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6.1 INTRODUCTION

Aortic aneurysms (AAs) are among the most critical cardiovascular diseases [1, 2]. Although their detection is dif-
ficult, prevention andmonitoring of AA are essential as large AAs present high risks of dissection or rupture, which are
often fatal complications [2, 3]. Monitoring consists of measuring the aneurysm diameter using medical imaging
methods such as echography or CT scan [2, 3].

The present study is focused on ascending thoracic AAs (ATAAs). The risk of rupture of ATAAs is estimated clin-
ically with the maximum aneurysm diameter, which consists of considering surgical repair for ATAA diameters larger
than 5.5 cm. Other factors such as growth rate, gender, or smoking can be taken into account [2–4]. It is known that
the criterion of maximum diameter relies on statistics of the global ATAA population. On an individual basis, many
ruptures or dissections have been reported for aneurysms with diameters below the critical value [5]. Other criteria
based on biomechanics were suggested [5], but they still need to be validated clinically [6–8].

The main causes of ATAAs are summarized in Table 6.1. ATAAs are a very specific class of AA due to the partic-
ularity of the ascending thoracic aorta. First, it contains the highest density of elastic fibers of all the vasculature, and
these have to resist themechanical fatigue induced by the wearing combination of pulsed pressure and axial stretching
repeated every cardiac beat. As elastic fibers cannot be repaired in mature tissue [9], the ascending aortic tissue is
highly prone to mechanical damage [3, 6]. Second, a major role of the contractile function in smooth muscle cells
(SMCs) is evident in the ascending aorta more than anywhere else as heterozygous mutations in the major structural
proteins or kinases controlling contraction lead to the formation of aneurysms of the ascending thoracic aorta [10].
Moreover, the outer curvature of the ascending thoracic aorta is constituted of amix of cardiac neural crest- and second
heart field-derived SMCs, distributed over the different medial lamellar units (MLUs) (Fig. 6.1) [11]. This may be cor-
related with the observation that dilatations are more often located on the outer curvature of the ascending thoracic
aorta [12]. Third, the ascending thoracic aorta experiences very complex flow profiles, with significant alterations (vor-
tex, jet flow, eccentricity, peaks of wall shear stress) in case of bicuspid aortic valves [13–15] or aortic stenosis [15–17].
It was shown that these complex hemodynamic patterns havemajor interactionswith the aorticwall and correlatewith
local inflammatory effects or variations of oxidative stress in the aortic tissue [15, 18, 19].

Research studies dedicated to ATAA have always invoked one of the three previous particularities of the ascending
thoracic aorta to account for the intrinsic mechanism leading to the development of an ATAA, even if recent studies
tend more and more to invoke multifactorial effects. In this review, we show that all these effects converge toward a
single paradigm relying upon the crucial biomechanical role of SMCs in controlling the distribution of mechanical
stresses across the different components of the aortic wall. The chapter is organized as follows. In Section 6.2, we
introduce the basics of arterial wall biomechanics and how the stresses are distributed across its different layers.
In Section 6.3, we introduce the biomechanical active role of SMCs and its main regulators and show how this can
control the distribution of stresses across the aortic wall. In Section 6.4, we review the different pathways of SMC
mechanotransduction and theirmechanisms at the cellular and tissue level in the aortic wall. Finally, we review studies
showing that SMCs tend to have a preferred homeostatic tension.We show that mechanosensing can be understood as
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TABLE 6.1 Main Causes of ATAAs Affecting Both the ECM and the SMCs

Causes of ATAAs Effects Ref.

GENETIC MUTATIONS AFFECTING THE ECM

fnb1 (Marfan syndrome) Microfibrils anomalies ¼> wrong force transmission and alteration
of the mechanotransduction

[3, 20]

Types I and III collagen Anomalies of collagen fibers [21]

GENETIC MUTATIONS AFFECTING THE SMC

ACTA2 (α-SMA) Dysfunction of the contractile apparatus. This mutation represents
about 12% of ATAAs

[20, 22]

MYH11 (myosin light chain) Dysfunction of the contractile apparatus [20, 23]

TGFB (TGF-β) Anomalies of TGFB receptors TGBFR1/2. Wrong regulation of
traction forces

[20, 24, 25]

MYLK (myosin light chain kinase) Alteration of myosin RLC (regulatory light chains) phosphorylation,
and thus force generation

[26]

PRKG1 Kinase activation resulting in SMC relaxation [26]

MMP genes Alteration of myosin regulatory light chains (RLC) phosphorylation,
and thus force generation

[26]

PHENOTYPIC SWITCHING: CONTRACTILE (C) 5> SYNTHETIC (S)

Stiffening and weakening of the arterial wall Pathologies:
atherosclerosis, arteriosclerosis, arteritis, aging

The SMCs move on to synthetic phenotype (S) (hypertrophy), they
lose their quiescence (hyperplasia), they order wall remodeling by the
synthesis of MMPs (degradation) and ECM (renewal). Moreover,
atheroma plaques contain many SMCs

[3, 27–30]

Chronic overstress Pathologies: hypertension, dissection,
ATAAs

The (C) SMCs move on to (S): remodeling, hypertrophy, hyperplasia [9, 31]

Contact with blood flow Pathologies: intimal injury, porosity
of the wall

The (C) SMCs move on to (S), formation of a neointima containing
SMCs and GAGs through hyperplasia

[32]

Blood-borne components interacts with SMCs [15]

Change in ECM chemical composition Laminin/fibronectin
ratio Elastin/collagen ratio

The (C) phenotype may be favored on laminin or matrigel
(collagen + laminin) in vitro A high elastin concentration may
activate actin polymerization and thus the development of the
contractile apparatus

[33–36]
[37]

Cell culture in vitro High passage Substrate (physical
properties)

Wrong development of the contractile apparatus ¼> more (S) SMCs
as cell passage increases Necessity to use some stimuli such as
vasoactive agonists or suitable substrates

[35, 38–41]

PARTIALLY IDENTIFIED CAUSES

Biochemical imbalance Signaling pathways involved in cell
contraction

Angiotensin II, growth factors: TGF-β, PDGF [2, 21, 26,
34, 42–45]

Ca2+ ionic channel [39, 46–51]

Intercellular interactions Vasoactive agonists,
neurotransmitters, hormones, ions, mechanical stimuli

Interaction with endothelial cells from the intima [27, 29,
35, 52–54]

Synchronization of several SMCs [27, 46, 55]

Local changes in hemodynamics Bicuspid aortic valve,
dissection, ATAAs

Disturbance of the mechanotransduction through endothelial cells
and SMCs

[3, 15, 27,
56]

Embryonic origin of the SMCs Transition area between
aortic root and arch: the media combines SMCs from
different origin

Outermost SMCs are from the second heart field and the innermost
ones from the neural crest. This area is prone to ATAAs and
dissections

[11]
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the reaction to the homeostasis unbalance of SMC tension. The review reveals, though, that the quantification of the
SMC homeostatic tension in the ascending thoracic aorta is still an open question, and the chapter closes with possible
directions for research in measuring this tension at the tissue level and at the cellular level.

6.2 BASICS OF AORTIC WALL MECHANICS AND PASSIVE BIOMECHANICAL
ROLE OF SMCS

6.2.1 Composition of Arteries

6.2.1.1 The Extracellular Matrix

The extracellular matrix (ECM) of the aortic tissue is made of two main fibrous proteins participating in the passive
response: collagen and elastin, which are responsible for 60% in dry weight of the entire wall [21]. There are several
types of collagen, but types I, III, and V are primarily found in the media layer (see section below describing the layers
of the aorta), where the SMCs are located, representing about 35% of the global aortic wall in dry weight [21, 27]. Col-
lagen fibers are not extensible and ensure the mechanical resistance of the tissue in case of overloading [10, 21, 57].
If collagen fibers can be produced over the lifespan, elastic fibers are actively synthesized in early development,
and there is a loss of efficiency for the ones created during adulthood [9]. Elastin has a 40-year estimated half-life.
It should last for an entire life in optimal conditions, but some pathological states or natural aging will necessarily
affect it. Fibroblasts and SMCs can produce new ECM components but also matrix metalloproteases (MMPs), which
degrade the current ECM. If the action of MMPs is not well regulated, the ECMmay be remodeled, yielding a different
mechanical behavior with possible ATAA development [9, 58]. Likewise, the loss of elasticity may be related to an
anomaly of elastic fibers. Elastic fibers aremainly composed of a core of amorphous elastin surrounded bymicrofibrils.
The microfibrils comprise collagen VI and fibrillin [59], a polymer encoded by the fbn1 gene, whose mutation is
involved in Marfan syndrome. The genetic mutations affecting the ECM in ATAAs are summarized in Table 6.1.

Another important constituent, although with lesser mass fractions, are glycosaminoglycans (GAGs), which can
contribute to the compressive stiffness of the aortic tissue. As they represent about 3%–5% of the total wall by dry
weight [21], they do not participate markedly to the passive response except in specific cases, such as for atheroscle-
rosis, where GAGs are piled up during lesion development and increase the wall stiffness. GAGs refer to different
types of nonsulfated (hyaluronic acid) and sulfated (keratan sulfate, dermatan sulfate, and heparan sulfate) polysac-
charides [60]. The ECM contains also some glycoproteins that bind to cell membrane receptors, the integrins, and allow
for cellular adhesion. Among these binding proteins, the fibronectin can also bind to collagen and heparan sulfate, and
laminin is a major component of basal lamina, which influences cell responses.

