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Abstract

Mice lacking thrombospondin-2 (TSP2) represent an animal model of impaired collagen
fibrillogenesis. Collagen constitutes ~1/3 of the wall of the normal murine descending thoracic
aorta (DTA) and is thought to confer mechanical strength at high pressures. Microstructural
analysis of the DTA from TSP2-null mice revealed irregular and disorganized collagen fibrils in
the adventitia and at the interface between the media and adventitia. Yet, biaxial mechanical tests
performed under physiologic loading conditions showed that most mechanical metrics, including
stress and stiffness, were not different between mutant and control DTASs at 20- and 40-weeks of
age, thus suggesting that the absence of TSP2 is well compensated under normal conditions. A
detailed bilayered analysis of the wall mechanics predicted, however, that the adventitia of TSP2-
null DTAs fails to engage at high pressures, which could render the media vulnerable to
mechanical damage. Failure tests confirmed that the pressure at which the DTA ruptures is
significantly lower in 20-week-old TSP2-null mice compared to age-matched controls (640+37 vs.
1120+45 mmHg). Moreover, half of the 20-week-old and all 40-week-old mutant DTASs failed by
delamination, not rupture. This delamination occurred at the interface between the media and the
adventitia, with separation planes often observed at ~45 degrees with respect to the
circumferential/axial directions. Combined with the observed microstructural anomalies, our
theoreticalexperimental biomechanical results suggest that TSP2-null DTAs are more susceptible
to material failure when exposed to high pressures and this vulnerability may result from a
reduced resistance to shear loading at the medial/adventitial border.
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INTRODUCTION

Thrombospondin-2 (TSP2) is a matricellular glycoprotein that modulates interactions
between adherent cells and the extracellular matrix (ECM) via a host of cellular receptors,
cytokines, growth factors, matrix metalloproteinases (MMPs), and other components of the
ECM (Bornstein et al., 2000; Calabro et al., 2014; Yang et al., 2000). Of particular interest
here, TSP2 modulates proteolytic activity within the ECM by forming pro- and active
MMP2-TSP2 complexes that are bound via the low-density lipoprotein-related receptor
protein LRP1, endocytosed, and degraded (Calabro et al., 2014; Yang et al., 2001, 2000). In
the absence of TSP2, elevated levels of MMP2 target tissue transglutaminase, which
otherwise stabilizes the ECM by promoting isopeptide crosslinks within structural proteins
such as collagen and fibronectin (Agah et al., 2005). Hence, although it does not directly
associate with collagen, TSP2 plays a critical role in the assembly and arrangement of
collagen fibrils and fibers, particularly in load bearing tissues (Calabro et al., 2014). For
example, collagen fibers lack proper organization in the skin and tendons of TSP2-null mice,
with underlying fibrils being loosely packed with larger than normal diameters and
nonuniform cross-sections (Bornstein et al., 2000; Kyriakides et al., 1998). Consequences of
such microstructural disorganization include decreased tissue stiffness and mechanical
strength, as revealed by uniaxial tensile testing of skin specimens from TSP2-null mice
(Kyriakides et al., 1998).

Fibrillar collagen is the main structural constituent of the adventitia, the outermost layer of
the aorta, and it is found in lesser amounts within the lamellar units of the media, that is the
middle layer. These collagen fibers are thought to contribute significantly to the stiffness of
the aortic wall and to dictate its strength. Studies in mice show that diverse mutations that
affect the organization of fibrillar collagen adversely affect the biomechanical properties.
Mutations to the gene that codes type Il procollagen are found in patients affected by one
form of Ehlers-Danlos syndrome; they are at risk of sudden death due to arterial rupture.
Central arteries from Co/3a1~/~ mice show markedly reduced medial collagen as well as
changes in the number and diameter of adventitial collagen fibrils. Most of these mutant
mice die before adulthood because of delamination between media and adventitia followed
by catastrophic rupture of the aorta (Liu et al., 1997). Mutations to the gene that codes type
V collagen result in another form Ehlers-Danlos syndrome, noting that type V collagen
contributes to the regulation of collagen fibril nucleation (Wenstrup et al., 2004). Consistent
with clinical findings, uniaxial tensile tests on the thoracic aorta of Co/5a1~~ mice reveal a
decreased failure strength (Wenstrup et al., 2006). Biglycan, a small leucine-rich
proteoglycan, plays an important regulatory role in the assembly of collagen fibrils.
Interestingly, ring tests performed on the aorta of mice deficient in biglycan reveal normal
load/strain responses for small deformations, but a significant reduction in the load at
rupture (Heegaard et al., 2007). There is, therefore, abundant evidence that diverse mutations
that indirectly affect fibrillar collagen compromise the mechanical properties of the aorta.

The effects of TSP2-deficiency on the structural and functional properties of the aortic wall
have not been investigated, however. In response to this need, we combined a histological
examination (including standard light, polarized light, and transmission electron
microscopy) with passive biaxial mechanical and failure testing to assess material properties
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of the descending thoracic aorta (DTA) from both TSP2-null and age-matched control mice.
Aorta from both young (~20 weeks) and older (40+ weeks) mice were tested to assess the
potential of early vascular aging in the absence of TSP2. The data reveal a remarkable
ability of the TSP2-null aorta to adapt under physiological conditions and yet an underlying
structural vulnerability that manifests at higher distending pressures.

