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Abstract

Aging leads to central artery stiffening and associated hemodynamic sequelae. Because healthy
arteries exhibit differential geometry, composition, and mechanical behaviors along the central
vasculature, we sought to determine whether wall structure and mechanical function differ across
five vascular regions — the ascending and descending thoracic aorta, suprarenal and infrarenal
abdominal aorta, and common carotid artery — in 20-week versus 100-week old male wild-type
mice. Notwithstanding generally consistent changes across these regions, including a marked
thickening of the arterial wall, diminished in vivo axial stretch, and loss of elastic energy storage
capacity, the degree of changes tended to be slightly greater in abdominal than in thoracic or
carotid vessels. Likely due to the long half-life of vascular elastin, most mechanical changes in the
arterial wall resulted largely from a distributed increase in collagen, including thicker fibers in the
media, and localized increases in glycosaminoglycans. Changes within the central arteries
associated with significant increases in central pulse pressure and adverse changes in the left
ventricle, including increased cardiac mass and decreased diastolic function. Given the similar
half-life of vascular elastin in mice and humans but very different life-spans, there are important
differences in the aging of central vessels across these species. Nevertheless, the common finding
of aberrant matrix remodeling contributing to a compromised mechanical homeostasis suggests
that studies of central artery aging in the mouse can provide insight into mechanisms and
treatment strategies for the many adverse effects of vascular aging in humans.
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INTRODUCTION

Aging is a dominant risk factor for many cardiovascular diseases due, in part, to marked
changes in central artery geometry, composition, mechanical properties, and function. Such
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changes tend to manifest as a structural stiffening of these arteries, which via associated
effects on the hemodynamics increases the work load on the heart and increases
microvascular damage in end-organs such as the brain and kidneys (Safar 2009; Laurent and
Boutouyrie 2015). Among other reasons, aged central arteries dilate and stiffen in humans
due to both a mechanical fatigue of medial elastic fibers and an increased deposition or
cross-linking of collagen fibers (O’Rourke and Hashimoto 2007). These microstructural
changes, in turn, increase carotid-femoral pulse wave velocity and thus central and end-
organ pulse pressures (Lakatta et al. 2009). Given the normal gradient in the elastin:collagen
ratio along the aorta, there is strong motivation to determine whether aging-induced changes
in composition and mechanical properties similarly vary along the central vasculature.

In this paper, we present the first detailed quantification of wall composition and passive
biaxial mechanical properties across multiple central arteries as a function of normal aging
in wild-type mice. Specifically, in vitro biaxial testing was used to assess diverse
biomechanical metrics — including wall stress, stiffness, and energy storage — in 20-week
and 100-week old male wild-type mice. Despite preserved elastic lamellae, there were
qualitatively consistent increases in structural stiffness across the five different segments of
central arteries studied, though generally with greater changes in abdominal than thoracic
vessels. Importantly, failure to maintain circumferential wall stress and material stiffness at
normal levels suggested a compromised mechanical homeostasis (cf. Humphrey, 2008). In
vivo measurements of central artery hemodynamics and cardiac function further revealed
increased peripheral and central pulse pressures, left ventricular hypertrophy, and diastolic
dysfunction consistent with many clinical reports.

METHODS

In Vivo Measurements.

All animal procedures were approved by the Institutional Animal Care and Use Committee
of Yale University. Normal male wild-type mice, obtained as Fb/n5* by breeding Fb/in5t~
mice for a study of fibulin-5 deficiency (Ferruzzi et al. 2015), were allowed to age naturally
to ~100 weeks. At the prescribed endpoint, tail-cuff blood pressures were recorded using a
CODA system (Kent Scientific Corporation, Torrington, CT). Animals were subsequently
anesthetized using inhaled isoflurane (2-3% for induction, 1.5% for maintenance) and
transferred to an ultrasound platform, with body temperature maintained at 37°C, to collect
physiologic information in vivo. We employed recently established methods for both
measurement and analysis, details of which can be found elsewhere (Ferruzzi et al. 2018).
The resulting in vivo data included echocardiography and ultrasound, collected using a high-
frequency Vevo 2100 system (Visualsonics, Toronto, Canada) and a linear array probe
(MS550D, 22-55 MHz), as well as invasive pressures collected using an SPR-1000 catheter
(Millar, Houston, TX, USA) with an outer diameter of 1F. The pressure catheter was inserted
via a right carotid cut-down and advanced to the middle of the ascending aorta under
ultrasound guidance to measure anesthetized central blood pressures. The resulting in vivo
data included left ventricular systolic and diastolic function, regional diameters from M-
Mode images, ascending aortic diameter and length from B-Mode cine loops, and central
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hemodynamics including blood velocity from pulsed-wave Doppler and blood pressure from
the Millar catheter.

While still under anesthesia, the mice were euthanized using an intraperitoneal injection of
Beuthanasia-D (Merck animal Health, Madison, NJ) at 150 mg/kg. One common carotid
artery and the aorta from the root to the iliac bifurcation were excised intact and divided into
five segments: ascending thoracic aorta (ATA, from the aortic valve to the root of the
brachiocephalic trunk), proximal descending thoracic aorta (DTA, from the left subclavian to
the third pair of intercostal branches), suprarenal abdominal aorta (SAA, from the last pair
of intercostals to the right renal artery), infrarenal abdominal aorta (IAA, from the left renal
artery to the iliac bifurcation), and the left common carotid artery (CCA, from the aorta to
the carotid bifurcation). Loose perivascular tissue was removed by blunt dissection under a
microscope and side branches were ligated with suture to enable in vitro pressurization, as
described below. Use of consistent anatomical landmarks yielded arterial segments having
unloaded lengths between 3 and 8 mm, depending on the region, thus allowing us to
compare lengths between the two age groups.

In Vitro Mechanical Testing.