FIG. 6.1 Anatomy of the whole aorta: The thoracic part is separated
from the abdominal one by the diaphragm. The thoracic aorta is divided
into four parts fromdifferent embryological origins. The ascending aorta is
particularly subject to ATAAs, and contains a mix of CNC- and SHF-
derived SMCs. Based on the works of E.M. Isselbacher, Thoracic and abdominal
aortic aneurysms, Circulation 111 (6) (2005) 816–828 and H. Sawada, D.L.
Rateri, J.J. Moorleghen, M.W. Majesky, A. Daugherty, Smooth muscle cells
derived from second heart field and cardiac neural crest reside in spatially distinct
domains in the media of the ascending aorta—brief report, Arterioscler. Thromb.
Vasc. Biol. 37 (9) (2017) 1722–1726.
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6.2.1.2 A Multilayered Wall Structure

The aortic wall is divided into three main layers surrounding the lumen where the blood flow circulates (Fig. 6.2).
Each layer has its function and proper mechanical properties [6, 14, 27, 57, 61, 62]. The adventitia, which is the most
external layer, contains fibroblasts and is particularly collagen-rich, according to its protective role for the entire wall
against high stress. The internal layer, called the intima, is directly in contact with the blood flow. It also constitutes a
selective barrier of endothelial cells for preventing the wall from blood product infiltration and delivering oxygen and
nutrients from the blood to the internal wall. The inner medial layer is separated from adventitia and intima by two
elastic laminae, and represents about two-thirds of the whole thickness of the wall. All these layers have a passive
mechanical response to the loading induced by the blood flow, but only the media can also act actively due to the
presence of contractile SMCs. The media is structured into several MLUs (Fig. 6.1) [21, 62], where a layer of SMCs
is tight between two thin elastin sheets through a complex network of interlamellar elastin connections [57]. The SMCs
are oriented in the direction of the ECM fibers in order to better transmit the forces to each other and to successive
MLUs. The number of MLUs varies according to the diameter of the artery [62] and the size of the organism: 6�8
for mice and 40�70 for the human body [21].

6.2.2 Basics of Aortic Biomechanics

It is commonly assumed that only the adventitia and themedia are involved in themechanical response of the entire
wall, neglecting the mechanical role of the intima. This assumption is not valid in the case of pathologies resulting in a
thickening of the intima such as atherosclerosis.

The aorta is submitted to four types of mechanical stresses (Fig. 6.3). The twomain components are the axial one, σz,
and the circumferential one, σθ. The two other components are, namely σr (radial stress) and τw (wall shear stress). The
wall shear stress results from the friction of the blood onto the wall. The circumferential stress is related to the disten-
sion of the aorta with the variation of the blood pressure. It can reach about 150 kPa under normal conditions [21].
It can be approximated by the Laplace law according to:

σθ ¼P � r
t

(6.1)

where P is the blood pressure, r the internal aortic radius, and t the thickness of the wall. If the number of MLUs varies
according to the arterial diameter and across species [63], the average tension per MLUwas shown to remain constant
at T ¼ 2 N/m [21], and its average circumferential stress can be determined by

σθ¼ T
tMLU

(6.2)

As themean thickness of anMLU is about tMLU’ 15μm, it was estimated that the average normal circumferential stress
across the aorta is σθ ¼ 133 kPa [21].

Adventitia

Media

Intima

External elastic lamina

Internal elastic lamina

FIG. 6.2 Structure of the arterial wall. Courtesy of T.C. Gasser, Structure and Basic Properties of the Arterial Wall, 2017 (Indisponible en Accès Libre).
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6.2.3 Passive Mechanics of the Aortic Tissue

The passive behavior refers to the behavior of the aortic wall in the absence of vascular tone. It is mainly due to ECM
components, namely elastin and collagen fibers. If the elastin is responsible for the wall elasticity, the collagen fibers
are progressively tightened from their initial wavy configuration while the wall stress is increasing, and they tend to
protect the other components from overstress [10, 21, 57].

Given that the tissue contains about 70%–80% of water, it is often assumed as incompressible. As a heterogeneous
composite material comprising a fluid part (i.e., water) and a solid part (i.e., ECM and cells) [14, 27], divided into sev-
eral layers with different mechanical properties (see Section 6.2.1.2), the aortic wall has a complex anisotropic mechan-
ical behavior. To predict the rupture risk of ATAAs [14, 27, 57], the passivemechanical behavior of the ECM is relevant.
Numerous in vitro tests using the bulge inflation device [7, 8, 64–67] confirmed that elastin in the media is the weak
element of the wall toward rupture.

6.2.4 Multilayer Model of Stress Distribution Across the Wall

Single-layered homogenized models of arterial wall mechanics have provided important visions of arterial func-
tion. For example, Bellini et al. [68] proposed a bilayer model with different material properties for the media and
adventitia layers. They split the passive contributions of elastin, SMC, and collagen fibers (modeled with four different
families). Eventually, the strain-energy function (SEF) at every position may be written as [68, 69]:

W¼ ρeWeðIe1Þ+
Xn

i¼1
ρciWciðIci4 Þ+ ρmWmðIm4 Þ (6.3)

where superscripts e, ci, and m represent, respectively, the elastin fiber constituent, the constituent made of each of the
n possible collagen fiber families, and the SMC constituent, with all these constituents making the mixture. In Eq. (6.3),
ρj refers to mass fraction, andWj stands for the stored elastic energy of each constituent, depending on the first (Ij1) and
fourth (Ij4) invariants of the related constituents of the mixture (j 2{e, ci, m}). Let the mechanical behavior of the elastin
constituent be described by a neo-Hookean SEF as in Refs. [68, 70–72]

WeðIe1Þ¼
μe

2
ðIe1�3Þ (6.4)

where Ie1¼ trðCeÞ and μe is a material parameter with a stress-like dimension. Ce ¼FeTFe denotes the right Cauchy-
Green tensor where Fe¼ FGh

e is the deformation gradient of the elastin constituent. F is the corresponding deformation
gradient of the arterial wall mixture and Gh

e is the deposition stretch of elastin with respect to the reference

FIG. 6.3 Schematic representation of the mechanical stresses in the aortic wall, and particularly in the media. The intima is neglected in the case of
aneurysms, but it cannot be the case for pathologies resulting in an intimal thickening; t is the thickness of the wall, r is the internal aortic radius, P is
the blood pressure, and tMLU is the mean thickness of an MLU.
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configuration [68, 70]. Therefore, using the concept of constrained mixture theory, it is assumed that all constituents in
the mixture deform together in the stressed configuration while each constituent has a different “total” deformation
gradient based on its own deposition stretch.

The SEF of passive SMC and collagen contributions is described using an exponential expression such as
[68, 70, 73, 74]:

WkðIk4Þ¼
Dk

1

4Dk
2
exp Dk

2ðIk4�1Þ2
� �

�1
h i

(6.5)

where k 2{ci, m}. Dk
1 andDk

2 are stress-like and dimensionless material parameters, respectively, and can take different
values when fibers are under compression or tension [75]. Ik4¼Gk

h
2
C : Mk�Mk whereGk

h, k2{ci, m}, is the specific depo-
sition stretch of each collagen fiber family or SMCs, with respect to the reference configuration.Mk, k2{ci, m}, denotes a
unit vector along the dominant orientation of anisotropy in the reference configuration of the constituent made of the
ith family of collagen fibers or of SMCs. For SMCs,Mm coincides with the circumferential direction of the vessel in the
reference configuration while for the ith family of collagen fibers Mci ¼ ½0 sinαi cosαi�, where αi is the angle of the ith
family of collagen fibers with respect to the axial direction. C ¼FTF is the right Cauchy-Green stretch tensor of the
arterial wall mixture [68, 70].

This model can capture the stress “sensed” by medial SMCs and adventitial fibroblasts. The model shows interest-
ingly that the stresses spit unevenly between the media and the adventitia (Fig. 6.4). For physiological pressures, the
stress is significantly larger in the media but when the pressure increases, the stress increases faster in the adventitia.
As this chapter is dedicated to SMCs, the model permitted estimating that stresses taken by SMCs remain less than a
modest 40 kPa for normal physiological pressures [68].

6.3 ACTIVE BIOMECHANICAL BEHAVIOR

On top of its passive mechanical behavior, the aortic tissue exhibits an active component thanks to the tonic con-
traction of SMCs, permitting fast adaptation to sudden pressure variation during the cardiac cycle.

6.3.1 Smooth Muscle Cells

6.3.1.1 SMC Structure

SMCs have an elongated, fiber-like shape. Their length is about 50�100 μm and their mean diameter is 3 μm, reach-
ing 5 μm around the nucleus [27, 76–78]. SMCs have an axial polarity. Their longest axis tends to align with the direc-
tion of the principal stress applied to the ECM (Fig. 6.2). Each MLU in the aorta contains a layer of SMCs that is
connected to the elastic laminae thanks to microfibrils [21, 57]. They are circumferentially arranged throughout the
media [27, 57, 76] and are particularly sensitive to σz and σθ components of the wall stress [42]. This specific structure
may also explain the fact that the media has been revealed as stronger circumferentially than longitudinally [14] and
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FIG. 6.4 Predicted transmural distributions of different components of Cauchy stress at mean arterial pressure (MAP �93 mmHg) by bilayered
model of Bellini et al. [68]. Themean circumferential stress, as obtained fromLaplace’s relation, is shown for comparison. All components of stress are
plotted versus the normalized current radius, with 0 and 1 corresponding to the inner and outer radii, respectively.
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that the forces produced by the SMCs are maximized in this direction [76]. This ability of endothelial cells and SMCs to
align along the direction of the applied stress has been confirmed by a number of in vitro studies [79–81].

