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Background: Dilation and dissection of aneurysmal ascending aortic tissues occur preferentially at the
outer curvature of the vessel. In this study we hypothesize that the density and contractile properties of
the vascular smooth muscle cells (VSMCs) of the pig ascending aorta (AA) are heterogeneous and could
explain the non-uniform remodeling and weakening of the AA during aneurysm formation.
Methods: Eleven pig AA rings were collected. Two square samples of 15  15 mm were taken from
each ring from the inner and outer curvature of the AA. Each sample was subjected to equi-biaxial
tensile testing in Krebs–Ringer solution maintained at 37 1C. Each test consisted of 8 cycles of
preconditioning followed by one experimental run from 0% to 30% strain. Phenylephrine (10  5 M) was
added to contract VSMCs. After biaxial testing, samples were parafﬁn-embedded and stained with
hematoxylin–phloxine–saffron (HPS) to quantify VSMC density.
Results: Signiﬁcant differences in cell density, maximum contractile stress resultant magnitude
(MCSRM) and orientation (yMCSR) were found between the inner and outer curvature. The inner
curvature had the greatest contraction. The outer curvature had the highest VSMC density with the
maximum contraction stress resultant oriented towards the axial direction.
Conclusion: VSMC activation with phenylephrine had a signiﬁcant effect on the stiffness of the pig AA.
This effect was independent of location and direction. However, cell orientation, density and contractile
properties were dependent on location and suggest variations in the remodeling capabilities, tissue
strain and cell phenotype between locations.
Crown Copyright & 2010 Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Aneurysm formation in the ascending aorta (AA) results from
tissue remodeling, which changes the tissue mechanical properties
(Choudhury et al., 2009). This remodeling does not occur uniformly
around the AA (Corte et al., 2006; Cotrufo et al., 2003). Dilation,
dissection and rupture are most pronounced at the outer curvature
of the AA (Desai et al., 2007; Gomez et al., 2009) suggesting that a
non-uniform remodeling and weakening of the vessel exist during
aneurysm formation, in particular at the outer curvature.
Remodeling of the AA is produced largely by vascular smooth
muscle cells (VSMCs), which can change phenotype by switching
from a contractile to a synthetic phenotype (Ailawadi et al., 2009;
Shanahan and Weissberg, 1998). These cells can actively alter
vessel stiffness by contracting or relaxing. They can also passively
alter the mechanics of the AA by mediating cell proliferation,
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migration, protein and enzyme synthesis (Mecham et al., 1991;
Newby, 2006). The VSMC density distribution in dilated human
AA is non-uniform around the ascending aorta (Corte et al., 2006).
Such local variations in cell density may alter the local passive and
active mechanical properties of the AA and could explain local
predisposition in tissue degradation or remodeling capabilities in
the outer curvature where dissection and dilation are most likely
to occur. In addition, the local effect of the VSMC activation on the
regional mechanical properties of ascending aortic tissues has not
been reported.
In this study, we investigated if VSMC activation had a
signiﬁcant effect on the mechanical behavior of the pig AA, if the
effect was the same around the vessel circumference and if these
local variations correspond to the local distribution of VSMCs.

2. Materials and methods
2.1. Pig aortic tissue
All animal tissues were collected in compliance with the Guide for the Care
and Use of Laboratory Animals, published by the National Institutes of Health (NIH
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Publication no. 8523, revised 1996). The local institutional ethical committee on
animal care approved all procedures.
Eleven AA rings were excised from 11 young pigs (4.57 0.5 months old;
43.5 7 6.7 kg) with an ex vivo diameter of 17.47 2.2 mm. Mechanical experiments
were carried out within 2 h of collection to preserve VSMC viability.
Two square samples of 15  15 mm were collected from each aortic ring at two
locations: inner curvature (ic) and outer curvature (oc), Fig. 1A.
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2.4. VSMC quantiﬁcation
VSMC nuclei were stained using a hematoxylin–phloxine–saffron (HPS) stain.
We manually counted the number of VSMCs in a 0.5 mm2 ﬁeld from 8 ﬁelds per
sample.