Biaxial mechanical tests were performed using established methods, details of which can be
found elsewhere for both measurement and data analysis (Ferruzzi et al. 2013). Briefly,
excised specimens were cannulated on custom glass pipettes, secured using 6-0 silk sutures,
and placed within a custom computer-controlled biaxial testing system (Gleason et al. 2004).
After equilibration at 37°C for 15 to 30 minutes in a Hank’s buffered physiologic solution,
specimens were preconditioned using 4 cycles of pressurization from 10 to 140 mmHg at an
estimated value of in vivo axial stretch, which is defined by the axial length at which
measured axial forces remain nearly constant upon pressurization (Weiszécker et al. 1983).
Outer diameter and axial length were then recorded for each specimen in the absence of
external loading. Next, cyclic pressure-diameter (P-ad) tests were performed at three fixed
axial lengths (at and £5% of the estimated in vivo stretch) and cyclic axial force-length (%))
tests were performed at four fixed pressures (10, 60, 100, and 140 mmHg). Whereas P-d
tests were carried out consistently between 10 and 140 mmHg, £/tests were executed by
varying the axial load between 0 g and a region-specific maximum: 4.5 g for the ATA, 3.0 g
for the DTA, 2.5 g for SAA and IAA, and 1 g for the CCA (Ferruzzi et al. 2015). After
biomechanical testing, arterial rings of consistent width (~0.5mm) were cut from each vessel
and cross-sectional images were captured using a dissection microscope equipped with a
CCD camera, both before and after introducing a radial cut to relieve any residual stress.
Unloaded wall thickness and opening angles were measured from these images using semi-
automated methods (Ferruzzi et al. 2013).

Biomechanical Properties.

For internal consistency, we quantified the passive biaxial data using a validated four-fiber
family constitutive model (Ferruzzi et al. 2013, 2015; Bersi et al. 2016, 2017), namely a
Holzapfel-type strain energy function defined by
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where ¢, ¢} and ¢, are model parameters, C = FF is the right Cauchy-Green tensor, F is the
deformation gradient tensor, and M’ = (0, sin , cos a3) is a unit vector denoting the

orientation of the /7 family of locally parallel fibers, with angle o/, computed relative to the

axial (2) direction in the intact traction-free reference configuration. One family of fibers is
oriented axially (a} = 0), one circumferentially («2 = 7/2) and two symmetric diagonally
(a3 = — a2 = a,, a free parameter determined via a best-fit nonlinear regression of the data);
these four fiber families are motivated by the microstructure (Ferruzzi et al. 2011), but are
also intended to capture phenomenologically any yet unquantified factors such as smooth
muscle versus collagen contributions to circumferential behavior or collagen I:111 ratios and
cross-link densities. That is, like all similar models, equation 1 is microstructurally
motivated, not microstructurally based. The resulting passive Cauchy stresses are
(Humphrey 2002)
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t=—pl+2F5CF, @

where pis a Lagrange multiplier that enforces isochoric motions; it was calculated by
assuming that the radial stress is small in comparison to the in-plane (biaxial) components.

Best-fit values of the 8 model parameters in W were determined from data sets combined
from the seven biaxial testing protocols (3 P-dand 4 £/, with Nthe total number of
equilibrium configurations or data points) using a nonlinear least squares minimization of
the error ¢, where
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with Pand fthe distending pressure and total axial force, respectively, with 7and exp
denoting theoretically determined and experimentally measured values, respectively; an
overbar represents an average over all data points AVincluded in the regression. We focused
on data obtained during unloading to compute the stored energy that would be 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 large artery.

The most relevant values of material stiffness are those at in vivo deformations, which
change from diastole to systole. We thus used a theory of small deformations superimposed
on large to compute material stiffness linearized about a relevant in vivo state, between
diastole and systole, namely (Baek et al., 2007)
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where F?is the deformation gradient associated with mappings from an appropriate
(traction-free) reference to a finitely deformed (distended and extended) in vivo
configuration, with C?the associated right Cauchy-Green tensor. Such a reference is defined
by the measured in vivo axial stretch (inferred as the cross-over point within £/data
collected at 60, 100, and 140 mmHg; Ferruzzi et al. 2013) and a physiologically relevant
pressure. An energy dissipation ratio (EDR) was calculated, as a percent, from the difference
between the loading and unloading second Piola-Kirchhoff stress — Green strain curves,
following preconditioning, normalized by the energy associated with loading (Ferruzzi et al.
2015). Finally, we combined in vivo information on arterial diameter and length from
ultrasound with unloaded dimensions of excised samples and in vitro material properties to
estimate the regional biaxial stress and stiffness likely experienced by central arteries under
physiologic loads. Detailed methods and assumptions needed to combine in vivo and in vitro
biomechanical data can be found elsewhere (Ferruzzi et al. 2018) and yield a transmural
pressure P;that accounts for the combined action of the intraluminal pressure (which can be
measured via a Millar catheter) and perivascular support (which cannot be measured
directly, but can be estimated). This, in turn allows calculation of a regional distensibility as

Do id>s — l.ddia o
l.ddia(Ptsys _ Ptdia)’

where /dindicates luminal (or, inner) diameters measured from ultrasound while
superscripts sysand dia indicate systole and diastole, respectively.

Histology.