The arrangement of SMCs in the media used to be controversial [82]. The most recent studies (1980s [63, 83], 1990s
[84], and 2000 [85]) describe SMC orientation as circumferential whereas a helical and oblique dispositionwas reported
earlier (1960s [86], 1970s [87]). Fujiwara and Uehara showed an oblique orientation in 1992 [76]. Likewise, data are
controversial about alignment parallel to the vessel surface: Clark and Glagov [83] agree with this statement, unlike
Fujiwara and Uehara [76]. Furthermore, some authors mention a change of SMC orientation in each subsequent MLU,
creating a herringbone-like layout [85, 88]. Humphrey suggested that the SMCs are oriented helically, closer to a cir-
cumferential direction [27], but O’Connell suggested the SMCs may also be slightly radially tilted [82].

A recent study pointed out the importance of the helical disposition, suggesting that SMCs are oriented according to
two intermingled helices [89]. This disposition was assumed in several tissuemodels [90, 91]. Moreover, a tissuemodel
for coronaries taking into account the orientation of SMCs suggested they contribute both to circumferential and axial
stresses and tend to reorient toward the circumferential direction when blood pressure is increased [92]. Other studies
[83, 93] suggested that the almost circumferential orientation is only valid for inner MLUs of the ascending thoracic
aorta because SMCs seem to orient more axially close to the adventitia. This pattern was also confirmed by Fujiwara
and Uehara [76].

6.3.1.2 Principle of SMC Contractility

The contractility of SMCs is their defining feature, thanks to a strongly contractile cytoskeleton. SMCs have a well-
developed contractile apparatus organized in cross-linked actin bundles, regularly anchored into the membrane with
dense bodies [94] (Fig. 6.5). This layout implies a bulbous morphological aspect during contraction [95]. There may be
two types of actin filaments in the same bundle. The thick filament serves as a support for myosin heads and permits
sliding of thin filaments during contraction, defining a so-called “contractile unit.” Thin filaments are made of alpha
smooth muscle actin (α-SMA), an actin isoform specialized in the increase of cellular traction forces [24, 96, 97]. This
isoform is specific to certain cell types, namely SMCs and myofibroblasts [45]. The α-SMA filaments are created from
their rod-like form, synthesized, and assembled when focal adhesions (FAs) undergo high stresses [24, 96]. Genetic
mutations may affect the genes encoding the components of the contractile apparatus (Fig. 6.6) and lead to ATAAs
(Table 6.1).

The main signaling pathways controlling SMC contraction are summarized in Fig. 6.6. More details about these
pathways may be found in Refs. [26, 34, 46, 48, 51, 98]. However, it is important to mention that SMC contractility
is controlled by the modulation of intracellular ionic calcium concentration [Ca2+]i. The SMC membrane has many
invaginations called caveolae where extracellular Ca2+ ions can enter the cell [99]. The increase of [Ca2+]i triggers
the contraction above a certain threshold, activating myosin chains [48]. Some studies revealed that [Ca2+]i is a reliable
indicator of SMC contractility because it increases from 100 nM in the relaxed state to 600�800 nM once fully con-
tracted [27]. But Hill-Eubanks et al. [48] underlined later that a 400 nM concentration is sufficient to cause a complete
contraction.

FIG. 6.5 Cellular and subcellular architecture of the SMC.
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Calcium entries in the SMC after some stimuli resulting in membrane depolarization are widely studied in vitro
with electrical [95], electrochemical [39, 50, 100], chemical, or even mechanical stimulation [47, 101]. In fact, some
of these studies suggested that SMCs undergo a progressive membrane depolarization as intraluminal pressure
increases under normal conditions [47, 48, 101]. But when the mechanical stimulation becomes higher than normal,
some studies have also highlighted that SMCs undergo more depolarization, resulting in an alteration of their reac-
tivity [102].

Themost common protocol used to control SMC contraction in vitro remains the addition of potassium ions K+ from
a KCl solution with a 50–80 mM concentration that depolarizes the membrane [39, 49, 50, 100, 102]. The extracellular
media must also contain a calcium concentration [Ca2+]e to cause the activation of myosin heads by calcium entry into
the cell. This is the reason for adding the CaCl2 solution to the media [49], or immersing the cells in a physiological
Krebs-Ringer solution [39]. The latter has the advantage of keeping biological tissues alive. Calcium entry is also reg-
ulated thanks to a cytosolic oscillator that allows a periodic release of calcium from intracellular reservoirs (i.e., endo-
plasmic reticulum) [46, 103]. The frequency is highly dependent on external stimuli such as neurotransmitters,
hormones, or growth factors. If its primary role is to induce a single cell contraction, the secondary role of the cytosolic
oscillator is also responsible for membrane depolarization of neighboring cells in order to synchronize the contrac-
tion of several SMCs [46, 55]. The Ca2+ signaling pathway was included in the mechanical cellular model of Murtada
et al. [104] to model SMC contractility.

The angiotensin II (Ang II) signaling pathway has been widely developed in mice models and its link with
aneurysms is well explained by Malekzadeh et al. [105]. It may lead to SMC contraction and may be used as a
vasoconstrictor agonist in mice models [15, 105] or for isolated cells by addition in a bath [52]. But the review of Michel
et al. suggests that angiotensin II may also damage the intima [15]. In this case, intimal degradation leads to the
activation of other signaling pathways that have an influence on SMC tone. Moreover, some studies suggested a
very active biological role of the intima through the secretion of nitric oxide (NO) that is involved in a pathway con-
trolling cell relaxation [52, 102]. Accordingly, the intimal integrity seems to have a strong influence on cell contractile
response.

The filament overlap involved in SMC contraction creates a “cross-bridge” whose function has been previously
described by some subcellular models based on the sliding-filament theory [106, 107]. The cross-bridges have
been assumed to be based on contractility activation/deactivation cycles through phosphorylation of the contractile
unit. That is what Dillon et al. [108] have called the “latch state,” which was used later in association with the

FIG. 6.6 Summary of the main signaling pathways involved in SMC contractility and phenotypic switching. α-SMA, alpha smooth muscle actin;
Ang II, angiotensin II; AT1, angiotensin receptor; Cv, caveola; PDGF, platelet-derived growth factor; PDGFRβ, PDGF receptor; ROCK, Rho kinase
involved in cytoskeleton turnover; TGF-β, beta transforming growth factor; TGFBR1/2, TGF-β receptor. Specific genesmainly involved in the loss of
contractility—ACTA2: encoding the α-SMA,MYH11: encoding themyosin heavy chains. Shape and orientation of an SMCaccording to its ECM. The
SMCs can synchronize their contraction along their strongest axis thanks to intercellular interactions: between several SMCs through gap junctions,
or between endothelial cells from the intima and innermost MLUs of SMCs through vasoactive agonists, neurotransmitters, or secreted GAGs.
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sliding-filament theory to develop another subcellular model for the SMC contractile unit [39]. Several other cellular
models combine the proper active behavior of SMCs with the passive behavior of its ECM [92, 109, 110]. The SMC is
protected from a too high lengthening thanks to the intermediate filaments (made of desmine) linking dense bodies
together [24].

6.3.1.3 Intracellular Connections

Each SMC is covered by a basal lamina, a thin ECM layer (40�80 nm [27]) comprising type IV collagen, glycopro-
teins and binding proteins ensuring cell adhesion: the fibronectin and the laminin. The basal lamina represents about
12%–50% of the volume of SMCs. This lamina is open around the gap junctions to allow cell communication [94]. These
junctions allow the cells to exchange electrochemical stimuli required to synchronize the contraction of the wholeMLU
and tomatch with the successiveMLUs [111]. SMCs are linked together thanks to thin collagenmicrofibrils permitting
the transmission of cell forces.

Interactions between the media and the other layer (intima and adventitia) also have to be considered. The synchro-
nization of the contraction is induced in the outermostMLU by their innervation thanks to the vasa vasorum present in
the adventitia, and the nervous signal is transmitted to inner MLUs thanks to gap junctions. The vasa vasorum also
provides nutrients in the thickest arteries to complete the action of the intima for the innermost SMCs [27]. Moreover,
endothelial cells communicate with the innermost SMCs (Fig. 6.7) secreting vasoactive agonists, neurotransmitters,
and GAGs, notably heparan sulfate, which seems to influence the quiescence of the SMCs [29, 53]. Further information
about this topic can be found in Lilly [54].

6.3.2 Multiscale Mechanics of SMC Contraction

6.3.2.1 Subcellular Behavior

Many experimentswere developed to characterize SMC traction forces thanks to [Ca2+]imeasurements [108] or trac-
tion force microscopy (TFM) techniques, from common substrate deformation methods [96, 101, 112] to uncommon
specific microdevices [113–115]. SMC stiffness is closely linked to their contractile state [52, 116]. The reported values
depend strongly on the measurement method. Common magnetic twisting cytometry gives a range of [100�102] Pa
against [103�105] Pa for atomic force microscopy (AFM) [117]. Published stiffness and traction force values for SMCs
are reported in Table 6.2.

If the AFMwasmainly used on the ECMof aneurysm samples [33, 121], only Crosas-Molist et al. [118] characterized
aortic SMCs using AFM and showed an increase of their stiffness in Marfan syndrome (from 3 kPa for a healthy tissue

FIG. 6.7 Shape and orientation of an SMC according to its ECM. The SMCs can synchronize their contraction along their strongest axis thanks to
intercellular interactions: between several SMCs through gap junctions, or between endothelial cells from the intima and innermost MLUs of SMCs
through vasoactive agonists, neurotransmitters, or secreted GAGs.
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TABLE 6.2 Stiffness and Traction Force Values for In Vitro SMCs

SMC mechanical properties
Value
[Pa] Description Ref.

