bottom: collagen type | increases with age, but differences
become significant only in mice on Western diet (*P < 0.05 vs. 6 wk, ANOVA
followed by Tukey multiple comparisons test). The % collagen is greater by
IHC, as opposed to PSR, because PSR only shows mature, well-organized
collagen with birefringence. IHC shows all collagen type |, even immature.
CD, chow diet; L, lumen; WD, Western diet. Scale bars=50 um.

age and diet. Stiffer, fibrotic matrix and reorientation of colla-
gen fibers may alter local stress sensing by SMCs and, conse-
quently, reduce contractility. Likewise, the capacity for the
SMCs to generate active stresses and transmit those into over-
all vasoactive behavior depends on their interaction with
the fibrous extracellular matrix through their adhesion
complexes, which were not investigated in this study.
Further investigations are needed to understand the cel-
lular events and potential changes in SMC mechanosens-
ing in our model.

Our findings are broadly consistent with the idea that vas-
cular remodeling occurs to maintain preferred homeostatic
mechanical stress levels in the vascular wall (57). In this sce-
nario, adventitial collagen would remodel in a more circum-
ferential direction in older mice on the Western diet, in
order to maintain stress homeostasis when active forces (ba-
sal tone) are reduced. The increase in adventitial collagen

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00420.2020 - www.ajpheart.org

fiber angle with age in mice on the chow diet is more difficult
to explain, but it may reflect increasing longitudinal tension
in the aorta due to growth, as reflected in the significantly
higher body weights of the older mice. The balance between
these opposing effects—increased longitudinal tension and
loss of basal tone—would then determine the final direction
of collagen remodeling (44). These observations are consist-
ent with recent work by Krasny et al. (58), which has shown
that adventitial collagen fiber bundles transiently deform in
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Figure 9. Top left: representative immunoperoxidase staining of arterial
sections of apolipoprotein E knockout (apoE KO) mice taken from the tho-
racic aorta at the level of the 4th intercostal arteries for each of the three
diet/age groups. Top right:: immunoperoxidase staining of aortic sections
of apoE KO mice taken from the infrarenal abdominal aorta for each of the
three diet/age groups. Scale bars=10 um. Bottom: quantitation of frac-
tional nitric oxide synthase 3 (NOS3) staining of aortic intima as a function
of age and diet (6 wk chow: n=3 abdominal, n=6 thoracic; 6 mo chow:
n=4 abdominal, n=5 thoracic; 6 mo Western diet: n=3 per location). No
significant differences among groups were detected by ANOVA.
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Figure 10. Top: representative examples of 4,5-diaminofluorescein (DAF-
2) fluorescence indicative of basal and acetylcholine (ACh)-stimulated ni-
tric oxide (NO) release in longitudinally-opened thoracic aortas of apolipo-
protein E knockout (apoE KO) mice. A, D, G: baseline autofluorescence. B,
E, H: DAF-2 only. C, F, I: DAF-2 plus acetylcholine. A—C: 6-mo Western
diet. D—F: 6-mo chow diet. G-I: 6 wk chow diet. Bottom: quantitation of
mean basal and ACh-induced NO release, as demonstrated by DAF-2 flu-
orescence (n=5 mice per group). Two-way ANOVA showed that the addi-
tion of ACh significantly increased fluorescence intensity (P < 0.001), but
there was no effect of treatment group.

Fluorescence Intensity (a.u.)

a nonaffine fashion in response to changes in biaxial loading.
Our in vivo studies suggest the possibility that such transient
deformations might guide the direction of long-term vascu-
lar remodeling as well, leading to a long-lasting alteration in
average collagen fiber orientation.