2. EXPERIMENTAL METHODS

2.1 Aortic Specimens.

All animal protocols were approved by the Institutional Animal Care and Use Committee at
Yale University. Thrombospondin-2-null ( 74652~/~) mice were generated and inbred as
described previously (Kyriakides et al., 1998); wild-type (I4/7) mice with a C57BL/6
background were obtained from Jackson Laboratories and used as controls. Blood pressure
was measured in alert mice using a standard tail-cuff procedure. TSP2-null mice were
euthanized at 20 (7= 8) and between 40 and 55 (/7= 5) weeks of age via a lethal injection of
Beuthanasia-D; control mice were euthanized similarly at 20 (7= 5) and 40 (n7= 6) weeks of
age. The DTA, between the left subclavian artery and diaphragm, was excised and placed in
a Hanks buffered physiological solution (HBSS, Gibco by Thermo Fisher Scientific) at room
temperature. Careful removal of loose perivascular tissue exposed the intercostal branches,
each of which were ligated with a single thread from a 7-0 braided nylon suture. Vessels
were then divided at the second pair of intercostal arteries into proximal and distal
specimens, which were used, respectively, for mechanical testing and infusion of elastase to
estimate modeling parameters.

2.2 Distension-Extension Tests.

Proximal specimens (/7= 5 per experimental group) were mounted on custom drawn glass
cannulae and secured at each end with ligatures of 60 silk suture. They were then
submerged in a heated HBSS bath (37°C) and coupled to a custom computer-controlled
biaxial device for mechanical testing (Gleason et al., 2004). Following a preliminary
estimation of the unloaded geometry (outer diameter and axial length), the vessels were
stretched close to their in vivo length, acclimated for 15 minutes while exposed to a pulsatile
luminal pressure between 80 and 120 mmHg, and preconditioned with four cycles of
pressurization between 10 and 140 mmHg (Ferruzzi et al., 2013). The unloaded geometry
was then updated and used to estimate the in vivo axial stretch based on the observed force-
pressure behavior (Humphrey et al., 2009; Weizsacker et al., 1983). Finally, specimens were
exposed to three pressure-diameter (P-d) protocols, with luminal pressure cycled between 10
and 140 mmHg while axial stretch was maintained fixed at either the in vivo value or £5%
of the in vivo value, and to four axial force-length (7)) tests, with force cycled between 0
and ~40 mN while the luminal pressure was maintained constant at 10, 60, 100, or 140
mmHg (Ferruzzi et al., 2013). Pressure, axial force, outer diameter, and axial length were
recorded on-line for all seven protocols for subsequent analysis.

2.3 Failure Tests.

Following these standard distension-extension tests, specimens were remounted on a metal
cannula and positioned in a leakage-proof chamber filled with HBSS. The cannula featured

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2021 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bellini et al.

Page 4

two co-axial, concentric blunt-ended needles of different gauge, which could slide relative to
each other to allow luminal pressurization and axial stretching of the vessels (Bersi et al.,
2016). Once the unloaded configuration (length and outer diameter) was re-approximated,
specimens were stretched to their in vivo axial length and pressurized to failure; luminal
pressure and outer diameter were recorded on-line. Failure tests were performed on all
specimens that underwent distension-extension tests (r7=5 for each of the four experimental
groups) as well as on additional specimens for both the 746527~ group at 20 weeks (7= 3)
and the control group at 40 weeks (/7= 1), where within-group differences in failure were
observed. Unloaded wall thickness was measured optically in rings that were cut from either
end of the specimens following testing.

2.4 Elastase infusion.

Specimens from the distal DTA (n7= 5 for each experimental group) were similar to those
used for distension-extension tests. After acclimation and preconditioning, the vessels were
stretched to their in vivo axial length, pressurized to 100 mmHg, and infused with 3 mL of
porcine pancreatic elastase (7.5 U/mL, Worthington Biochemical) for 15 minutes to digest
the elastic fibers. Although elastase may have non-specific effects on fibrillar collagens, the
primary micromechanical effect is to remove the undulation in the collagen fibers that is
induced by the presence of pre-stretched elastic fibers (Ferruzzi et al., 2011). For this reason,
measured changes in unloaded length and outer diameter following elastase treatment can be
combined with homeostatic values for the biaxial stretches obtained from the distension-
extension data to provide a range for the deposition stretches for collagen fibers and smooth
muscle needed in the constitutive relations described in Section 3.2 (Bellini et al., 2014),
which in turn were used to compute multiple metrics that characterize the biaxial mechanical
behavior (cf. Bersi et al., 2016; Roccabianca et al., 2014).

2.5 Histology.

All specimens that underwent mechanical testing (cyclic P-dand f-/and/or failure) plus
additional (n= 3 for each of the 4 groups) untested specimens from the proximal DTA were
fixed overnight in an unloaded configuration in a 10% neutral buffered formalin solution,
then embedded in paraffin and sectioned serially at 5 microns. Vascular cross-sections
stained with Verhoeff Van Giesen (VVG), Masson’s trichrome (MTC), or picrosirus red
(PSR) were imaged with an Olympus BX/51 microscope at 40x magnification. Histological
images were processed with a custom MATLAB routine to measure that portion of the wall
occupied by media and adventitia as well as to estimate mass fractions for elastin, collagen,
and smooth muscle (Bersi et al., 2013).

2.6 Electron Microscopy.

Additional aortas were isolated for transmission electron microscopy (TEM) as described
above, except that euthanized animals were perfused with PBS containing 10 U/mL of
heparin via gravity flow prior to aortic excision. Isolated vessels were perfusion-fixed with
2.5% glutaraldehyde + 2% paraformaldehyde in 0.1 M sodium cacodylate buffer for regular
epon embedding, then placed unloaded in fixative for 30 minutes at room temperature
followed by an additional 30 minutes at 4°C. Samples were rinsed in sodium cacodylate
buffer before post-fixation in 1% osmium tetraoxide (1 hour), then stained with 2% urany!|
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acetate (1 hour) before washing and embedding in epon resin. Sections (60 nm) were
collected and viewed on a FEI Technai Biotwin electron microscope.