STIFFNESS

1032105 PA AFM TECHNIQUE [117]

Viscoelastic properties In response to a vasoactive agonist (serotonin) [116] (airways
SMCs)

Storage modulus G0 ! 150% increase

Loss modulus G00 ! 67% increase

Hysterisis ! 28% decrease after AFM stimulus: The cell elasticity prevails
gradually more (“latch state”)

Elastic properties Comparison between control and Marfan-induced aneurysm tissue

3k
7k

Increase in SMC and ECM stiffness in the
pathological case

[118] (aortic
SMCs)

↪ Increase in focal adhesions size

Young modulus Comparison between control and stimulated tissue with angiotensin II (vasoconstrictor)

13.5k
18.5k

Increase in SMC stiffness after having their
contraction induced (after 2 min)

[52, 116]

22k After 30 min (actin polymerization dynamics)

↪ Increase in focal adhesions size (stronger adhesion to
functionalized AFM tip with type I collagen)

1002102 PA MAGNETIC TWISTING CYTOMETRY [117]

Increase in SMCs stiffness with substrate rigidity [119]

12.6 � 1.6 N/m2 12.6 “Hard” substrate: high-density collagen

4.3 � 0.3 N/m2 4.3 “Soft” substrate: low-density collagen

Increase in SMC stiffness with contraction [119]

More effect on “Soft” substrate

Increase linked to myosin head activation and actin
polymerization

[120] (airways
SMCs)

9.91 � 0.75 N/m2 9.9 Unstimulated

14.27 � 0.85 N/m2 14.3 Vasoconstrictor agonist: serotonin

TRACTION FORCES

TRACTION FORCES MEASURED ACCORDING TO THE CALCIUM CONCENTRATION OF THE KCL BATH

2.9 � 0.4 � 105 N/m2 290k [Ca2+] ¼ 1.6 mM [108] (carotid
SMCs)

3.9 � 0.2 � 105 N/m2 390k [Ca2+] ¼ 25 mM

TFM ON A PDMS MICRONEEDLE ARRAY WITH A FIBRONECTIN COATING, SIMULATING A SOFT MATERIAL: CELLULAR STRESS
APPLIED BY THE ENTIRE CELL

SMCs applied stress, adhering to the pattern,
unstimulated

4.6k Inhibition of the myosin contractility and the actin
polymerization

[114] (airway
SMCs)

Increase in the applied stress per needle with cell
spreading

10k Weakly spread (440 μm2)

30k Strongly spread (1520 μm2)
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to 7 kPa for a pathological one). Interestingly, another team focused on rat vascular SMCs (without aneurysm) and
tested them by AFM indentation with a functionalized tip to measure the adhesion forces to type I collagen. This work
suggested that contracted (with Ang II) or relaxed SMCs regulate their FAs [52].

6.3.2.2 (Sub)cellular Models for the SMC

Acommonmechanical model of the SMCs and their contractile apparatus is the sliding filament theory. The original
sliding filament theory permittedmodeling the α-SMA filaments sliding onmyosin heads. It was initially published by
Huxley and Huxley in 1953 [107]. The filament overlap (i.e., thin filaments linked to thick filaments by myosin heads,
see Section 6.3.1.2) creates a “cross-bridge” modeling the contractile unit of a single SMC.

Another important study was that of Dillon et al. [108], where the latch state was introduced to describe the acti-
vation/blockage cycles of the contractile unit through the phosphorylation process. In low phosphorylation states, the
active force can be maintained by the SMCs [106]. Dillon et al. [108] also highlighted that SMCs generate a maximal
force when stretched at an optimal length. Gradually, further models took into account the orientation of the SMCs in
the media [92] and the interaction between the cell and its ECM [109, 110, 122]. Only Murtada’s model [104] has inte-
grated the regulation of [Ca2+]i controlling SMC contraction (see Section 6.3.1.2).

6.3.3 Effect of SMC Contraction on the Distribution of Stresses Across the Aortic Wall

The effects of SMC contraction on the stress distribution across the wall were investigated in several studies, whose
the experimental work that consists in measuring the opening angle on radially cut aortic rings. This permitted asses-
sing the intramural stress induced by SMC contractility [122, 123]. Indeed, the opening angle experiment reveals resid-
ual stresses that can be related to passive ECM mechanics and to SMC active contraction [122, 123].

It was shown that at physiological pressure, the pure passive response of the wall does not ensure uniform stress
distributions, suggesting an essential role of the basal tone of SMCs tomaintain a uniform stress distribution [122, 123].
But under the effects of a vasoactive agonist, SMCs contract through myogenic response and can provoke a rise of
intraluminal pressure up to 200 mmHg. As they change the intraluminal pressure, SMCsmay also induce nonuniform
stress distributions across the wall [123].

In summary, SMCs are very sensitive to mechanical stimuli. They tend to keep the intramural circumferential stress
as uniform as possible for physiological variations of the blood pressure, but the stress becomes nonuniform for higher
pressures [123]. They adapt their myogenic response, which ranges from 50 kPa for the basal tone under normal phys-
iological conditions to 100 kPa for maximal SMC contraction [122].

TABLE 6.2 Stiffness and Traction Force Values for In Vitro SMCs—cont’d

SMC mechanical properties
Value
[Pa] Description Ref.

TFM ON A GEL SUBSTRATE INCLUDING FLUORESCENT AND MAGNETIC MICROBEADS WITH FIBRONECTIN COATING: TRACTION
FORCES MEASUREMENT AND MECHANICAL STIMULUS

1 N/m2 1 Unstimulated SMCs [101] (renal
vSMCs)

1.6 N/m2 1.6 Stimulated SMCs: 60% increase

STANDARD TFMONGEL SUBSTRATEWITH FLUORESCENTMICROSPHERES:MEASUREMENTOF THEDEFORMATION FIELDAFTERA
CHEMICAL STIMULUS

Increase inmean traction force (mean vector of the
deformation field)

50 Unstimulated SMCs [112] (airway
SMCs)

100 Vasoconstrictor agonist: histamine

THE CONTRACTILE APPARATUS IS MADE OF NONCONTRACTILE THICK FILAMENTS, LINKED TO CLASSIC FOCAL ADHESIONS (FA),
AND HIGHLY CONTRACTILE α-SMA FILAMENTS, LINKED TO SUPER FOCAL ADHESIONS (SUFA)

Increase inmean traction force (mean vector of the
deformation field)

8.5k Stress produced by suFAs [96]
(myofibroblasts)

3.1k Stress produced by classic FAs
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6.4 MECHANOSENSING AND MECHANOTRANSDUCTION

Given their highly sensitive cytoskeleton and FAs (Fig. 6.8), SMCs represent real sensors of the local mechanochem-
ical state of the ECM. Many experimental models have permitted the investigation of this mechanosensing role
and how it is involved in ATAAs and dissections [15]. One of the main responses to stimuli mechanosensing is
mechanotransduction [43, 124–127], which is the process of transducing wall stress stimuli into tissue remodeling
[21, 27, 32, 37, 42].

6.4.1 Mechanosensing

Many recent studies have highlighted the effects of the environment on the SMC response, in terms of protein syn-
thesis, proliferation, migration, differentiation, or apoptosis, thanks to its mechanosensitive architecture [43, 124–128].
Mechanosensing relies on links between the ECM, FAs, and the cytoskeleton. The microfibrils provide an adhesive
support to the SMCs through collagen VI [59]. Because of this, whenmicrofibrils are damaged, SMCs sense an increase
in stiffness and are no longer able to transmit forces to each other through elastic fiber. According to several studies, the
elastin acts for the maturation of the contractile apparatus of the SMCs and may encourage their quiescent phenotype
[9, 41, 129]. In the ECM, two proteins are mainly involved in mechanosensing: fibronectin and laminin. Fibronectin is
known for being mainly present in the ECM of blood vessels during early development and seems to encourage SMC
proliferation and migration in order to build the tissue [34, 36]. On the contrary, the laminin may be required later for
SMC maturation toward a contractile phenotype [130].

FIG. 6.8 The cytoskeleton of the migratory cell is composed of a complex network of actin bundles where three specific structures are observed:
(a) The cortex: a cross-linked network surrounding the cell and ensuring the modulation of cell shape by rapid turnover during migration. (b) Stress
fiber: contractile structuresmade of antiparallel actin bundles linked to amolecularmotor, themyosin. (c) Lamellipodium: largemembrane extension
made of cross-linked and branched bundles, pushing the cell forward. (d) Filopodia: thin membrane extension made of parallel bundles, and pro-
jected forward to sense the mechanical properties of the substrate. Each of these structures has its proper mechanical behavior: (A) Contractile
elements activated by the myosin motor. (B) Viscoelastic elements based on a Kelvin-Voigt model (viscous damper and elastic spring connected
in parallel). (C) Stiff elements associated with filopodium. Here the cell is represented on a 2D substrate instead of the 3D real ECM. That is
why the cell has adopted an apico-basal polarity. The apical side refers to the unattached membrane above the nucleus, and the basal one to the
contact with the substrate, through focal adhesions. Based on the lecture of E. Planus, Cours de M1, 2017 (non-disponible en acc€as libre).
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Because SMCs are dynamic systems, their cytoskeleton remains in constant evolution during cellular processes. It
consists in a dense fibrous actin structure that allows the cell for shape maintenance and generation of traction forces
required notably during migration (Fig. 6.8). The cytoskeleton of SMCs is particularly rich in contractile α-SMA thin
filaments (see Section 6.3.1) that are used to enhance the traction forces required for cell function. SMC contraction
involves a quick remodeling of its cytoskeleton in order to recruit contractile thin filaments in the direction of applied
forces [24, 96] and to follow its change of shape while renewing noncontractile cortical structures [52].

In summary, the SMCmay be considered a powerful sensor of the mechanical state across the aortic wall. The high
sensitivity of SMCs led many research teams to point out their implication in arterial disease, including aortic aneu-
rysms [20, 22, 27, 36, 42, 77, 129].

6.4.2 The Key Role of SMCs in ATAAs

The role of SMCs in the development of ATAAs is now well accepted [57, 76].
Several studies have already mentioned the change of SMC behavior in cardiovascular disease, and the conse-

quences on the arterial wall. It was shown that hypertension is perceived by SMCs as permanent stimuli through
the increase of wall stress, which induces collagen synthesis to reinforce the wall resulting in an increasing thickness
[15, 27, 98, 131].