Following in vitro testing, samples were fixed overnight in 4% formalin while unloaded,
then stored in 70% ethanol at 4°C until embedding in paraffin and sectioning at 5 pm. For
each group, three samples per region (2 groups x 5 regions x 3 samples = 30 total samples)
were stained with Verhoeff Van Gieson (VVG) to identify elastic fibers, Masson’s
Trichrome (MTC) to identify fibrillar collagen and cell cytoplasm, Movat’s Pentachrome
(MQV) to identify intramural glycosaminoglycans, and Picro-Sirius Red (PSR) to delineate
collagen fiber size under polarized light (Eberth et al. 2009). Sections from both groups were
stained at the same time to reduce processing artifacts and subsequently imaged using an
Olympus BX/51 microscope, using both bright- and dark-field imaging at a 400x total
magnification. For each sample and stain, we imaged and analyzed 3 to 6 cross-sections to
reduce the impact of intra-specimen variability. We employed a previously developed
MATLAB interface to identify the area fractions of each load bearing constituent. Details on
methods and parameters for the image analysis can be found elsewhere (Bersi et al. 2012,
2016; Ferruzzi et al. 2015). Briefly, we used background subtraction and pixel-based
thresholding to classify each pixel within VVG, MTC, and MOV stained sections as elastin,
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collagen, cytoplasm, or medial glycosaminoglycans. Similarly, we identified the fraction of
thick (red-orange) or thin (yellow-green) birefringent collagen fibers in the media and
adventitia of PSR stained sections. Medial and adventitial areas were determined via
automated detection of the external elastic lamina in MOV images (Bersi et al. 2017). We
have shown previously that MTC staining may lead to an overestimation of collagen area
fractions (Ferruzzi et al. 2015). The area fractions for elastin (¢°), fibrillar collagen (¢°),
cytoplasm (¢), and medial glycosaminoglycans (¢9) were thus subject to the constraint that
¢+ oM+ of + 99 = 1. Based on this assumption, the collagen area fraction for each
specimen can be calculated based on the other constituents as ¢©=1 — ¢+ ¢ + 9. We

found that calculated (o) and measured (¢%,) collagen area fractions for the entire dataset

(n=130) related linearly: p¢ = 1.1108 ¢$, — 0.1814. The resulting linear relationship was used

to consistently calibrate the measured collagen area fractions, which were thereby corrected
for overstaining or co-localization of stains within the elastic lamellae.

Our combined in vivo and in vitro characterization of central artery function was carried out
in 7= 6 male Fb/n5*"* mice at 100 weeks of age and resulted in groups of 5-6 samples for
each of the above measurements in the different regions. Control data from 7= 5 male
Fbin5*!* mice at 20 weeks of age were obtained using identical methods and are reported
elsewhere (Ferruzzi et al. 2015, 2018). Histological quantifications were conducted on 7=3
animals per age group. Statistical comparisons used two-sided t-tests in the open source
Python library SciPy and data were visualized using the plotting library Matplotlib. A value
of p<0.05 was considered significant and denoted by a superscript *. Possible trends
towards significance are similarly denoted by a superscript T for p<0.1.

RESULTS

Figure 1 shows results from cyclic ~dand F/tests, collected at individual values of in vivo
axial stretch (Table S1), as a function of region (ATA, DTA, SAA, IAA, and CCA) and age
(20 and 100 weeks). Normal aging resulted in a slight leftward shift in the pressure-diameter
behaviors (top row) as well as a consistent decrease in the axial force needed to maintain the
vessels at their estimated in vivo axial stretch during pressurization (middle row). The latter
is consistent with the more dramatic, leftward shift in the axial force-stretch behavior
(bottom row). Associated biaxial Cauchy stress-stretch results (Figure S1) suggested further
that changes in material properties were anisotropic, with diminished axial stretch
contributing to the lower values of intramural biaxial stress. The cyclic testing data were fit
well by the four-fiber family model (not shown), with mean best-fit values of the parameters
(equation 1) listed in Table S2. Calculated Cauchy stress—stretch behaviors revealed
qualitatively similar findings across the five regions with aging, each with lower values of
biaxial stiffness consistent with the lower biaxial wall stress (Figure 2, top and middle rows).
These values of stiffness were calculated directly (equation 4) even though they are depicted
as local slopes on the Cauchy stress-strain curves; see Table S1 for specific values calculated
at a common pressure of 120 mmHg. Perusal of results in this table reveals similar changes
across all 5 regions, though generally to a greater extent in the abdominal vessels. Finally,
calculated iso-energetic contours highlighted another effect of the reduced axial extensibility
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in aging, namely, lower values of elastic energy storage capability in all regions (Figure 2,
bottom row).

Figure 3 shows representative MOV-stained histological images for all five regions,
comparing normal (first row) and aged (second row) cross-sections; overall cross-sectional
areas were further divided into medial and adventitial contributions (third row). Aging led to
an increased unloaded wall area, especially of the media, along the entire length of the aorta.
These changes occurred without development of a neointima. Importantly, elastic lamellar
structures appeared intact, though with increased intra-lamellar spacing due to aging-
associated increases in medial collagen and glycosaminoglycans despite decreases in
cytoplasm (i.e., smooth muscle cell area), especially in the ATA and 1AA (fourth row).
Overall, the greatest change with aging was an increase in collagen content, hence Figure 4
shows normal (first row) and aged (second row) PSR-stained cross-sections imaged under
polarized light to visualize the distribution of collagen fiber sizes. Results are shown
separately for the media (third row) and the adventitia (fourth row) in order of decreasing
fiber diameter: red, orange, yellow, and green. Aged arteries display a higher percentage of
larger fibers in the media, especially in abdominal regions (SAA and 1AA), but a lower
percentage of smaller fibers in the adventitia, especially in the ATA. A full set of
representative bright-field histological cross-sections is given in Figure S2, which highlights
regional differences in the four major structural constituents, especially a marked increase in
fibrillar collagens with preserved elastic fibers.

Noting that cross-sectional area depends on both diameter and wall thickness, Figure 5
shows that unloaded outer diameter measured from fresh, excised samples prior to testing
differed little with aging whereas unloaded wall thickness increased in all regions, but
especially so in the ascending thoracic aorta (ATA) and both regions of the abdominal aorta
(SAA and IAA). The excised specimens that were tested biaxially also tended to be longer in
aging, except for the ATA (Table S1). Measurements of blood pressure using the tail-cuff
(conscious, resting) method revealed a significant increase in peripheral pulse pressure (i.e.,
systolic-diastolic blood pressure) with aging, namely 42+3 mmHg in the 100-week old
versus 36x1 mmHg in the 20-week old mice (Table S3). Associated ratios of systolic/
diastolic pressures were 107+6/64+5 and 120+6/84+6 mmHg, respectively in 100- and 20-
weeks old mice, with heart rates of 73118 and 692+19 bpm. Hence, normal aging of these
male wild-type (Fb/n5*) mice seems to increase pulse pressure primarily by lowering
diastolic blood pressure. Given the absence of overt hypertension, Figure 5 also shows
biomechanical stress, material stiffness, and elastic energy storage calculated at individual
values of in vivo axial stretch but a common transmural pressure of 120 mmHg. Noting that
these comparisons are based on consistent in vitro loading conditions, more physiologically-
relevant comparisons are shown in Figure 6.