3. QUANTIFICATION OF MECHANICAL PROPERTIES

Experimental data from cyclic distension-extension tests were used to inform two different
constitutive models for the aortic wall. Within the framework of nonlinear anisotropic
hyperelasticity, we assumed the existence of a strain energy potential Wthat defines the
elastic energy stored within the material upon deformation; first and second derivatives of W/
with respect to components of an appropriate measure of deformation yield components of
the conjugate measures of stress and stiffness, respectively (Humphrey, 2002). First,
following a traditional approach, we modeled the aortic wall as transmurally homogenized
and quantified the mean mechanical properties that dictate interactions between the
hemodynamics and wall mechanics (Baek et al., 2007). Second, we employed a novel
bilayered, constrained mixture model of the aortic wall to obtain layer-specific mechanical
properties that are necessary to understand differential responses of the media and adventitia
(Bellini et al., 2014; Roccabianca et al., 2014).

3.1 Transmurally-Homogenized Properties and Stress.

The mechanical behavior of the aortic wall was described using a microstructurally-
motivated, yet phenomenological, four-fiber family strain energy potential (14}, which
accounts for the isotropic contribution of an elastin-dominated amorphous matrix and
anisotropic contributions due to multiple families of collagen fibers and
circumferentiallyoriented passive smooth muscle (Baek et al., 2007; Hu et al., 2007), namely

. 4 L
W(C, MJ) = %(IC -3)+ j;l Zlé[exp cﬁ(IVfC - 1)2] - 1], @

where ¢, c{ and cé (/= 1,2,3,4) are model parameters, with cand c{ having units of stress

(kPa) and cé dimensionless. The right Cauchy-Green deformation tensor C = FTF was

computed from the deformation gradient tensor F, with def = 1 because of assumed
incompressibility. The direction of the /7 family of fibers was identified by the vector M/ =

[0, sinaé, cosaé], with the angle aé expressed with respect to the axial direction in a reference

configuration. Based on prior microstructural observations, and the yet unknown effects of
copious cross-links amongst the multiple families of fibers, we included contributions of

axial (a(l) = 0), circumferential (a% = #/2), and two symmetric diagonal families of fibers
(ap'* = + ag) (Ferruzzi et al., 2013, 2011; Wan et al., 2010). /c = #(C) and IV{ = M/ . CM/

are coordinate invariant measures of finite deformation. The Cauchy stress tensor o was
computed as

6= —pl+ ZF%FT, @
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where | is the second order identity tensor, the superscript T indicates the transpose of the
tensor, and pis a Lagrange multiplier that enforces incompressibility. Theoretical values of
loads were computed from stress components by solving global equilibrium equations in the
radial and axial directions (Humphrey, 2002). Best-fit values for the 8 model parameters in
Equation 1 were estimated via nonlinear regression to minimize the sum of the squared
differences between the experimentallymeasured and theoretically-predicted values of
luminal pressure and axial force, each normalized to the average experimental measures
(Ferruzzi et al., 2011; Wan et al., 2010). Estimated parameters (only constrained to be non-
negative) were used to predict stored energy, stress, and material stiffness at any
configuration. For example, components of the stiffness tensor (%), linearized about a

configuration defined by the mean arterial pressure and in vivo axial stretch, were computed
according to (Baek et al., 2007)

ow ow
Cijk1 = 261 Fia me + 26 F| fAF?Bm
PW (3
+4F AFigFipFiosa—~—] -
0C4BICpO| (e

where &;;are components of I, F° is the deformation gradient tensor between the chosen
reference configuration and a finitely deformed in vivo configuration, and C° is the
corresponding right Cauchy-Green deformation tensor.

3.2 Layer-Specific Properties and Transmural Stress Distributions.

Unlike the homogenized model, which takes the intact, traction-free configuration of the
artery as a reference, our bilayer model of the aortic wall considers the in vivo, homeostatic
configuration at mean arterial pressure and in vivo axial stretch as a computationally
convenient and physiologically relevant reference configuration (Bellini et al., 2014; Bersi et
al., 2016; Cardamone et al., 2009; Roccabianca et al., 2014). Moreover, it assumes the aortic
wall is a constrained mixture, with structurally significant constituents (elastindominated
amorphous matrix, smooth muscle, and multiple families of collagen fibers) endowed with
individual deposition stretches (Humphrey and Rajagopal, 2002), which are defined as the
stretch from the natural configuration of each microstructural constituent (i.e., the
configuration in which that constituent is stress-free) to the in vivo reference configuration
for the mixture (Baek et al., 2006). A rule-of-mixture constitutive formulation was used to
obtain the strain energy potential W/ for the mixture as a weighted sum of the contributions
of individual components separately within the media and adventitia (Bellini et al., 2014;
Cardamone et al., 2009; Roccabianca et al., 2014; Valentin et al., 2009)

4
Wmedia,aduentitia = d)eWe(Fe) + ¢me(/1m) + z ¢Cchj(llcj) “)
j=1

where superscripts e, mand crefer to elastin-dominated matrix, smooth muscle, and each of
four families of collagen fibers (= 1,2,3,4); ¢/and W (i= e, m, c) are mass fractions and
strain energy potentials for each microstructural constituent, F€ is the deformation gradient
tensor that describes the deformation of the elastin-dominated ground matrix, and A" and
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A9 are stretches experienced by smooth muscle and the /# family of collagen fibers,
respectively. Similar to Equation 1, the mechanical response of the elastin-dominated matrix
was described by a neo-Hookean potential