In atherosclerosis and restenosis, the growth of plaques between the media and the intima is due to SMC prolifer-
ation and migration toward the intima, forming a neointima [40, 129]. The neointimal SMCs are also able to gather
lipids, increasing the stiffness and weakening the wall. Intimal integrity may also control the quiescence of SMCs
thanks to heparan sulfate [29, 53] or vasoactive agonist [27, 52] synthesis. Hence, the degradation of the endothelial
cell layer leads to SMC proliferation and ECM synthesis until whole intima repair [35].

All these changes suggest that SMCs can switch to another phenotype in order to repair the damaged tissue through
migration toward the injured region, proliferation, and ECM synthesis [35]. Under normal conditions, mature SMCs
acquire a “contractile” (C) phenotype from an immature “synthetic” (S) one, which is mainly present in early devel-
opment [40, 77, 129]. But SMCs demonstrate a high plasticity as they are not fully differentiated cells, and they can
return to an (S) phenotype in response to many stimuli. The phenotypic switching is due to a number of factors,
summarized in Table 6.3.

The cytoplasm of (S) SMCs has more developed synthetic organites such as endoplasmic reticulum andGolgi appa-
ratus, leading to hypertrophy [27]. The phenotypic switching does not radically change the cytoskeleton as

TABLE 6.3 SMC Phenotypic Switching Characteristics

SMCs phenotypic switching Effects

High plasticity The SMCs are not entirely differentiated when they reach maturity through the
contractile (C) phenotype, and can move on to a synthetic (S) phenotype

[21, 27, 32, 35,
36, 56, 77]

(The (S) phenotype is mainly present in the aorta during early development)

ECM synthesis and degradation
(through MMP synthesis)

The SMCs undergo an increase in volume (hypertrophy), with the development
of their synthetic organites (Golgi apparatus and endoplasmic reticulum)

[27, 29, 40, 56]

Loss of quiescence: hyperplasia (S) SMCs tend to proliferate and migrate [77]

Loss of contractility Stress produced into the wall: [21]

(C) SMCs: 100 kPa; (S) SMCs: 5�10 kPa
Degradation of the contractile
apparatus

The cytoskeleton is not entirely remodeled (undamaged microtubules), but there are
weaker actin and myosin concentrations (contractile fibers) in (S) SMCs

[29, 35, 41, 129]

Modification of the basal side Regulation of the focal adhesions [41, 52, 56]

(They grow according to the traction force direction, ensuring a strong adhesion
to the ECM in response to high stress)

[24, 96]

Decrease in α-SMA concentration Degradation of the thin filaments that are responsible for amplifying and regulating
the cell traction forces

[24, 97]

Reversible process Once the tissue is repaired, the SMCs return to a contractile phenotype [32, 41, 56]

General apoptosis Decrease of SMC number and degradation of the ECM ¼> loss of wall elasticity
and resistance

[28, 42, 132]
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microtubules remain intact, but the contractile apparatus (i.e., α-SMA thin filaments) is clearly affected [24, 29, 35, 41,
97, 129]. SMC contractility involves a reorganization of their contractile apparatus. In other words, high traction forces
require high adhesion to the ECM; hence, it is suggested that SMCs undergo a regulation of their FAs [24, 52, 96, 133],
evolving toward super focal adhesions (suFAs) in the direction of the applied stress [24, 96].

Hyperplasia concerns the loss of SMC quiescence in favor of a proliferating andmigrating behavior [27, 77]. During
hypertension, the increase inwall thickness has been shown to result more from hypertrophy than hyperplasia [31, 98],
but the two phenomena are involved in several pathological states [27]. ATAAs also involve a reduction of the elastin/
collagen ratio in the aortic wall, inducing a stiffness increase and leading to phenotypic switching of SMCs [28]. But the
whole thickness is not uniformly affected: Tremblay et al. [12] have assessed SMC densities across ATAAs and
deduced that it was greater in the outer curvature. The reduced contractile behavior suggests more phenotypic
switching in this area.

6.4.3 SMC Mechanotransduction

As previously highlighted in several studies [21, 68], SMCs tend to remain in a specific mechanical state called
homeostasis. It is considered a reference value for the stress they undergo in the wall under normal physiological
pressure. During any cardiac cycle, SMCs do not activate suddenly their contractile apparatus according to the short
variations of blood pressure. In fact, they always remain partially contracted and tend to adapt gradually to any con-
stant increase of the mean pressure (Fig. 6.9).

Facing a constant rise of wall stress, the SMC response may be divided into two main categories according to time.
In the short term, SMCs react in a progressive contraction until they reachmaximal contraction, permitting the regulate
of the blood flow through arterial diameter control. But beyond a given stress threshold, collagen fibers from the
adventitia are recruited to protect the cells and the medial elastic fibers from higher stress values [27, 68]. In the long
term, the remaining mechanical stimuli of SMCs lead to phenotypic switching or apoptosis. In this way, SMCs tend
to coordinate the renewal of ECM, particularly through the synthesis of new collagen fibers to increase the wall resis-
tance to high stress.

6.4.4 Mechanical Homeostasis in the Aortic Wall

Mechanical homeostatis means that SMCs try to regulate their contractile apparatus and their surrounding ECM to
maintain a target wall stress corresponding to a certain mechanobiological equilibrium. The presence of a mechano-
biological equilibrium was first proposed by the constant mean tension of a single MLU in a stressed aorta in spite of
different species and aortic diameter [21, 63]. Humphrey [21] estimated that the circumferential stress per MLU is
about σθ ¼ 133 kPa. It is assumed that SMCs and fibroblasts tend to maintain a preferred mechanical state through
homeostasis. Kolodney et al. showed that cultured fibroblasts on unloaded gel substrates generate a steady tension
of 3.2 kPa [134]. Moreover, Humphrey [21] suggested that homeostasis expression is similar throughout scales, from

Cellular force

SMC

Time

C
on

tr
ac

tio
n

R
el

ax
a

tio
n

A

B

C

D

FIG. 6.9 All the smooth muscles do not have the same behavior. The
SMCs are normally partially contracted and adapt their contractile
response andmaintain it for a long time. (A) Normally contracted: Sphinc-
ters. (B) Normally partially contracted (tone): blood vessels, airways.
(C) Phasically active: stomach, intestines. (D) Normally relaxed: esopha-
gus, urinary bladder. Modified from B.M. Koeppen, B.A. Stanton, Berne
and Levy Physiology, updated edition E-Book, Elsevier Health Sciences, Amster-
dam, 2009.
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the organ level (vessel mechanoadaptation), the tissue level (ECM prestressing and synthesis/degradation), the cel-
lular level (traction forces applied onto the ECM, see Section 6.3.2.1), the subcellular level (FAs and actin/myosin bun-
dles), and even the molecular level ([Ca2+]i). These findings suggest that the cell is able to adapt its proper stress state
through the regulation of [Ca2+]i, the cytoskeleton and FA turnover, and by controlling its surrounding ECM as well.
Experimental studies of Matsumo et al. [123] showed a change of the intramural strain distribution in response to SMC
contraction (and relaxation) on radially cut aortic rings and confirmed that SMCs actively adapt their contractile state
to keep the intramural stress uniform. In summary, SMCs can bothwork actively (through contraction/relaxation) and
passively by deposition and organization of the ECM [21].

That is why SMCs may undergo a phenotypic switching toward a synthetic one under several stimuli (see
Section 6.4.2). Through phenotypic switching, SMCs tend to remodel their ECM to go back to a preferred state and
face the variations of their environment. Humphrey has well described this equilibrium state saying: “When a homeo-
static condition of the blood vessel is disturbed, the rate of tissue growth is proportional to the increased stress” [27].
But SMCs lose their contractility in return and may irrevocably affect the wall vasoactivity in which they may have a
key role [21, 23, 50]. In fact, Humphrey suggests in his review that fully contractile SMCs can react mainly to circum-
ferential wall stress (150 kPa in physiological conditions) with 100 kPa equivalent traction forces exerted on their
ECMs while synthetic SMCs may only apply 5�10 kPa [21].

6.4.5 Consequences for Aortic Tissue

Reduction or loss of SMC contractility alters the stress distribution across the aortic wall [41, 52, 56, 97]. In reaction,
the development of synthesis abilities ensures recovery processes by ECM remodeling. SMCs keep a key role in the
aortic wall remodeling. In ATAAs, they tend to adapt their response through complex signaling pathways. An impor-
tant one is Rho kinase (ROCK), which is mainly involved in cytoskeleton turnover for the control of cell shape and
movement during migration [23]. The Rho kinase seems to influence the formation of α-SMA thin filaments and
the regulation of FAs that are involved in SMC contractility and anchoring to the ECM [24, 44, 96, 133]. Moreover,
the oxidative stress induced by ATAAs enhances the inflammatory response of SMCs, increasing MMP synthesis
and the further disruption of elastin fibers [18].

Remodeling was shown to be uneven in human [13] and porcine [12] aortic tissues. The authors highlighted that the
outer curvature of the ATAAs is more affected. Remodeling implies phenotypic switching toward a synthetic pheno-
type able to synthesize both ECM compounds (i.e., collagen and glycoproteins) and MMPs to degrade the
“dysfunctional” ECM, leading to ECM wear [27, 29, 40, 56]. Likewise, elastin degradation results in a permanent
decrease of the elastin/collagen ratio because elastic fibers cannot be regenerated in adulthood [9]. On top of the
induced stiffening, the ability of SMCs to restore a healthy state is altered as well, as it was shown that elastin is also
important for activating actin polymerization [37]. Moreover, SMCs undergo a general apoptosis to reduce their num-
ber when they sense an inappropriate chemomechanical state, inducing further reduction of elasticity and mechanical
resistance through a vicious circle loop [18, 28, 42, 132].