2.5. Statistical analysis
2.2. Biaxial tensile testing
Biaxial tensile tests were conducted using the EnduraTEC elf 3200 system
(Bose Corporation, Minnesota, USA). Hook-shaped needles were used to attach the
sample to the biaxial tensile tester, Fig. 1B. All samples were tested in Krebs–
Ringer solution maintained at 37 1C and bubbled with a gas mixture of 95% O2–5%
CO2. The equi-biaxial testing consisted of 8 cycles of preconditioning and one
experimental run from 0% to 30% strain (Green strain) at a displacement rate of
0.1 mm/s. A marker tracking system was used to compute Green strain tensor.
A ﬁrst biaxial tensile test was performed with the VSMCs in a relaxed state:
passive biaxial testing. Then phenylephrine (PE 10  5 M) was added in the bath. A
second biaxial test was performed after VSMCs reached maximum contraction:
active biaxial testing. All samples were ﬁxed in 10% formalin until processed for
histological staining quantify the VSMC density.

2.3. Mechanical data analysis
Second Piola–Kirchhoff stress–Green strain curves were generated for the
inner curvature and outer curvature in both the circumferential and
axial directions and under passive and active testing. The incremental modulus
of elasticity (E) was computed at low (7.5%) and high (25%) strain values,
Fig. 1C. These strain values were based on our previous study (Choudhury et al.,
2009).
To quantify the contribution of VSMCs to the stiffness, we compared the
stiffness resulting from the passive testing (Epass) with the active testing (Eact) and
computed the stiffness increase (SI) expressed as a percentage change. A positive
SI indicates a higher stiffness during active testing than passive testing. We have
deﬁned the SI as follows:
SI ¼

Eact Epass
 100
Epass

The maximum contractile stress (MCS) generated by the tissue when stimulated
with PE was computed as the maximum force generated by the tissue divided
by the unloaded tissue area in each direction: MCSaxial and MCScircum. Unfortunately, we were only able to measure circumferential and axial stresses, therefore
it was impossible for us to compute the principal stresses. The maximum
contractile stress resultant magnitude (MCSRM) was computed using the
Euclidean norm:
MCSRM ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðMCSaxial Þ2 þ ðMCScircum Þ2

We also calculated the angle of the MCS resultant (MCSR) with the circumferential
direction (yMCSR). An angle of 01 and 901 correspond in having the MCSR aligned in
the circumferential and axial direction, respectively. The angle value was
calculated as follows:

yMCSR ¼ arctan



MCSaxial
MCScircum



All statistical analyses were performed using GraphPad Prism version 5
(GraphPad Software, San Diego, CA, USA). All statistics are presented as mean
values7 standard deviations. Differences were considered signiﬁcant for P-values
o0.05.

3. Results
3.1. Stiffness increase
VSMC activation signiﬁcantly increases tissue stiffness
(P-value o0.05, one sample test-t, signiﬁcantly different from
zero), Fig. 2. This increase was signiﬁcantly more evident at low
strain compared to high strain in both testing directions (P-value
o0.001, paired t-test). The increase in stiffness in the
circumferential direction was signiﬁcantly greater than
the increase in axial stiffness at low strain (P-value o0.01,
paired t-test) but not signiﬁcant at high strain (P-value¼ 0.113,
paired t-test).

3.2. Stress response during maximal VSMC contraction
On an average, the circumferential component of the maximum contractile stress (MCS) was signiﬁcantly higher than in the
axial component (P-value o0.001, paired t-test), Fig. 3A. Locally,
we found that the inner curvature exerted a signiﬁcantly greater
stress than the outer curvature in the circumferential direction
(P-value o0.01, paired t-test). However, no signiﬁcant variations
were found in the axial direction.
Overall, the MCSR was signiﬁcantly different between the
inner and outer curvature with the inner curvature exerting the
highest contraction stress (P-value o0.01, paired t-test), Fig. 3B.
Fig. 3C shows the signiﬁcant difference in the orientation of
the MCSR between the inner and outer curvature (P-value o0.01,
paired t-test). The MCSR was oriented closer towards the
circumferential direction in the inner curvature whereas in
the outer curvature it was more aligned in the axial direction.
Although we did not measure the physical orientation of the cells,
the orientation of the MCSR provides information on the
contractile force orientation. We found a signiﬁcantly higher
density of VSMCs in the outer curvature (P-value o0.01, paired
t-test), Fig. 3D.