W= %e(lce -3), ®)

where ¢? is a material parameter having the dimension of stress (kPa), I¢e = 1r(C°),

T _ . - .
C° = F° F°, and F¢ = FG}, with G}, the deposition stretch tensor. Similar to the homogenized

approach, mechanical contributions of smooth muscle and collagen fibers were modeled by
Fung-type potentials

61" m m 2
W= Ll (V™ =1)" _q|, ®)
4c%
c 2
Wi = L eS(vi-1)" _ )
4c5

where " and cf are model parameters with the dimension of a stress (kPa) while <5’ and c5

are dimensionless. The current model does not delineate contributions of smooth muscle and
circumferential collagen fibers within the media, which were combined within a single
structural element. The smooth muscle stretch was computed by projecting C along the cell
axis

A" =N IV™ = G C:(M™ @ M™), ®

where G}, is the deposition stretch and M™ = |0, sina(}", cosa}'] is @ unit vector reflecting the

orientation of smooth muscle in the reference configuration. Similarly, the stretch imposed
on each family of collagen fibers was defined as

AT =1V = GJyC: (M @ MY), ©

where G,/ is the deposition stretch and M/ = [0, sina?, cosa(c)j] is a unit vector in the direction

of the /% family of collagen fibers in the reference configuration. Consistent with the stored
energy (1), components of the Cauchy stress tensor (o) and linearized stiffness (C i)
were computed according to Equations (2) and (3), respectively, while deposition stretches
(Gﬁl) and mass fractions (¢/) determined the deformation experienced by each

microstructural constituent and modulated their contribution to the mechanical function. In
contrast to the homogenized approach, the value assumed by each mechanical metric
depends on radial position in the bilayered model; hence, the integral form of the
equilibrium equations was used to compute the theoretical loads needed in the regression
algorithm (Humphrey, 2002). Overall 8 parameters were again estimated: 5 material
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parameters, the angle of the diagonal collagen fibers (ag), and two parameters that quantify
the proportion of collagen fibers oriented circumferentially or axially (8 and 8,). Although
the same parameters were used to describe the material response of media and adventitia,
relative differences in the mass fractions of microstructural constituents resulted in layer-
specific mechanical properties. Based on the estimated parameters, transmural distributions
of stored energy, stress, and stiffness were predicted for different configurations of the
artery.

4. STATISTICAL ANALYSIS

Experimental measurements and derived mechanical metrics are reported as mean +
standard error of the mean (SEM). One-way analysis of variance (ANOVA), followed by
Bonferroni post-hoc comparisons in cases of statistical significance, was used to assess
differences among the experimental groups. Significance level was set to p < 0.05.

5. RESULTS

TSP2-null mice between 40 and 55 weeks of age were grouped together because of
similarities in gross appearance, microstructure, and mechanical behavior. Hence, four
experimental groups were compared: TSP2-null mice at 20 ( 7/46s2~/~ 20 wk) and 40+
(Thbs2~!~ 40 wk) weeks of age plus the respective wild-type controls (W7 20 wkand WT
40 wk). Body mass (mean + SEM) was 28.04+6.27 g for TSP2-null mice and 26.69+0.73 for
controls at 20 weeks, but 40.10+2.47 g and 34.32+1.21 g at 40 weeks. Mean and systolic
arterial pressures were 9545 and 118+6 mmHg for TSP2-null mice and 107+2 and 127+1
mmHg for control mice at 20 weeks versus 123+6 and 142+8 mmHg for TSP2-null mice
and 132+3 and 154+4mmHg for control mice at 40 weeks. Statistical analyses revealed
significant differences in mass and mean arterial pressure between TSP2-null mice at 20 and
40 weeks, and in systolic pressure between the two age groups for the controls.

In contrast with control specimens, which appeared opaque when observed under a
dissection microscope, DTAs from TSP2-null mice were nearly translucent at both ages and
appeared more fragile when handled with microdissection instruments. Nevertheless, the
four experimental groups showed overlapping mean P-dbehaviors at their group-specific in
vivo values of axial stretch (Figure 1,A). Two distinct responses were observed in the 7~/
tests at 100 mmHg luminal pressure, however, with data clustering by age not genotype (i.e.,
20 weeks vs. 40 weeks, Figure 1,B). Between-group differences in circumferential
distensibility fell within the range of within-group variability (Figure 1,C), while TSP2-null
and control mice at 40 weeks exhibited reduced axial extensibility compared with mutant
and control mice at 20 weeks (Figure 1,D). Similarly, isoenergy contour plots suggested
axial stiffening at lower stretches for both TSP2-null and control mice at 40 weeks (Figure
1,E-F). Consistent with mechanical data, VVG- and MTC-stained cross-sections revealed
similar morphology between control (Figure 1G—H) and TSP2-null (Figure 1,1-J) aortas,
with no obvious defects in the latter.

Table S1 reports best-fit values of the model parameters for the transmurally homogenized
(i.e., radially averaged) constitutive relation for each of the four groups based on group-
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specific mean datasets. Individual best-fit sets of parameters for each specimen (not shown)
led to the bulk mechanical properties summarized in Table S2, together with the average
morphological metrics for the unloaded specimens. Aging increased material stiffness in
TSP2-null and control mice, with reduced in vivo axial stretches maintaining axial stress
nearly constant but similar values of circumferential stretch leading to higher values of
circumferential stress (noting the increase in mean arterial pressure from 20 to 40 weeks of
age). Although statistical significance was not reached for either age group, TSP2-null aortas
were less thick when unloaded and they stretched less circumferentially when pressurized to
mean arterial pressure at their in vivo axial stretch. Aside from these two metrics, TSP2-null
mice were overall able to compensate for the mutation and they adapted well to their in vivo
configuration.