6.4.6 Toward an Adaptation of SMCs in ATAAs?

Any disruption of the mechanical or chemical homeostasis is interpreted by the SMCs as a distress signal, and sev-
eral recovery processes can be activated in reaction, but the regulation loop is similar to a vicious circle because of the
complexity to return naturally to equilibrium (Fig. 6.10). Interestingly, in hypertension, the increase of wall stress
results in an increase in the arterial diameter [27, 131]. Conversely, a decrease in mean wall stress leads to atrophy
[27]. Because the (S) SMCs can recover their (C) phenotype once the tissue returns to its original homeostatic stress,
the phenotypic switching seems to be a reversible process [32, 41, 56]. These observations suggest a two-way mechan-
oadaptive process. But once affected by ATAAs, remodeled aortic ECM is known not to reach complete recovery, par-
ticularly because disrupted elastic fibers cannot be rebuilt in adulthood [9]. Aortic tissuewould, therefore, evolvemore
or less quickly according to some factors that may slow it down. As the review study of Michel et al. [15] has already
pointed out, ATAAs may result in some epigenetic modifications that have an influence on the cellular response. It
could be defined as the acquisition of new constant and heritable traits without requiring any change in the DNA
sequence, which results, for instance, in gene modulation. The suggested theory explains that SMC reprogramming
is likely to induce a progressive dilatation of the aorta without dissection, whereas no SMC reprogramming promotes
acute rupture of the wall [15]. Finally, it is well accepted that SMCs play a major role in controlling the wall evolution
after aortic injury, either toward partial recovery of initial mechanical properties or fatal rupture through dissection.
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However, the quantification of levels of SMC contractility that results in one type of evolution or another is still an open
issue. There is still a pressing need to characterize the basal tone of SMCs in healthy aortas and ATAAs at the cellular
scale.

6.5 SUMMARY AND FUTURE DIRECTIONS

Themechanobiology and physiopathology of the aorta have receivedmuch attention so far, but there is still a press-
ing need to characterize the roles of SMCs at the cellular scale. Despite the difficulties of characterizing cells having
complex dynamics and fragility, techniques such as AFM or traction force microscopy could permit important pro-
gress to be made about SMC nanomechanics and provide relevant information on how SMC biomechanics are related
to the irreversible alteration of stress distribution in ATAAs. This will also imply the development of new biomechan-
ical models of the aortic wall, taking into account the contractility of SMCs.

Acknowledgments

The authors are grateful to the European Research Council for grant ERC-2014-CoG BIOLOCHANICS. They are also thankful to E. Planus and T.C.
Gasser for the courtesy of the corresponding figures.

References

[1] M.J. Bown, A.J. Sutton, P.R.F. Bell, R.D. Sayers, A meta-analysis of 50 years of ruptured abdominal aortic aneurysm repair, Br. J. Surg. 89 (6)
(2002) 714–730.

[2] J.Z. Goldfinger, J.L. Halperin, M.L. Marin, A.S. Stewart, K.A. Eagle, V. Fuster, Thoracic aortic aneurysm and dissection, J. Am. Coll. Cardiol.
64 (16) (2014) 1725–1739.

[3] E.M. Isselbacher, Thoracic and abdominal aortic aneurysms, Circulation 111 (6) (2005) 816–828.
[4] M. Fillinger,Who shouldwe operate on and howdowe decide: predicting rupture and survival in patients with aortic aneurysm, Semin. Vasc.

Surg. 20 (2) (2007) 121–127.
[5] M.F. Fillinger, M.L. Raghavan, S.P. Marra, J.L. Cronenwett, F.E. Kennedy, In vivo analysis of mechanical wall stress and abdominal aortic

aneurysm rupture risk, J. Vasc. Surg. 36 (3) (2002) 589–597.
[6] A.R. Marquez, Caract�erisation Biom�ecanique des An�evrismes de L’aorte Thoracique Ascendante (PhD thesis), �Ecole Nationale Sup�erieure des

Mines de Saint-Etienne, 2014.
[7] O. Trabelsi, F.M.Davis, J.F. Rodriguez-Matas, A. Duprey, S. Avril, Patient specific stress and rupture analysis of ascending thoracic aneurysms,

J. Biomech. 48 (10) (2015) 1836–1843.
[8] A. Duprey, O. Trabelsi, M. Vola, J.-P. Favre, S. Avril, Biaxial rupture properties of ascending thoracic aortic aneurysms, Acta Biomater.

42 (suppl C) (2016) 273–285.
[9] S.M. Arribas, A. Hinek, M.C. Gonzlez, Elastic fibres and vascular structure in hypertension, Pharmacol. Ther. 111 (3) (2006) 771–791.
[10] H. Wolinsky, S. Glagov, Structural basis for the static mechanical properties of the aortic media, Circ. Res. 14 (5) (1964) 400–413.

FIG. 6.10 A vicious circle: under
some stimuli (orange box), the homeo-
static state is endangered and the cell
(violet circle) sets up complex chain
reactions. Several regulation loops
cross each other (blue, gray, green)
and thus the equilibrium is difficult
to reach again, especially as the elastin
degradation leads to a permanent loss
of elasticity and this effect is amplified
with the duration of the pathological
sate. Hence, although the phenotypic
switching may be reversible, the per-
manent alteration of the ECM may
prevent the cells from going back to
homeostatic conditions that enhance
the pathology.

110 6. REVIEW OF THE ESSENTIAL ROLES OF SMCS IN ATAA BIOMECHANICS

I. BIOMECHANICS



[11] H. Sawada, D.L. Rateri, J.J. Moorleghen,M.W.Majesky, A. Daugherty, Smoothmuscle cells derived from second heart field and cardiac neural
crest reside in spatially distinct domains in the media of the ascending aorta—brief report, Arterioscler. Thromb. Vasc. Biol. 37 (9) (2017)
1722–1726.

[12] D. Tremblay, R. Cartier, R. Mongrain, R.L. Leask, Regional dependency of the vascular smooth muscle cell contribution to the mechanical
properties of the pig ascending aortic tissue, J. Biomech. 43 (12) (2010) 2448–2451.

[13] N. Choudhury, O. Bouchot, L. Rouleau, D. Tremblay, R. Cartier, J. Butany, R.Mongrain, R.L. Leask, Localmechanical and structural properties
of healthy and diseased human ascending aorta tissue, Cardiovasc. Pathol. 18 (2) (2009) 83–91.

[14] S. Pasta, A. Rinaudo, A. Luca, M. Pilato, C. Scardulla, T.G. Gleason, D.A. Vorp, Difference in hemodynamic and wall stress of ascending tho-
racic aortic aneurysms with bicuspid and tricuspid aortic valve, J. Biomech. 46 (10) (2013) 1729–1738.

[15] J.-B. Michel, G. Jondeau, D.M.Millewicz, From genetics to response to injury: vascular smoothmuscle cells in aneurysms and dissections of the
ascending aorta, Cardiovasc. Res. 114 (4) (2018) 578–589.

[16] A.J. Barker, M. Markl, J. B€urk, R. Lorenz, J. Bock, S. Bauer, J. Schulz-Menger, F. von Knobelsdorff-Brenkenhoff, Bicuspid aortic valve is asso-
ciated with altered wall shear stress in the ascending aorta, Circ. Cardiovasc. Imaging 5 (4) (2012) 457–466.

[17] S. Schnell, D.A. Smith, A.J. Barker, P. Entezari, A.R. Honarmand, M.L. Carr, S.C. Malaisrie, P.M. McCarthy, J. Collins, J.C. Carr,
M. Markl, Altered aortic shape in bicuspid aortic valve relatives influences blood flow patterns, Eur. Heart J. Cardiovasc. Imaging 17 (11)
(2016) 1239–1247.

[18] F.J. Miller, W.J. Sharp, X. Fang, L.W. Oberley, T.D. Oberley, N.L. Weintraub, Oxidative stress in human abdominal aortic aneurysms: a poten-
tial mediator of aneurysmal remodeling, Arterioscler. Thromb. Vasc. Biol. 22 (4) (2002) 560–565.

[19] M.M. Dua, R.L. Dalman, Hemodynamic influences on abdominal aortic aneurysm disease: application of biomechanics to aneurysm patho-
physiology, Vascul. Pharmacol. 53 (1–2) (2010) 11–21.

[20] A.J. Brownstein, B.A. Ziganshin, H. Kuivaniemi, S.C. Body, A.E. Bale, J.A. Elefteriades, Genes associated with thoracic aortic aneurysm and
dissection: an update and clinical implications, Aorta (Stamford, CN) 5 (1) (2017) 11–20.

[21] J.D. Humphrey, M.A. Schwartz, G. Tellides, D.M. Milewicz, Role of mechanotransduction in vascular biology: focus on thoracic aortic aneu-
rysms and dissections, Circ. Res. 116 (8) (2015) 1448–1461.

[22] D.-C. Guo, H. Pannu, V. Tran-Fadulu, C.L. Papke, R.K. Yu, N. Avidan, S. Bourgeois, A.L. Estrera, H.J. Safi, E. Sparks, D. Amor, L. Ades,
V. McConnell, C.E. Willoughby, D. Abuelo, M. Willing, R.A. Lewis, D.H. Kim, S. Scherer, P.P. Tung, C. Ahn, L.M. Buja, C.
S. Raman, S.S. Shete, D.M. Milewicz, Mutations in smooth muscle alpha-actin (ACTA2) lead to thoracic aortic aneurysms and dissections,
Nat. Genet. 39 (12) (2007) 1488–1493.