As seen in Figure 5, biaxial wall stress and material stiffness decreased in all regions due to
aging, likely driven by both the decreased axial stretch and increased wall thickness (see
Table S1, which reveals increases in thickness of ~29% in the thoracic aorta, 31% in the
carotid, and ~42% in the abdominal aorta). The reductions in stress and material stiffness
were ~27% on average across all regions, though greatest in abdominal segments.
Interestingly, the age-associated increase in wall thickness /7and decrease in circumferential
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material stiffness 4999 appeared to be self-compensating in the ATA, DTA, and SAA, with
the product 1% g999(a highly simplified measure of structural stiffness) essentially

unchanged from the value in the 20-week old mice (not shown). Surprisingly, this product
was lower than normal in the aged IAA and CCA. Dividing this value of structural stiffness
by inner radius ayields a term similar to that found in the highly idealized Moens-Korteweg
equation for estimating pulse wave velocity. Note, therefore, that the deformed inner radius
calculated at a common transmural pressure of 120 mmHg decreased in all regions with
aging (Table S1), with reductions ranging from ~3% in the thoracic (ATA and DTA) to ~7%
in the abdominal (SAA and IAA) aorta and a comparable ~8% in the carotid, again recalling
that the histology revealed that there was no development of a neointima. The combination
of terms h&g999/a yielded values that were 2—7% higher in the aged mice in the ATA, DTA,

and SAA but 10-20% lower in the IAA and the CCA. Although provocative, one must be
careful not to over-interpret such regional results since it is the multiaxial structural stiffness
that dictates the hemodynamics, with axial properties important as well (Demiray 1992).

A primary function of central arteries is to store energy elastically during systole and to use
this energy during diastole to work on the blood. There was a consistent loss of energy
storage capability in all five regions (Figure 5), with the degree of reduction ranging from
~28% in the thoracic aorta (ATA and DTA) to ~36% in the IAA and CAA and 44% in the
SAA. This reduction in energy storage likely resulted, in part, from the reduced in vivo axial
stretch, which ranged from 5% (ATA) to 12% (SAA and CCA), but also from the
aforementioned decrease in the area fraction of elastin due to the increase in collagen and
glycosaminoglycans (Figure 3). The age-associated increase in energy dissipation ratio
(EDR, Table S1) was highest in the SAA, and displayed an increasing trend in most regions,
especially the ATA (+68%) and CCA (+39%), with the exception of the IAA (which was
unexpected, particularly given the significant increase in glycosaminoglycan fraction shown
in Figure 3). Increased EDR may result from increased GAGs (Figure 3).

Invasive measurement of blood pressure using a Millar catheter (under anesthesia)
complemented findings from tail-cuff measurement of peripheral pressures and revealed a
similarly significant increase in central pulse pressure with aging: 351 mmHg in the 100-
week old mice versus 30+1 mmHg in the 20-week old mice, with systolic/diastolic pressures
of 102+3/68+3 mmHg and 99+2/69+2 mmHg (Table S4). Associated heart rates under
anesthesia were 555116 bpm in the older mice and 459415 bpm in the younger mice, which
was significantly different. Interestingly, peak blood velocities measured via Doppler
ultrasound were 148+11 and 51+7 cm/s in the ATA and IAA of the older mice, respectively,
but only 107+13 and 29+5 cm/s in the younger mice, both significantly different (Table S5).
The associated pulse transit time — a measure of the speed of wave propagation measured as
the delay between the upstroke of blood velocity waveforms in the ATA and IAA (Ferruzzi
et al. 2018) — displayed a mild but non-significant decrease in older mice (7.7£2.2 ms) with
respect to the younger mice (12.3+2.4 ms). Along with data showing a generalized increase
in unloaded lengths and decreased in vivo axial stretches (Table S1), the decrease in pulse
transit time suggests that pulse wave velocity was increased in aged animals.
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B-mode ultrasound measurements of ATA dimensions over a cardiac cycle revealed similar
luminal diameters but increased axial lengths due to aging. Associated in vivo cyclic
circumferential and axial strains tended to be less due to aging (Figure S3), but these
differences did not reach statistical significance. In contrast, M-Mode ultrasound
measurements of changes in inner diameter of the ATA suggested a significant reduction in
circumferential strain (Figure S4). Notwithstanding inherent limitations of both methods, it
appears that circumferential strain decreased in the ATA alone based on comparisons to
similar M-mode measurements in the SAA, 1AA, and CCA (Figure S4, noting that the DTA
could not be imaged due to interference caused by air in the lungs). Importantly, combining
in vivo measurements of arterial dimensions with in vitro mechanical findings enabled us to
estimate in vivo values of wall stress, material stiffness, elastic energy storage, and
distensibility (Figure 6). Albeit for anesthetized conditions (with blood pressure and heart
rate depressed), we again found that circumferential properties were largely preserved (top
row) while axial properties shifted towards a less extensible behavior (middle row). In vivo
energy storage at systole and diastole was generally lower (bottom row), though higher in
the ATA perhaps due to the higher in vivo lengths measured from ultrasound (Figure S3) but
preserved unloaded lengths measured in vitro (Table S1). Regardless, cyclic energy storage —
a measure of the elastic energy stored at systole that can be used during diastole — seemed to
be maintained in normal aging under anesthetized conditions (Figure 6, bottom row),
suggesting that, despite increased collagen deposition and thickening and lengthening of the
arterial wall, somewhat adaptive decreases in material stiffness and wall stress may allow a
nearly maintained mechanical function of central arteries under a low workload. Such a
finding seems consistent with older individuals managing well in sedentary activities,
though not in physical exertion. Indeed, overall distensibility was decreased in all regions,
especially in the ATA and SAA.