With the purpose of investigating possible layer-specific mechanical differences, the average
P-dand 7-/data sets were used to inform our microstructurally-motivated bilayer model of
the aortic wall. Analysis of histological images (Table S3) revealed that all four experimental
groups contained similar amounts of elastin (30-35% of the wall in the media, 2-5% in the
adventitia). Overall collagen mass fractions remained similar in the TSP2-null mice between
20 and 40 weeks (~5% in the media and 28-30% in the adventitia), while changes were seen
with aging in control mice (from 6 to 8% in the media and 29 to 21% in the adventitia).
Medial smooth muscle also remained similar in 20- and 40-week-old TSP2-null mice (31—
33%), but increased with aging in control mice (from 25 to 34%). Morphological changes of
unloaded specimens after elastase infusion led to estimates of deposition stretch for
circumferential smooth muscle/collagen within the range [1.055,1.065] for TSP2-null mice
and [1.060,1.075] for controls. Based on experimental data from the seven different
distension-extension protocols, circumferential deposition stretches for elastin were assigned
within the range [1.707,1.710] for TSP2-null mice and [1.810,1.998] for controls, while
axial deposition stretches were assigned within the range [1.516,1.582] for TSP2-null mice
and [1.512,1.570] for controls. Table S4 reports best-fit model parameters for the bilayered
analysis for the four experimental groups. Predicted transmural distributions of stress and
stiffness in circumferential and axial directions were similar for 20-week-old TSP2-null
mice and controls, which confirms that TSP2-null aortas adapt well to physiologic
conditions (Figure 2,A-D). Yet, values of circumferential (Figure 2,G) and axial (Figure
2,H) stiffness for TSP2-null aortas rose above control levels at 40 weeks of age even though
stresses increased only modestly (Figure 2,E-F), due in part to the slightly lower MAP in the
TSP2-null mice. These observations suggested a progressive connection between TSP2
deficiency and material stiffness above physiological pressure.

Hence, the bilayer analysis was used to predict transmural distributions of stress and
stiffness in the circumferential direction for the average TSP2-null and control DTAS
stretched to their individual in vivo length but subjected to a luminal pressure increasing
from systolic to 45% above systolic. Results suggested that circumferential stress and
stiffness increase rapidly in the adventitia of the control artery in response to acute increases
in blood pressure, which would be expected to protect the media from excessive distension
(Figure 2,1,K). In contrast, circumferential stress and stiffness increase with increasing
pressure in both the media and adventitia of the TSP2-null aorta, with the two layers almost
sharing the load equally at ~210 mmHg (Figure 2,J,L). The latter could render the media
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vulnerable to damage. Consistent with numerical predictions of a higher circumferential
stiffness at 40 weeks of age in the TSP2-null aortas, a colorimetric analysis of PSR-stained
cross sections (Figure 2,M—P) revealed a higher fraction of red collagen fibers and a lower
fraction of green, yellow, and orange fibers compared with age-matched controls (Figure

2,Q).

Burst tests were then performed to investigate possible differences in strength between
TSP2-null DTAs and controls at both ages. Two distinct failure modes were observed,
rupture or delamination. Specimens that ruptured responded to a linearly increasing pressure
with a nonlinearly increasing outer diameter, first rapid, then slower, until an axially oriented
through-the-wall tear developed, which released the distending fluid and caused a sudden
drop in pressure and thus decrease in diameter (Figure 3,A-B). Specimens that delaminated
behaved similarly at lower pressures, but experienced a sudden intramural separation at
moderate pressures that was captured by the camera as an abrupt increase in outer diameter;
the outer diameter remained fairly constant thereafter until the specimen gradually ceased to
hold pressure (Figure 3,C-D). Half of the 20-week-old TSP2-null specimens ruptured and
half delaminated,; all of the 40-week-old TSP2-null delaminated while all control specimens,
save one vessel at 40 weeks, ruptured at much higher pressures than for the mutants (Figure
3,E). That is, the average failure pressure (i.e., pressure at which rupture occurred) was
~43% lower in 20-week old TSP2-null mice when compared with the age-matched controls.
No significant differences were found in the average delamination pressure between 20 and
40-week-old TSP2-null mice, or in the burst pressure between the two control groups (Table
1). Histological images from specimens that delaminated revealed that the separation
occurred at the interface between the media and the adventitia (Figure 3,F—-G). TEM analysis
of aortas from control and TSP2-null mice allowed a closer examination of the medial-
adventitial border and the collagen within the adventitia. The adventitia was different
between the two genotypes at 40 weeks: adventitial collagen fibrils in the controls were
organized neatly into compartments surrounding fibroblasts, while those in the TSP2-null
aortas were less well organized, with fewer compartments (Figure 3,H-I). There were also
obvious differences in the collagen fibrils themselves: fibrils were uniform in shape in the
controls (Figure 3,H, inset) while they were often irregular in the TSP2-null aortas (Figure
3,1, inset). Finally, amorphous material was detected at the medial/adventitial interface in the
mutant aortas (Figure 3, I).