[23] S.-Q. Kuang, C.S. Kwartler, K.L. Byanova, J. Pham, L. Gong, S.K. Prakash, J. Huang, K.E. Kamm, J.T. Stull, H.L. Sweeney, D.M.Milewicz, Rare,
non-synonymous variant in the smoothmuscle-specific isoform ofmyosin heavy chain,MYH11, R247C, alters force generation in the aorta and
phenotype of smooth muscle cells, Circ. Res. 110 (11) (2012) 1411–1422.

[24] J. Chen, H. Li, N. Sundarraj, J.H.-C. Wang, Alpha-smooth muscle actin expression enhances cell traction force, Cell Motil. Cytoskeleton 64 (4)
(2007) 248–257.

[25] E. Gillis, L.V. Laer, B.L. Loeys, Genetics of thoracic aortic aneurysm: at the crossroad of transforming growth factor-β signaling and vascular
smooth muscle cell contractility, Circ. Res. 113 (3) (2013) 327–340.

[26] D.M. Milewicz, K.M. Trybus, D. Guo, H.L. Sweeney, E. Regalado, K. Kamm, J.T. Stull, Altered smooth muscle cell force generation as a driver
of thoracic aortic aneurysms and dissections, Arterioscler. Thromb. Vasc. Biol. 37 (1) (2016).

[27] J.D. Humphrey, Cardiovascular Solid Mechanics, Springer, New York, NY, 2002.
[28] N. Mao, T. Gu, E. Shi, G. Zhang, L. Yu, C. Wang, Phenotypic switching of vascular smooth muscle cells in animal model of rat thoracic aortic

aneurysm, Interact. Cardiovasc. Thorac. Surg. 21 (1) (2015) 62–70.
[29] L. Rubbia, G. Gabbiani, Ph�enotype des cellules musculaires lisses art�erielles et ath�eroscl�erose, M�edecine/Sciences 5 (6) (1989) 389.
[30] A. Tsamis, J.T. Krawiec, D.A. Vorp, Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review, J. R. Soc.

Interface 10 (83) (2013) 20121004.
[31] G.K. Owens, P.S. Rabinovitch, S.M. Schwartz, Smooth muscle cell hypertrophy versus hyperplasia in hypertension, Proc. Natl Acad. Sci. USA

78 (12) (1981) 7759–7763.
[32] J. Thyberg, K. Blomgren, U. Hedin, M. Dryjski, Phenotypic modulation of smooth muscle cells during the formation of neointimal thickenings

in the rat carotid artery after balloon injury: an electron-microscopic and stereological study, Cell Tissue Res. 281 (3) (1995) 421–433.
[33] Z. Chen, Y. Xu, P. Bujalowski, A.F. Oberhauser, P.J. Boor, N-(2-aminoethyl) ethanolamine-induced morphological, biochemical, and biophys-

ical alterations in vascular matrix associated with dissecting aortic aneurysm, Toxicol. Sci. 148 (2) (2015) 421–432.
[34] P. Reusch, H.Wagdy, R. Reusch, E.Wilson, H.E. Ives, Mechanical strain increases smoothmuscle and decreases nonmusclemyosin expression

in rat vascular smooth muscle cells, Circ. Res. 79 (5) (1996) 1046–1053.
[35] J. Thyberg, K. Blomgren, J. Roy, P.K. Tran, U. Hedin, Phenotypic modulation of smooth muscle cells after arterial injury is associated with

changes in the distribution of laminin and fibronectin, J. Histochem. Cytochem. 45 (6) (1997) 837–846.
[36] J. Thyberg, U. Hedin,M. Sj€olund, L. Palmberg, B.A. Bottger, Regulation of differentiated properties and proliferation of arterial smoothmuscle

cells, Arteriosclerosis (Dallas, TX) 10 (6) (1990) 966–990.
[37] J.H.-C. Wang, J.-S. Lin, Cell traction force and measurement methods, Biomech. Model. Mechanobiol. 6 (6) (2007) 361–371.
[38] T.R. Murray, B.E. Marshall, E.J. Macarak, Contraction of vascular smooth muscle in cell culture, J. Cell Physiol. 143 (1) (1990) 26–38.
[39] S.-I. Murtada, J. Ferruzzi, H. Yanagisawa, J.D. Humphrey, Reduced biaxial contractility in the descending thoracic aorta of Fibulin-5 deficient

mice, J. Biomech. Eng. 138 (5) (2016) 051008.
[40] E.W. Raines, R. Ross, Smooth muscle cells and the pathogenesis of the lesions of atherosclerosis, Br. Heart J. 69 (1 suppl) (1993) S30–S37.
[41] E. Stadler, J.H. Campbell, G.R. Campbell, Do cultured vascular smooth muscle cells resemble those of the artery wall? If not, why not?

J. Cardiovasc. Pharmacol. 14 (suppl 6) (1989) S1–S8.
[42] C. Li, Q. Xu, Mechanical stress-initiated signal transduction in vascular smooth muscle cells in vitro and in vivo, Cell. Signal. 19 (5) (2007)

881–891.
[43] J.S. Park, J.S. Chu, A.D. Tsou, R. Diop, Z. Tang, A.Wang, S. Li, The effect of matrix stiffness on the differentiation of mesenchymal stem cells in

response to TGF-β, Biomaterials 32 (16) (2011) 3921–3930.

111REFERENCES

I. BIOMECHANICS



[44] A.P. Somlyo, A.V. Somlyo, Ca2+ sensitivity of smooth muscle and nonmuscle myosin II: modulated by G proteins, kinases, and myosin phos-
phatase, Physiol. Rev. 83 (4) (2003) 1325–1358.

[45] J.J. Tomasek, G. Gabbiani, B. Hinz, C. Chaponnier, R.A. Brown,Myofibroblasts andmechano-regulation of connective tissue remodelling, Nat.
Rev. Mol. Cell Biol. 3 (5) (2002) 349–363.

[46] M.J. Berridge, Smooth muscle cell calcium activation mechanisms, J. Physiol. 586 (Pt 21) (2008) 5047–5061.
[47] M.J. Davis, J.A. Donovitz, J.D. Hood, Stretch-activated single-channel and whole cell currents in vascular smooth muscle cells, Am. J. Physiol.

Cell Physiol. 262 (4) (1992) C1083–C1088.
[48] D.C. Hill-Eubanks,M.E.Werner, T.J. Heppner,M.T. Nelson, Calcium signaling in smoothmuscle, Cold SpringHarb. Perspect. Biol. 3 (9) (2011)

a004549.
[49] U.Malmqvist, A. Arner, Kinetics of contraction in depolarized smoothmuscle from guinea-pig taenia coli after photodestruction of nifedipine,

J. Physiol. 519 (Pt 1) (1999) 213–221.
[50] L.A. Schildmeyer, R. Braun, G. Taffet, M. Debiasi, A.E. Burns, A. Bradley, R.J. Schwartz, Impaired vascular contractility and blood pressure

homeostasis in the smooth muscle alpha-actin null mouse, FASEB J. 14 (14) (2000) 2213–2220.
[51] A.P. Somlyo, A.V. Somlyo, Signal transduction and regulation in smooth muscle, Nature 372 (6503) (1994) 231.
[52] Z. Hong, K.J. Reeves, Z. Sun, Z. Li, N.J. Brown, G.A. Meininger, Vascular smooth muscle cell stiffness and adhesion to collagen I modified by

vasoactive agonists, PLoS ONE 10 (3) (2015) e0119533.
[53] K. Tran-Lundmark, P. Tannenberg, B.H. Rauch, J. Ekstrand, P.-K. Tran, U. Hedin, M.G. Kinsella, Perlecan heparan sulfate is required for the

inhibition of smooth muscle cell proliferation by all-trans-retinoic acid, J. Cell. Physiol. 230 (2) (2015) 482–487.
[54] B. Lilly, We have contact: endothelial cell-smooth muscle cell interactions, Physiology 29 (4) (2014) 234–241.
[55] F.V. Brozovich, C.J. Nicholson, C.V. Degen, Y.Z. Gao,M. Aggarwal, K.G.Morgan,Mechanisms of vascular smoothmuscle contraction and the

basis for pharmacologic treatment of smooth muscle disorders, Pharmacol. Rev. 68 (2) (2016) 476–532.
[56] G.K. Owens, M.S. Kumar, B.R. Wamhoff, Molecular regulation of vascular smooth muscle cell differentiation in development and disease,

Physiol. Rev. 84 (3) (2004) 767–801.
[57] J.E. Wagenseil, R.P. Mecham, Vascular extracellular matrix and arterial mechanics, Physiol. Rev. 89 (3) (2009) 957–989.
[58] C.L. Papke, Y. Yamashiro, H. Yanagisawa, MMP17/MT4-MMP and thoracic aortic aneurysms: OPNing new potential for effective treatment,

Circ. Res. 117 (2) (2015) 109–112.
[59] C.M. Kielty, S.P.Whittaker,M.E. Grant, C.A. Shuttleworth, Attachment of human vascular smoothmuscles cells to intact microfibrillar assem-

blies of collagen VI and fibrillin, J. Cell Sci. 103 (2) (1992) 445–451.
[60] Y. Akgul, M. Mahendroo, Cervical changes accompanying birth, in: B.A. Croy, A.T. Yamada, F.J. DeMayo, S.L. Adamson (Eds.), The Guide to

Investigation of Mouse Pregnancy, Academic Press, Boston, MA, 2014, pp. 391–401.
[61] G. Finet, A. Tabib, L’arth�eroscl�erose, in: CardiologiePresses Universitaires de Lyon, Lyon, 1999, pp. 491–499.
[62] J. Rapp, Oscillatory Flow Effects on Rat Aortic Smooth Muscle Cells, diplom.de, 1997. ISBN 978-3-8324-0048-4.
[63] H. Wolinsky, S. Glagov, A lamellar unit of aortic medial structure and function in mammals, Circ. Res. 20 (1) (1967) 99–111.
[64] A. Brunon, K. Bruy�ere-Garnier, M. Coret, Characterization of the nonlinear behaviour and the failure of human liver capsule through inflation

tests, J. Mech. Behav. Biomed. Mater. 4 (8) (2011) 1572–1581.
[65] J.-H. Kim, S. Avril, A. Duprey, J.-P. Favre, Experimental characterization of rupture in human aortic aneurysms using a full-fieldmeasurement

technique, Biomech. Model. Mechanobiol. 11 (6) (2012) 841–853.
[66] A. Romo, P. Badel, A. Duprey, J.P. Favre, S. Avril, In vitro analysis of localized aneurysm rupture, J. Biomech. 47 (3) (2014) 607–616.
[67] C. Cavinato, C. Helfenstein-Didier, T. Olivier, S.R. du Roscoat, N. Laroche, P. Badel, Biaxial loading of arterial tissues with 3D in situ obser-

vations of adventitia fibrous microstructure: a method coupling multi-photon confocal microscopy and bulge inflation test, J. Mech. Behav.
Biomed. Mater. 74 (2017) 488–498.