Echocardiography revealed that, despite an aging-associated significant increase in mean
blood velocity in the ATA and IAA, stroke volume and cardiac output increased only
modestly (Table 1). There were significant differences in other left ventricular (LV) metrics,
however. Aging resulted in a thicker LV wall, an increase in LV mass, and a diminished LV
diastolic function (as measured via the ratio £/ A, where £and A measure peak LV filling
velocity in Farly and late - due to Atrial contraction - diastole), all significant at p < 0.05.
That is, the older mice exhibited signs of diastolic dysfunction with preserved ejection
fraction under anesthetized conditions. See Table 1 for additional in vivo metrics of cardiac
function, noting that adverse effects could be even greater under resting and especially
exercise conditions.

Finally, although unexpected and not analyzed in detail, approximately 33% of the DTAs
and 50% of the SAAs experienced a grossly visible intramural delamination during biaxial
testing (Figure 7) while none of the ATAs, IAAs, or CCAs experienced any visible
mechanical damage. Anecdotally, we have tested hundreds of central arteries from many
different mouse models and observed such delaminations in only a few: DTAs or SAAs from
transforming growth factor receptor 2 disrupted ( 7g7br2"7 + Tamoxifen; Ferruzzi et al.
2016), thrombospondin-2 null ( 7sp27~; Bellini et al. 2017), and chronic angiotensin |1
infused apolipoprotein-E null (Apoe™'~ + AnglI; Bersi et al. 2017) among them. In these
three cases, delamination was either expected or not surprising given the mutation or
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pharmacological treatment. That DTAs and SAAs from aged male mice experienced such
delaminations suggests that, despite a compromised mechanical functionality that was
partially offset under low workload by adaptive remodeling, aging seems to compromise
structural integrity within particular regions of the aorta.

DISCUSSION

Mice are ideal, in principle, for studying aging-related effects on central arteries. Their
lifespan is a mere 2+ years, advances in instrumentation allow careful in vitro and in vivo
quantification of arterial wall mechanics and cardiovascular function, myriad antibodies are
available for biological characterization, and, of course, many genetically modified models
are available for study. Importantly, genetic profiling has revealed over 1500 transcripts that
are differentially expressed between 6-month old (~26 weeks) and 20-month old (~87
weeks) C57BL/6 wild-type mice (Rammos et al., 2014). Amongst the many differences are
changes in cell-matrix adhesions that are essential for the cellular mechano-sensing and
mechano-regulation of extracellular matrix that endows the arterial wall with much of its
mechanical functionality and structural integrity (Wagenseil and Mecham 2009; Humphrey
et al. 2014). Such genetic changes are consistent, for example, with observed decreases in
elastin:collagen ratios with aging (cf. Fleenor et al. 2010; Wheeler et al. 2015), which were
observed herein across all central arteries studied due to increases in collagens and GAGs,
not decreases in elastin (Figure 3). Although (immuno)histological studies provide
significant insight into compositional changes that result from altered gene expression,
biomechanical tests are essential for determining any associated functional consequences
(cf. Zhang et al. 2012). That is, the need for detailed biomechanical phenotyping is clear,
which must include circumferential and axial properties (Ferruzzi et al. 2013).

Remarkably, there had not been any prior detailed comparison of biaxial wall mechanics
across the main central arteries in aging mice. Rather, most prior studies focused on one
region and typically used either ring (e.g., Wheeler et al. 2015) or pressure-diameter (e.g.,
Fleenor et al. 2010) tests. Ring tests do not address what we have found to be essential roles
of axial stress and stiffness in arterial mechanics (Humphrey et al. 2009) and pressure-
diameter tests at a single axial stretch do not yield information sufficient for rigorous
quantification of biaxial mechanical properties (Ferruzzi et al., 2013). Our data (Figures 1, 2,
and 5) revealed a marked aging-associated decrease in the preferred (in vivo) value of axial
stretch in all regions, which in turn had important effects on calculations of wall stress,
material stiffness, and energy storage. Clearly, biaxial testing is critical in biomechanical
phenotyping.

Our biaxial data revealed marked, though in some cases partially adaptive, aging-related
changes in central artery wall mechanics in the normal male mouse. For example, all five
regions exhibited a decrease in the intrinsic circumferential material stiffness when evaluated
either at a common pressure of 120 mmHg (Figures 2 and 5) or group specific pressures (not
shown). These decreases in material stiffness were offset, in part, by a consistent increase in
wall thickness that effectively maintained a simple measure of local structural stiffness near
normal in the ATA, DTA, and SAA. Such changes may thus be somewhat adaptive, at least
from the perspective of influencing global hemodynamics. Although the IAA experienced
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the greatest increase in wall thickness (~43%), it also experienced the greatest reduction in
material stiffness, thus resulting in a reduced structural stiffness similar to that of the aged
CCA. We emphasize, however, that one must consider more complete measures of local
structural stiffness, particularly since theoretical studies reveal the importance of axial wall
properties on hemodynamics (Demiray 1992). Full fluid-solid interaction simulations will be
needed to address fully the effects of regional variations in wall properties on local and
global hemodynamics (Cuomo et al., 2017).