When observed under a dissection microscope, all ruptured specimens presented with an
axial tear cutting through the layers of the wall, suggestive of failure due to elevated
circumferential stress at high pressures; interestingly, most axial tears originated at or near
an intercostal branch (Figure 4,A). For some of the specimens that experienced intramural
delamination, the separation between the media and adventitia involved the whole specimen,
from ligature to ligature and all around the main axis of the vessel (Figure 4,B). In other
cases, injection of India ink into the lumen revealed intramural separation planes that formed
an angle of ~45 degrees with the main axis of the vessel (Figure 4,C). Interestingly, in cases
of axisymmetric kinematics, material properties, loads, and boundary conditions, the
maximum in-plane shear stress (i.e., one-half of the difference between circumferential and
axial stresses, which are principal) acts within planes oriented at 45 degrees with respect to
circumferential-axial directions at each radial location throughout the wall. For the purpose
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of choosing the most appropriate constitutive model to compute failure stresses, we
compared the ability of the transmurally homogenized and the bilayered frameworks to
predict the P-d’behavior measured above physiological pressure. Recall that material
parameters for both models (Tables S1 and S4) were estimated from distension-extension
tests for transmural pressures up to only 140 mmHg, for which they both provided excellent
predictions. Nevertheless, the bilayer model alone was able to predict the P-dbehavior up to
pressures close to failure (Figure 4,D).

A bilayered stress analysis was thus performed to predict values of circumferential and axial
stress, and by inference the maximum in-plane shear stress, for the 40-week-old TSP2-null
and control groups, each at their individual in vivo axial stretch and failure pressure.
Because circumferential and axial stresses are predicted in a bilayered model to be
discontinuous at the interface between the media and adventitia, the maximum in-plane
shear stress is also predicted to be discontinuous (that is, traction continuity applies only to
radial components of stress). The differential maximum in-plane shear stresses at the
interface between the media and adventitia (Figure 4H) may suggest a situation that could
trigger relative motions between the two layers and thereby initiate their separation. In
contrast, the circumferential stress responsible for the axial tear in control mice reached
~0.53 MPa in the media and ~7.45 MPa in the adventitia (Figure 4,E), perhaps suggesting
that the adventitia fails first in the case of axial tears. In TSP2-null mice, the circumferential
stress at failure was a similar ~0.58 MPa in the media but a much lower value of ~2.48 MPa
in the adventitia (Figure 4,F), consistent with both a lower burst pressure and a lower
strength of the adventitia despite the increase in red fibers in the PSR-stained sections
(Figure 2Q). Note that, despite the lower failure pressure in the TSP2-null aortas (415 vs.
1048 mmHg), the media is equally loaded in TSP2-null and control aortas (Figure 4E,F),
consistent with the delayed engagement of the mutant collagen fibers (cf. Figure 2,1-J).
Given that all 40-week-old TSP2-null vessels failed via delamination, it may be that a
circumferential stress equal to or lower than 0.58 MPa does not cause irreparable medial
damage. Hence, failure of control vessels may begin with the rupture of the adventitia, after
which the load previously supported by the adventitial collagen is transferred to the media,
where it leads to catastrophic failure of the elastic laminae and smooth muscle. The
predicted maximum in-plane shear stress at the media/adventitia border was 3.86 MPa in the
controls, which did not delaminate (Figure 4,G), but only ~0.99 MPa in the TSP2-null
vessels, which delaminated (Figure 4,H). Combined with TEM findings (cf. Figure 3,H-1),
these results suggest that the irregular and disorganized collagen fibrils in TSP2-null aortas
reduces the strength of the adhesion between the media and the adventitia, which may
separate at much lower values of in-plane shear stress compared to control vessels.

6. DISCUSSION

Matricellular proteins are thought to contribute to the organization and biomechanical
stability of the ECM by modulating cell-matrix interactions and cell signaling rather than by
serving directly as structural components (Bornstein et al., 2000). Mice lacking matricellular
proteins often present mild phenotypes upon gross examination (Yang et al., 2000), and
TSP2-null mice are no exception (Kyriakides et al., 1998). The present study is the first,
however, to evaluate possible differences in the structural and mechanical properties of the
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aorta in these mice, particularly at elevated pressures. Pressure-diameter and force-length
responses of TSP2-null and control DTAs were comparable under physiologic conditions at
the same ages in maturity (Figure 1,A-B). Not surprisingly, then, most radially averaged
structural and material metrics, evaluated at group-specific mean arterial pressures and in
vivo axial lengths, were not different between age-matched mutant and control mice (Table
S2). Comparable energy storage across genotypes and ages suggested further that elastic
fiber integrity was not compromised by either the TSP2 deficiency or the modest period of

aging.

The remarkable ability of TSP2-deficient aortas to adapt under physiological conditions
concealed an intrinsic mechanical vulnerability, however, which was only exposed at high
pressures. Our bilayered stress analysis suggested that circumferential loads would not be
transferred properly from the media to the adventitia in the average TSP2-null aorta at
pressures above systolic (Figure 2,1-J). We hypothesized that the lack of TSP2 preferentially
renders the adventitia less mechanically competent and therefore unable to protect the media
against acute over-distension. Experiments supported this hypothesis. Although half of the
specimens within the 20-week old TSP2-null group ruptured the same way as their age-
matched controls (via an axial tear, Figure 3,A), their burst pressure was significantly lower
(Figure 3,E; Table 1). While not reflective of the normal in vivo condition, these failure tests
nevertheless revealed that the lack of TSP2 affects mechanical strength, not normal stiffness.