Previous simulations of the mechanical behavior of arteries
have shown that there is an “optimum” value of collagen fiber
angles, which enables the vessel to meet the mechanical
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condition dF,/dP = 0 at the in vivo axial stretch ratio, where F,,
is the axial force and P is the internal pressure (59). When this
condition is met, axial forces on the vessel are minimized dur-
ing the pressure swings of the cardiac cycle, likely reducing
wear on surrounding connective tissue structures. For thin-
walled arteries having only helically oriented fibers, the opti-
mum fiber angle is given by the equation:
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Figure 11. Maximum active stress generated by smooth muscle cells in the
descending thoracic aorta of the apolipoprotein E knockout (apoE KO)
mice at different ages and diets [chow (CD) and Western diet (WD)]
obtained using wire myography (n=7 for each diet group). A: schematic
showing active stress as the difference between stress-strain curves for
fully contracted (solid line, phenylephrine-treated) and fully relaxed
(dashed line, SNP-treated) aortic rings. Dotted vertical line indicates
stretch at maximum active stress. B: averaged results for maximum active
stress. **P < 0.01vs. 6 wk, #P < 0.05 vs. 6 mo CD by one-way ANOVA fol-
lowed by Tukey multiple comparisons test. C: relative contribution of
active stress to total stress measured at stretch value corresponding to
peak active stress. % Active stress: **P < 0.01 vs. 6 wk; ##P < 0.01 vs.
6 mo. CD. % Passive stress: &&P < 0.01 vs. 6 wk, P<0.01 vs. 6mo CD.
Two-way ANOVA was performed followed by Tukey multiple-compari-
sons test.
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F. ~ 2P (2tan®(B) — 1)

where r; is the internal radius and B is the fiber angle, yield-
ing a value of B = 35.3° (59).

Fibers oriented in a more longitudinal direction relative to
the optimum angle would be associated with increased axial
tension as blood pressure increases during systole, and fibers
oriented in a more circumferential direction relative to the
optimum would be associated with reduced axial tension
(recoil, or possibly even compression) during systole.

Conclusions

We show here that collagen fiber angular distribution
diverges with aging in apoE KO mice on chow diet versus
those on Western diet. Our data indicate that the aortas of 6-
wk-old apoE KO mice have a significantly lower mean collagen
fiber angle when compared to older mice (6 mo) on chow diet,
but a significantly greater mean fiber angle compared to 7.5-
mo-old mice on a Western diet. These differences show that
proatherogenic diet alters age-related collagen remodeling.

In addition, we demonstrate using in vivo physiological
measurements that alterations in adventitial collagen
fiber angle distribution cannot be attributed to significant
changes in aortic hemodynamics. We did not detect sig-
nificant changes in volumetric blood flow rates or macro-
level structural changes (aortic diameter) in either the
thoracic or abdominal regions that were sampled for colla-
gen fiber angle measurements. Furthermore, we have
sampled in areas without lesions, ruling out pathological
wall remodeling specific to plaque development.

We have demonstrated that, starting with an average fiber
angle of 36° in young adult mice, collagen fiber reorientation
with aging can result either in more longitudinally oriented
fibers or in more circumferentially oriented fibers, depend-
ing on diet. Although Western diet feeding is known to have
many biochemical and physiological consequences in apoE
KO mice (60), we have focused here on its role in altering the
balance between passive and active stresses in the vessel
wall, either by promoting endothelial dysfunction or by
altering basal smooth muscle tone. We directly measured ac-
etylcholine-mediated nitric oxide release via diaminofluor-
escein-2 diacetate (DAF-2 DA) and active force generation in
the arterial wall via wire myography. We found no signifi-
cant decrease in NO release with age; thus, endothelial dys-
function is unlikely to be the cause of collagen remodeling in
our model. In contrast, we found a significant decrease in
active stress generation, as well as in the relative contribu-
tion of active stress to total wall stress in mice at 6 mo of age
compared to 6-wk-old mice, which was further exacerbated
by Western diet feeding. These results suggest that loss of
SMC basal tone, which is further enhanced by proathero-
genic stimuli, may act as a mechanical stimulus for collagen
fiber reorganization during aging.

One limitation of the current study is the use of wire
myography rather than biaxial mechanical testing to assess
vascular contractility (61), which did not allow us to deter-
mine whether longitudinal tension also changes with aging
in mice on a chow diet or Western diet. It should also be
noted that volumetric flow measurements by ultrasound are
subject to several sources of error, including failure to
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position the probe head accurately to acquire centerline
velocities, variations in depth of anesthesia that can alter
cardiac output, and variations in angle of probe relative to
mean flow direction. In addition, further studies that include
B6 wild-type mice will be needed to fully parse out the relative
contributions of age, diet, and susceptibility to atherosclerosis
to collagen fiber remodeling. Potentially productive avenues
for future work would include investigating mechanisms re-
sponsible for reducing active mechanical response in athero-
sclerotic vessels. In addition, the complex interactions among
hemodynamics, vascular contractility, and matrix remodeling
motivate continued development of mathematical models ca-
pable of simulating vascular remodeling and of delineating
the relative importance of multiple contributing factors.
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