Nevertheless, overall it appears that the intramural cells (smooth muscle or fibroblasts) did
not control well either the wall stress or material stiffness in any region, but especially in the
abdominal aorta. Indeed, if we define perfect mechano-adaptation as preservation of mean
wall shear stress and mean circumferential stress, then we should observe inner radius 8 —
£33y, and wall thickness #— ye/3hy, where & denotes a fold-change in volumetric flow
and y denotes a fold-change in blood pressure, with subscript /2 denoting a homeostatic
value (Humphrey 2008). The statistically significant increase in wall thickness despite
nonsignificant changes in blood flow (actually, slight increases in flow with slight decreases
in radius) and mean blood pressure (actually, slight decrease in pressure with marked
increase in thickness) suggests a compromised mechanical homeostasis, apparently due
mainly to the excessive deposition of collagen and accumulation of glycosaminoglycans
(Figures 3 and 4). This finding appears to be consistent with the aforementioned
transcriptional deficiencies in cell-matrix interactions observed by Rammos et al. (2014).
The increased vulnerability of the DTA and SAA to intramural delamination was
unexpected, but dramatic. Aging also seems to compromise structural integrity, at least in
select portions of the central vasculature. Similarly, the consistent loss of energy storage
capability and increase in energy dissipation revealed a diminished mechanical functionality
with aging, again particularly in the abdominal aorta.

There are two primary means by which arteries lose their ability to store strain energy upon
cyclic loading: (/) loss of elastic fiber integrity, which reduces resilience directly (Ferruzzi et
al. 2016), and (//) increased deposition and/or cross-linking of collagen, which prevents
elastic fibers from extending, which reduces resilience indirectly (Bersi et al. 2016).
Recalling prior findings that collagen increases significantly in aged central arteries in mice
(e.g., Fleenor et al. 2010; Wheeler et al. 2015), our histological data are consistent with the
remodeling of collagen dominating changes in mechanical functionality during normal
murine aging. Toward this end, it is interesting to compare the present results with prior data
for central arteries from 20-week old littermate ~5/n57~ mice (Ferruzzi et al. 2015).
Fibulin-5 deficiency is thought to impair elastic fiber fibrillogenesis, and the arterial
phenotype appears as a type of accelerated aging (Wan et al. 2013). Interestingly, Table 2 in
Ferruzzi et al. (2015) reveals that, similar to the biomechanical phenotype of normal aging in
males described herein (Table S1), fibulin-5 deficiency results in a consistent decrease in
deformed inner radius (10-20%), increase in wall thickness (31-47%), decrease in axial
stretch (7-19%), decrease in biaxial wall stress (35-50%), and decrease in energy storage
(38-61%) across the same five regions (ATA, DTA, SAA, IAA, and CCA). LV diastolic
function is similarly compromised in these mutant mice (Le et al. 2014). Hence all general
features of normal aging reported herein are seen in the Fb/n57'~ mice, though to somewhat
of a greater extent in fibulin-5 deficiency. Interestingly, the fibulin-5 null ATA alone
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exhibited a slight increase in circumferential material stiffness, while preserving axial
stiffness, and it exhibited the most dramatic reduction in stored energy. Hence, wherein
changes tended to be greater in the abdominal than in the thoracic aorta with normal aging,
the most proximal thoracic aorta is most affected in the Fb/n5~/~ mouse. This finding is
consistent with the ATA normally containing the highest elastin:collagen ratio of all central
arteries (noting that elastin area fraction was lower in all regions in the aged mice, though
statistically so only in the ATA; Figure 3) and loss of fibulin-5 affecting elastogenesis.
Importantly, this comparison between normal aging and effects of compromised elastic
fibers suggests a potentially important caveat with regard to mouse models of arterial aging,
but further that genetic models of compromised elastic fiber integrity can provide additional
insight into aging-like changes (cf. Ferruzzi et al. 2016), though not without some concerns
due to potentially altered aging in genetically modified models (Pezet 2008; Wan et al.
2014).

The half-life of vascular elastin appears to be 25+ years in mice (Davis 1993; Sherratt 2009),
which is of the same order as that in humans (50+ years; Arribas et al. 2006). This value
suggests that most elastic fibers remain intact throughout the lifespan of a normal mouse
unless otherwise defective, damaged, or degraded due to disease or injury. The histological
images in Figure 3 confirm that the primary elastic laminae were largely normal at 100
weeks of age, suggesting that aging was not driven by the mechanical fatigue of elastic
fibers seen in humans (cf. O’Rourke and Hashimoto 2007), but rather by increased
deposition mainly of collagen but also glycosaminoglycans. It has been reported that aging
of normal mice induces significant changes in adventitial collagen (cf. Fleenor et al. 2010),
but we found marked increases in medial collagen as well. Whereas the search continues for
ways to repair or replace elastic fibers (Zhang et al. 2012; Coquand-Gandit et al. 2017), it
may be possible to reverse remodel some of the aberrant age-related changes in collagen via
exercise (Lesniewski et al. 2011) or anti-inflammatory treatment (Fleenor et al. 2012), both
of which may exploit the high turnover rates of vascular collagen (Rodriguez-Feo et al.
2005). Clearly, altered collagen is similarly important in human aging and may represent a
therapeutic target. We must remain mindful, however, of differences between the human and
murine vasculatures, and indeed differences across mouse models. Regarding direct
comparisons of our findings with those of the Seals group (Fleenor et al. 2010, 2012;
Lesniewski et al. 2011), they found much more marked changes in adventitial collagen (in
carotids) than we did. It is noted that they used a different mouse model (B6D2F1 versus our
C57BL/6 x 129svEvV), that their institution is located at a much greater altitude (5,430 feet
versus ours at sea level; cf. Boos et al. 2017), and their mice may have a different
microbiome. There is need for consideration of diverse conditions when comparing results
across laboratories prior to drawing general, definitive conclusions.

Albeit rare, Hutchinson-Guilford (progeria) syndrome results in a severe form of premature
aging in humans. Affected individuals tend to die between 8 and 21 years of age (mean of
13) due to progressive arterial occlusions resulting in myocardial infarction or stroke.
Transgenic mouse models of progeria reveal, at 9 to 12 months of age, a thickened media in
the thoracic aorta and carotid arteries, with increased intra-lamellar distances due, in part, to
diffuse accumulation of glycosaminoglycans associated with smooth muscle cell drop-out
(\Varga et al. 2006; Capell et al. 2008). There are also increases in intramural collagen, with

Biomech Model Mechanobiol. Author manuscript; available in PMC 2021 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferruzzi et al.