Importantly, most of the aortas from the TSP2-null mice delaminated, rather than ruptured,
when exposed to high pressure (Figure 4, B-C). Delamination of a multilayered composite
material may result from either inter-laminar normal stresses triggering the opening and
propagation of a crack (mode I) or shear stresses causing relative sliding (mode I1) or
scissoring (mode I11) between two adjacent layers. Since VVG stained cross-sections of
delaminated samples did not show any damage to the elastic laminae (Figure 1,1), it seems
unlikely that compromised elastin played a role in the greater propensity of the TSP2-null
aortas to delaminate. Rather, the observation of delamination planes at 45 degrees with
respect to the axial-circumferential directions (Figure 4,C) supports the speculation that
TSP2-null mice have a reduced resistance to differential in-plane shears at the interface
between the media and adventitia, and that progressive increases in pressure generate a
failure-level shearing condition before the circumferential stress damages the adventitia and
leads to catastrophic rupture. That in-plane shears could be causative of delamination is
supported by a recent study that found a higher resistance of human aortas to out-of-plane
than in-plane shearing loads (Sommer et al., 2016). It is also possible, however, that a non-
axisymmetric material response, perhaps due to nonuniform distributions of collagen fibers
near branch sites, could generate shear stresses in the circumferential-axial plane sufficient
to nucleate a delamination that in turn could propagate quickly. Related to this possibility,
branches have been suggested as initiation sites for dissecting aortic aneurysms in
apolipoprotein E-deficient mice with chronic infusion of angiotensin 1l (Gavish et al., 2014;
Trachet et al., 2015).

Impaired collagen maturation and crosslinking in the absence of TSP2, due to decreased
tissue transglutaminase activity and increased availability of MMP2, are thought to be
responsible for the reduced mechanical strength observed in the mouse dermis (Kyriakides
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et al., 1998). The observed irregular and disorganized collagen fibers at the medial-
adventitial border, which are similar in appearance to those described in dermis (Kyriakides
et al., 1998), suggest that the same mechanism could be true herein for the thoracic aorta
from TSP2-null mice (Figure 3,1). Interestingly, rupture of myocardium has also been
reported in TSP2-null mice treated with angiotensin Il, which seems to suggest that TSP2-
deficiency prevents collagen-mediated reinforcement in response to pressure overload
(Schroen et al., 2004). The process of collagen fibril assembly may be set in motion by
interactions between a fibril-initiating molecule and a membrane-bound molecule or
receptor, which together promote nucleation and unilateral elongation of fibril intermediates;
surface modifications of these intermediate constructs support linear and lateral fusion,
whereby the growing collagen fibrils increase in diameter and length, with mature fibrils
incorporated within the ECM (Wenstrup et al., 2006). Additional types of collagen,
matricellular proteins, small leucine-rich proteoglycans, and large proteoglycans participate
in different steps of collagen fibrillogenesis and their absence has been linked to defects in
content, size, and morphology of collagen fibrils, which can result in tissue fragility
(Wenstrup et al., 2004).

As noted earlier, mutations to the genes that code collagens type 111 and type V as well as
the proteoglycan biglycan all lead to aortopathies (Heegaard et al., 2007; Liu et al., 1997;
Wenstrup et al., 2006), including a delamination between the media and adventitia that is
often followed by catastrophic rupture of the aorta in Co/3a2~~ mice (Liu et al., 1997). Both
the size of the adventitial collagen fibrils and the delamination in these mice are reminiscent
of our observations in the TSP2-null mice at supraphysiological pressures. Decorin and
lumican, like biglycan, are also small leucine-rich proteoglycans. Arteries of decorin-null
mice have not yet been characterized, but their skin shows reduced strength in uniaxial tests
to failure (Reed and lozzo, 2002). Similarly, a decreased failure strength and overall loss of
mechanical functionality have been observed in connective tissues from mice lacking
lumican, which affects the process of collagen maturation in skin (Chakravarti et al., 1998),
tendons (Jepsen et al., 2002), and cornea (Chakravarti et al., 2000). Several other
matricellular proteins also contribute to the process of collagen fibril maturation. Deficiency
of tenascin-X, which has also been linked to human Ehlers-Danlos syndrome, prevents
proper regulation of collagen deposition by dermal fibroblasts and decreases the tensile
strength of mouse skin (Mao et al., 2002). Reduction in skin strength was also observed in
mice lacking SPARC, which is involved in collagen cross-linking and incorporation within
the ECM (Bradshaw et al., 2003). Early studies similarly showed that TSP2 is necessary to
achieve adequate microstructural organization and mechanical strength in tissues with high
collagen content, such as skin and tendons (Calabro et al., 2014; Kyriakides et al., 1998). It
is clear, therefore, that defects in diverse molecules involved in collagen fibrillogenesis can
compromise bulk properties; we studied the effects of one such molecule on the biaxial
mechanics of the aorta, but effects of others should be studied similarly.

In conclusion, recalling that collagen constitutes ~1/3 of the wall in the thoracic aorta, we
used an existing animal model to study the effects of TSP2 deficiency on aortic mechanics.
Interestingly, most of the radially averaged metrics used to characterize the biaxial
mechanical behavior of central arteries are similar between TSP2-null and control mice
under physiological conditions. Nevertheless, a detailed bilayered analysis of the mechanics
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of the aortic wall as well as additional theoreticallymotivated experiments revealed that
absence of TSP2 reduces the ability of the adventitia to carry high mechanical loads, which
decreases the ultimate mechanical strength of the aorta. Failure tests also unveiled a
mechanical weakness of the interface between the media and adventitia in TSP2-null mice,
which progresses with aging and appears to be responsible for observed delaminations at
high pressures. These results reveal that a mechanical vulnerability associated with the
deficiency of nonstructural components of the ECM, such as thrombospondin-2, might not
be apparent under physiological conditions, where the cells are able to compensate and
adapt the ECM. Hence, standard in vivo assessments of stiffhess (e.g., pulse wave velocity
or distensibility) and similarly standard in vitro biaxial tests within the range of
physiological loads are necessary, but not sufficient, to biomechanically phenotype the aorta
in the presence of mutations that can affect the structural integrity of the wall. Strategies
must be devised to challenge such arteries and evaluate the wall mechanics in terms of
mechanical strength and potential failure mechanisms, particularly in cases of uncontrolled
hypertension and especially abrupt increases in blood pressure, as, for example, in weight
lifting or similar forms of physical exertion that claim the lives of patients susceptible to
aortic dissection.
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Biaxial data revealed similar mean structural (panels A-B) and material (panels C-D for
stress, and E-F for stored energy, both as a function of stretch) behaviors, independent of the
loss of TSP2 at both ages considered (20 and 40 weeks). Aging itself resulted in slight
stiffening, however, mainly in the axial direction (panels C-F). Standard light histological
examination failed to reveal any obvious difference in fine structure between control (panels
G-H, VVG & MTC stains) and TSP2-null (panels I-J, VVG & MTC stains) descending