Fig. 1. (A) Locations where the inner curvature and outer curvature samples were taken from the ascending aortic rings. (B) Sample attached with hook-shaped stainless
steel needle and silk thread to the biaxial tensile tester. The painted markers on the endothelium surface were used for optical tracking of tissue strain. (C) Typical loading–
unloading curve shape illustrating both stiffness values at a low and high strain region.
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Fig. 2. Stiffness increase at low and high strain at each location in the (A) axial direction and (B) circumferential direction. On average, the stiffness increase was
signiﬁcantly greater at low strain than high strain, nnnP-value o 0.001, paired t-test. VSMCs signiﬁcantly increase tissue stiffness in all locations, strain values and
directions, yP-value o 0.05, one sample test-t, signiﬁcantly different from zero.

Fig. 3. (A) Magnitude of the maximum contractile stress (MCS) exerted by the tissue during constriction under 10  5 M phenylephrine at each location in all testing
directions. On average, the MCS exerted in the circumferential direction was signiﬁcantly higher than in the axial direction (nnnP-value o 0.001, paired t-test).
(B) Magnitude of the MCSR calculated from the axial and circumferential components at each location. (C) Angle between the MCSR and the circumferential axis; a zero
angle represents a MCSR oriented toward the circumferential direction. (D) Number of VSMCs present at each location. nnP-value o 0.01, paired t-test.

4. Discussion
We observed that the effect of VSMC activation is nonnegligible and can increase both the circumferential and axial

stiffness of the tissue. Also, the contribution of VSMCs to local AA
stiffness diminishes with incresasing strain, Fig. 2. This behavior is
in agreement with the work of Cox (1975) on canine carotid and
iliac artery and can be explained by the diminishing probability of
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having overlapping actin and myosin ﬁlaments with strain and
leads to a slow loss of the tissue contractile properties (Dobrin,
1978).
The angle values of the MCSR (yMCSR) are in agreement with the
values found by O’Connell et al. (2008) from confocal and electron
microscopy image analysis of VSMC orientation. More importantly, we found signiﬁcant variations in angles between locations
where the MCSR was more tilted towards the axial direction in
the outer curvature than the inner curvature, Fig. 3C. Beller et al.
(2008) found that the aortic root displacement increases the
longitudinal stress in the AA at the outer curvature, which can
explain the preferential axial VSMC orientation at this location. In
addition, we found an increased VSMC density at the outer
curvature, which again supports the hypothesis of a remodeling
response to increased strain/stress, which has been shown to
regulate the VSMC proliferation (Jiang et al., 2009).
Regional variations in VSMC orientation and density also
suggest a local predisposition in the remodeling capacities of the
tissue at the outer curvature, which could lead to heterogeneous
variation in stiffness around the circumference of older pig AA as
it has been observed in human (Choudhury et al., 2009). In
addition, the increased stress/strain at this location could have an
effect on the transitional phenotype change in the VSMCs.
Aneurysmal tissue have an increased expression of osteopontin
in the media, which indicates the transition of VSMCs from a
contractile phenotype to a synthetic phenotype (Lesauskaite et al.,
2001). This phenotype change could increase the production of
matrix metalloproteinases (Ailawadi et al., 2009; Lesauskaite
et al., 2001; Shanahan and Weissberg, 1998) and degrade elastin
and collagen responsible for the structural integrity of the walls
and thus leading to structural weakening and aneurysm formation. The reduced contractile strength of the outer curvature,
Fig. 3B, despite the increased cell density, Fig. 3D, supports the
hypothesis of more synthetic VSMCs on the outer wall.
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