Page 13

some thickening of the adventitia, as well as calcification of the wall. Although more
modest, the increases in glycosaminoglycan and collagen area fractions reported herein
(Figure 3), with associated decreases in elastin and cytoplasmic smooth muscle area
fractions, are consistent with both extreme (progeria) and milder (fibulin-5 deficient) models
of premature aging. We discussed elsewhere the likely important role of normal medial
glycosaminoglycan concentration in facilitating smooth muscle mechano-sensing, but a
detrimental role of diffuse increases in reducing mechano-sensing capability (Roccabianca et
al. 2014), which also appears to be consistent with the aforementioned age-associated
transcriptional changes (Rammos et al. 2014). Perhaps controlling excess
glycosaminoglycan production could be another therapeutic target.

That the primary change in blood pressure was an increase in the pulse, not systolic or mean,
pressure is important because vascular growth and remodeling appear to the more sensitive
to changes in pulse pressure (Lacolley et al. 2009; Eberth et al. 2010). Aging and
hypertension (with increased pulse pressure) are often considered together in reviews of
central arterial stiffening (Laurent and Boutouyrie 2015; Humphrey et al. 2016). In both
aortic banding-(Eberth et al. 2009; Kuang et al. 2013) and chronic angiotensin- (Wu et al.
2014; Bersi et al. 2016) induced hypertension in mice, much of the increase in mural
collagen is in the adventitia, with local angiotensin and inflammation playing important
roles. Energy storage, that is mechanical functionality, is also markedly reduced in both of
these models (Eberth et al. 2011; Bersi et al. 2017). Interestingly, the aforementioned genetic
profiling also revealed a significant change in the local angiotensin system in normal murine
aging (Rammos et al. 2014). Clearly then, notwithstanding certain caveats, synthesizing data
across multiple murine models promises to provide more general insight into collagen
remodeling and its effects on central artery stiffening and hemodynamic sequelae, with
continued attention needing to focus on the important roles played by both pulse pressure
and adventitial inflammation. Indeed, based on a theoretical study (Latorre and Humphrey
2018), it appears that inflammation can further disrupt mechanical homeostasis, perhaps
forcing lower targets for stress and stiffness (cf. Figure S1). In particular, given that the
media may be immuno-privileged, the role of the inflammation-prone adventitia cannot be
forsaken (Wu et al. 2014; Bersi et al. 2016) even though most clinical assessments focus on
changes in intimal-medial thickness when assessing central artery stiffness (cf. Davis et al.
2001).

In summary, well-known gross characteristics of central artery aging and hypertension in
humans, including progressive increases in luminal diameter, wall thickness, and structural
stiffness (Lakatta et al. 2009; Laurent and Boutouyrie 2015), are mimicked only in part via
normal aging in mice. Nevertheless, we recommend that such geometric and mechanical
changes should be quantified and compared regionally in humans. Moreover, non-standard
metrics, including the intrinsic circumferential material stiffness and elastic stored energy
capability (e.g., Ferruzzi et al. 2010; Roccabianca et al. 2014), should be measured and their
effects on global hemodynamics evaluated (Cuomo et al. 2017). So, too, we should focus
more on differential remodeling in the intima/media and adventitia (cf. Bellini et al. 2014;
Bersi et al. 2016). Although fibrillar collagens primarily endow the arterial wall with
stiffness and strength (noting that collagen I:111 ratios and cross-linking are important, and
change), increased collagen can limit the distension of the wall that is needed to store energy
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elastically in the elastic fibers. Hence, there is also a continuing need to evaluate in aging
and hypertension the roles of decreased endothelial cell nitric oxide production (Lakatta et
al. 2009), increased inflammation (Wu et al. 2014), and advanced glycation end-products
(Bakris et al. 2004), all of which can affect collagen production and its cross-linking. Indeed,
direct measurements of age-associated increases in aortic wall properties confirm a
correlation between stiffness and collagen cross-linking (Steppan et al. 2014), hence this
especially merits increased attention.

In conclusion, chronological aging tends to lead inexorably to structural stiffening of central
arteries in humans with associated adverse hemodynamic sequelae. Consequences of aging
can be accelerated by multiple connective tissue disorders as well as increased oxidative or
mechanical stress, as in chronic inflammatory diseases or hypertension (Nilsson et al. 2013).
There is, therefore, a pressing need to understand better the relations among the genetics,
mechanobiology, immunobiology, and biomechanics. Finally, given the importance of
arterial aging on hemodynamics (O’Rourke and Hashimoto 2007; Safar 2009), and
important couplings between large and small vessels (Laurent and Boutouyrie 2015), there is
a pressing need for computational studies that can elucidate effects of regional differences in
mechanical properties (Cuomo et al. 2017). The present study provides some of the
information that is needed for such studies, with the particular advantage of its derivation
from a murine model that exhibits increased structural stiffening of central arteries without
overt hypertension and yet presents with increased central pulse pressures and diastolic
dysfunction with a preserved ejection fraction.
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ascending thoracic aorta (ATA), descending thoracic aorta (DTA), suprarenal abdominal
aorta (SAA), infrarenal abdominal aorta (IAA), and common carotid artery (CCA).
Circumferential pressure-diameter behaviors are mostly unaffected by normal aging whereas
axial force-stretch behaviors display a general leftward shift, which implies anisotropic
structural stiffening. Note, too, the generally lower axial force needed to maintain the aged
vessels at their diminished in vivo axial stretch (middle). Open circles indicate data from 20-
week old mice; filled circles indicate data from 100-week old mice.
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Figure 2.