thoracic aortas (DTAS).
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A bilayered analysis of biaxial wall stress (panels A-B, E-F) and material stiffness (panels
C-D, G-H) confirmed that the media carries most of the load in the normal aorta under
physiological conditions, which allows medial elastin to store elastic energy. Interestingly,
the same is true in TSP2-null aortas. For simulated acute increases in pressure (e.g., 15, 30,
or 45% elevations in systolic pressure Pgys), the adventitia carries increasingly more load in
the normal aorta, thus serving as a protective sheath (panels 1,K). In the absence of TSP2,
however, the media must bear most of the load since the adventitia fails to provide stress
shielding (panels J,L). Consistent with numerical predictions, PSR staining reveals
differences in adventitial collagen between WT (panels M-N, 400ms & 100ms exposure)
and 7hbs2~!~ (panels O-P, 400ms & 100ms exposure) mice; there is a higher content of red
collagen fibers and lower content of green, yellow, and orange fibers in the absence of TSP2
at 40 weeks of age. Note that the dotted lines in the circumferential stress plots (panels A, E)
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represent the Laplace stress (i.e. the mean value of circumferential stress that comes from
the universal solution of a pressurized tube, independent of the specific material response),
which serves as a convenient check on the predictions of the bilayered stress analysis. The
dotted lines in the linearized stiffness plots (panels C-D, G-H) indicate the integral mean,
which can be compared with the average values obtained from the 2-D analysis.
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Figure 3:
Two different failure mechanisms — rupture vs. medial-adventitial delamination — were

observed in burst pressure tests, not unlike in studies of human aorta (Duprey et al., 2016).
The former leads to a sudden loss of pressure-induced circumferential distension (panel A)
whereas the latter results in an abrupt increase in outer diameter when the adventitia
separates from the media (panel B). Panels C and D show the associated gross failure of two
representative aortic specimens mounted within the testing device, with arrowheads showing
the location of rupture and the arrow indicating the initiation of a delamination. Panel E
reveals the greater age-dependent propensity of TSP2-null aortas to delaminate rather than
rupture, which occurred at lower pressures than the rupture events in the controls (panels A-
B). Following pressurization to failure, VVG staining of 40-week-old TSP2-null aortas fixed
in the unloaded state confirmed that the delamination consistently occurred at the interface
between the media and adventitia (panel F). Examination at a higher magnification
suggested a clean separation with no damage to the external elastic lamina (panel G).
Transmission electron microscopy (TEM) analysis of the media/adventitia interface in intact
aortas from 40-week-old mice revealed regular, organized collagen fibrils in W7 samples
(panel H). In contrast, collagen fibrils in 7Abs27/~ samples were irregular in shape and size
(indicated in inset by white arrows) and disorganized (panel I). There also appeared to be
more amorphous material at the interface (block, black arrow). eEL denotes external elastic
lamina; Fb denotes fibroblast.
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Figure 4:

Ruptured specimens presented with localized through-the-wall axial tears (panel A,
arrowheads). In some cases, the delamination spread along the whole specimen (panel B,
white arrow) while in others the delamination plane tended to orient at ~45 degrees with
respect to the circumferential-axial directions, which was visualized easily following
luminal injection of India ink (panel C). In order to choose an appropriate framework for the
computation of failure stresses, the ability of the transmurally homogenized and bilayer
models to predict the pressure/diameter behavior of the DTA up to failure was compared
(panel D). Assuming that elevated circumferential stresses may cause axial tears/rupture
(panel A) and in-plane shear stresses may contribute to delaminations (panel B-C), we show
bilayer calculations of circumferential (panels E-F) and maximum in-plane shear (panels G-
H) stress at the pressure that caused rupture in W7 (P= 1048 mmHg) or delamination in
Thbs2™~ (P= 415 mmHg) aortas. The star on the stress plots indicates the presumed stress
component associated with mechanical failure (circumferential vs. shear) and the location
within the wall where failure appears to initiate (adventitia vs. medial/adventitial interface).
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Table 1.

Failure pressures (mean + SEM) for the thoracic aorta from W7 and 7hbs27~ groups at 20 and 40 weeks of
age.

20 weeks 40 weeks
WT Thbs2 /= WT Thbs2 =/~
n 5 8 6 5
Burst Pressure (mmHg) 1120 +45 @40 +37° 1048 %110 -
Delamination Pressure (mmHg) - 549 + 61 585 415+33

*
p < 0.05 compared to age-matched WT mice (genotype effect)

For comparison purposes, previously reported rupture pressures in common carotid arteries are 1644 + 54 mmHg for 6-9 month old (Louis et al.,
2007) and 2100 + 80 mmHg for 3 month old (Lacolley et al., 2001) control mice.
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