Theoretically computed Cauchy stress-stretch responses (top row, middle row), with values
of linearized stiffness shown schematically by local tangents, plus the elastically stored
energy shown as iso-energetic contours as a function of biaxial stretch (bottom row). The
linearization was at a common distending pressure of 120 mmHg but individual axial
stretches that were inferred experimentally from cross-over points in axial force — axial
stretch tests. The iso-energy contours correspond to 0.1, 1, 5, 10, 20, 40, 60, 100, 250, and
500 kPa for each group, with dashed lines showing normal contours and solid lines the aged
contours. Aging reduces in vivo energy levels in all regions, due in large part to the reduced
in vivo axial stretches (cf. Figure 1, bottom row).
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Figure 3.
Representative bright-field Movat Pentachrome-stained images for 20-week old (first row)

and 100-week old (second row) mice and each of the five regions: ATA, DTA, SAA, IAA,
and CCA. Histological cross-sectional areas reflect the aging-induced thickening seen in
fresh samples, but reveal further that the increase in total wall area is due mostly to an
increased area of media. Shown, too, are calculated whole-wall area fractions (third row) for
individual constituents (fourth row): elastin (¢%) from VVG, fibrillar collagen (¢°) and
cytoplasm (¢™) from MTC, and medial glycosaminoglycans (#9) from MOV, subject to the
constraint that ¢f + ¢ + ¢+ 99> 1. The * and T indicate significant differences,
respectively, at p< 0.05 and p< 0.10, between 20- and 100-week old mice.
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Figure 4.
Representative dark-field picro-sirius red-stained images for 20-week old (first row) and

100-week old (second row) mice and each of the five regions: ATA, DTA, SAA, 1AA, and
CCA. Layer specific quantification of birefringent images (third and fourth rows) shows that
normal aging associates mainly with medial remodeling of fibrillar collagen. Increased areas
of thicker collagen fibrils (red-orange) and decreased areas of thinner collagen fibrils
(yellow-green) are most prominent in abdominal sections (SAA and 1AA). Adventitial
remodeling occurred mainly in the ATA, with increased orange and yellow fibrils at 100
relative to 20 weeks of age. The * and 1 indicate significant differences, respectively, at p <
0.05 and p<0.10, between 20- and 100-week old animals.
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Figure5.

Mean + SEM of eight geometric or mechanical metrics (calculated at a distending pressure
of 120 mmHg and individual values of in vivo axial stretches inferred from axial force-
stretch tests) based on in vitro biaxial data and shown as a function of age (open bars for 20-
week old and filled bars for 100-week old vessels) and five anatomical regions: ATA, DTA,
SAA, IAA, and CCA. Importantly, the increased unloaded wall thickness and decreased in
vivo axial stretch in each region contribute to the nearly uniform decrease in elastic energy
storage, biaxial Cauchy stress, and biaxial material stiffness. The * and t indicate significant
differences, respectively, at < 0.05 and p < 0.10, between 20- and 100-week old animals.
See Table S1 for corresponding values.
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Figure 6.

Biaxial material stiffness-stretch behaviors (top, middle rows) calculated for in vivo
conditions by combining material properties quantified in vitro with motions measured in
vivo using ultrasound. Circumferential properties (top row) are preserved while axial
properties (middle row) are altered with aging. In vivo energy storage Wand distensibility D
(bottom row) are altered primarily in the ATA and SAA, with diastolic energy storage also
showing differences in the IAA and CCA. Cyclic energy storage, which characterizes the in
Vivo capacity to store elastic energy at systole for use during diastole to work on the blood or
heart, is remarkably unaffected by aging under anesthetized conditions. Note, too, that
increased energy storage, wall stress, and material stiffness in the ATA appear to have
resulted from its lengthening with aging. In contrast, the SAA, IAA, and CCA show a
general trend of decreased energy storage and Cauchy stress with preserved stiffness. The *
and t indicate significant differences, respectively, at p< 0.05 and p < 0.10, between 20- and
100-week old animals.
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Figure7.
Shown are an illustrative (panel A) video-capture during standard biaxial testing of a DTA

that was excised from a 100-week old mouse and (panel B) histological image of a SAA
following mechanical testing. Both images reveal a propensity to develop an intramural
delamination without frank rupture. Such delaminations consistently occurred at the medial-
adventitial border and appeared to initiate at or near branches. The scale bar represents 100
pm in panel B.
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Table 1.

Baseline transthoracic ultrasound measurements of cardiac function for 20-week and 100-week old male wild-
type mice. Systolic function (top portion) is mostly preserved while measurements of left ventricular (LV)
volume and mass show that normal aging associates with LV hypertrophy. Diastolic function (bottom portion)
is diminished in the older mice as revealed by a decreased E/A ratio, mostly due to an increased velocity of
atrial filling (A peak).

20 weeks 100 weeks

n 5 6
Heart Rate (bpm) 409 + 29 434 +£20
Diastolic Thickness (mm)
VS 0.89+0.06 1.08+0.05"
LW 0.81+0.08 1.05+0.06"

Internal Diameter (mm)

Diastolic 3.92+021 422x0.14

Systolic 255+0.16 2.87+0.15
\Volume (pL)

Diastolic 68+9 81+6

Systolic 24+ 4 33+4
SV (L) 445 48+3
CO (mL/min) 1721 212
EF (%) 65+ 1 603
FS (%) 351 3242
LV Mass (mg) 127 £ 22 190+9~
LV/Body Mass (mg/g) 42+0.1 64+03%

Filling Velocity (mm/s)

E Peak 684 + 87 655 + 51
A Peak 473 + 65 628 £ 72
E/A Ratio 145+003 1.04+0.127
DT (ms) 208+16  32.3+08

1VS Velocity Ratios
A'IE’ 1.34+0.22 144%0.12
E’/A’ 0.84+0.20 0.71+0.06
LW Velocity Ratios
A'IE’ 1.34+0.07 1.46+0.06
E’/A’ 0.75+0.04 0.69 +0.03

The * indicates significant differences, at p < 0.05, between 20- and 100-week old animals.

VS — interventricular septum; LW — lateral (LV) wall; SV - stroke volume; CO — cardiac output; EF — ejection fraction; E and A — ventricular
filling velocity in early (E) and late (A, due to atrial contraction) diastole measured with Doppler; E” and A’ — similar, but based on tissue Doppler.
DT - deceleration time is the time taken from the maximum E to baseline.
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