[68] C. Bellini, J. Feruzzi, S. Roccabianca, E.S. Di Martino, J.D. Humphrey, A microstructurally motivated model of arterial wall mechanics with
mechanobiological implications, Ann. Biomed. Eng. 42 (3) (2014) 488–502.

[69] J.D. Humphrey, C.A. Taylor, Intracranial and abdominal aortic aneurysms: similarities, differences, and need for a new class of computational
models, Annu. Rev. Biomed. Eng. 10 (2008) 221–246.

[70] L. Cardamone, A. Valentin, J.F. Eberth, J.D. Humphrey, Origin of axial prestretch and residual stress in arteries, Biomech.Model.Mechanobiol.
8 (6) (2009) 431–446.

[71] K.L. Dorrington, N.G. McCrum, Elastin as a rubber, Biopolymers 16 (6) (1977) 1201–1222.
[72] G.A. Holzapfel, T.C. Gasser, R.W. Ogden, A new constitutive framework for arterial wall mechanics and a comparative study of material

models, J. Elast. Phys. Sci. Solids 61 (1–3) (2000) 1–48.
[73] F. Riveros, S. Chandra, E.A. Finol, T.C. Gasser, J.F. Rodriguez, A pull-back algorithm to determine the unloaded vascular geometry in aniso-

tropic hyperelastic AAA passive mechanics, Ann. Biomed. Eng. 41 (4) (2013) 694–708.
[74] J.F. Rodriguez, C. Ruiz, M. Doblar�e, G.A. Holzapfel, Mechanical stresses in abdominal aortic aneurysms: influence of diameter, asymmetry,

and material anisotropy, J. Biomech. Eng. 130 (2) (2008) 21–23.
[75] M.R. Bersi, C. Bellini, P. Di Achille, J.D. Humphrey, K. Genovese, S. Avril, Novel methodology for characterizing regional variations in the

material properties of murine aortas, J. Biomech. Eng. 138 (7) (2016) 0710051–07100515.
[76] T. Fujiwara, Y. Uehara, The cytoarchitecture of the medial layer in rat thoracic aorta: a scanning electron-microscopic study, Cell Tissue Res.

270 (1) (1992) 165–172.
[77] R.P. Mecham, S.M. Schwartz, Vascular SmoothMuscle Cell: Molecular and Biological Responses to the Extracellular Matrix (Biology of Extra-

cellular Matrix Series), Academic Press, Boston, MA, 1995.
[78] B.G. Miller, V.H. Gattone, J.M. Overhage, H.G. Bohlen, A.P. Evan, Morphological evaluation of vascular smoothmuscle cell: length andwidth

from a single scanning electron micrograph of microvessels, Anat. Rec. 216 (1) (1986) 95–103.
[79] G. Bao, S. Suresh, Cell and molecular mechanics of biological materials, Nat. Mater. 2 (11) (2003) 715–725.
[80] P.C. Dartsch, H. H€ammerle, Orientation response of arterial smooth muscle cells to mechanical stimulation, Eur. J. Cell Biol. 41 (2) (1986)

339–346.

112 6. REVIEW OF THE ESSENTIAL ROLES OF SMCS IN ATAA BIOMECHANICS

I. BIOMECHANICS



[81] K. Kanda, T. Matsuda, Mechanical stress-induced orientation and ultrastructural change of smooth muscle cells cultured in three-dimensional
collagen lattices, Cell Transplant. 3 (6) (1994) 481–492.

[82] M.K. O’Connell, S. Murthy, S. Phan, C. Xu, J. Buchanan, R. Spilker, R.L. Dalman, C.K. Zarins, W. Denk, C.A. Taylor, The three-dimensional
micro- and nanostructure of the aorticmedial lamellar unit measured using 3D confocal electronmicroscopy imaging,Matrix Biol. 27 (3) (2008)
171–181.

[83] J.M. Clark, S. Glagov, Transmural organization of the arterial media. The lamellar unit revisited, Arteriosclerosis (Dallas, TX) 5 (1) (1985) 19–34.
[84] M.A. Gaballa, C.T. Jacob, T.E. Raya, J. Liu, B. Simon, S. Goldman, Large artery remodeling during aging: biaxial passive and active stiffness,

Hypertension (Dallas, TX: 1979) 32 (3) (1998) 437–443.
[85] K.P. Dingemans, P. Teeling, J.H. Lagendijk, A.E. Becker, Extracellular matrix of the human aortic media: an ultrastructural histochemical and

immunohistochemical study of the adult aortic media, Anat. Rec. 258 (1) (2000) 1–14.
[86] M.K. Keech, Electron microscope study of the normal rat aorta, J. Biophys. Biochem. Cytol. 7 (1960) 533–538.
[87] M.J. Osborne-Pellegrin, Some ultrastructural characteristics of the renal artery and abdominal aorta in the rat, J. Anat. 125 (Pt 3) (1978) 641–652.
[88] E.C. Davis, Smoothmuscle cell to elastic lamina connections in developingmouse aorta. Role in aorticmedial organization, Lab. Invest. J. Tech.

Methods Pathol. 68 (1) (1993) 89–99.
[89] Z. Tonar, P. Kochova, R. Cimrman, J. Perktold, K.Witter, Segmental differences in the orientation of smoothmuscle cells in the tunicamedia of

porcine aortae, Biomech. Model. Mechanobiol. 14 (2) (2015) 315–332.
[90] G.A. Holzapfel, T.C. Gasser, M. Stadler, A structural model for the viscoelastic behavior of arterial walls: continuum formulation and finite

element analysis, Eur. J. Mech. A. Solids 21 (3) (2002) 441–463.
[91] G.A. Holzapfel, T.C. Gasser, A viscoelastic model for fiber-reinforced composites at finite strains: continuum basis, computational aspects and

applications, Comput. Methods Appl. Mech. Eng. 190 (34) (2001) 4379–4403.
[92] H. Chen, T. Luo, X. Zhao, X. Lu, Y. Huo, G.S. Kassab, Microstructural constitutive model of active coronary media, Biomaterials 34 (31) (2013)

7575–7583.
[93] K. Hayashi, A. Kamiya, K. Ono, Biomechanics: Functional Adaption and Remodeling, Springer Science and Business Media, New York, NY,

2012.
[94] D. Balas, P. Philip, Tissus musculaires, (2002). http://www.db-gersite.com/HISTOLOGIE/HISTGENE/histgen1/histgen6/histgen6.htm.

Accessed 2 November 2017.
[95] F.S. Fay, C.M. Delise, Contraction of isolated smooth muscle cells—structural changes, Proc. Natl Acad. Sci. USA 70 (3) (1973) 641–645.
[96] J.M. Goffin, P. Pittet, G. Csucs, J.W. Lussi, J.-J. Meister, B. Hinz, Focal adhesion size controls tension-dependent recruitment of α-smoothmuscle

actin to stress fibers, J. Cell Biol. 172 (2) (2006) 259–268.
[97] O. Skalli, P. Ropraz, A. Trzeciak, G. Benzonana, D. Gillessen, G. Gabbiani, A monoclonal antibody against alpha-smooth muscle actin: a new

probe for smooth muscle differentiation, J. Cell Biol. 103 (6) (1986) 2787–2796.
[98] P. Lacolley, V. Regnault, A. Nicoletti, Z. Li, J.-B. Michel, The vascular smooth muscle cell in arterial pathology: a cell that can take on multiple

roles, Cardiovasc. Res. 95 (2) (2012) 194–204.
[99] M.J. Taggart, Smooth muscle excitation–contraction coupling: a role for caveolae and caveolins? Physiology 16 (2) (2001) 61–65.
[100] H. Karaki, N. Urakawa, P. Kutsky, Potassium-induced contraction in smooth muscle, Nihon Heikatsukin Gakkai Zasshi 20 (6) (1984) 427–444.
[101] L. Balasubramanian, C.-M. Lo, J.S.K. Sham, K.-P. Yip, Remanent cell traction force in renal vascular smooth muscle cells induced by integrin-

mediated mechanotransduction, Am. J. Physiol. Cell Physiol. 304 (4) (2013) C382–C391.
[102] S. De Moudt, A. Leloup, C. Van Hove, G. De Meyer, P. Fransen, Isometric stretch alters vascular reactivity of mouse aortic segments, Front.

Physiol. 8 (2017) 157.
[103] M.J. Berridge, A. Galione, Cytosolic calcium oscillators, FASEB J. 2 (15) (1988) 3074–3082.
[104] S.C. Murtada, A. Arner, G.A. Holzapfel, Experiments and mechanochemical modeling of smooth muscle contraction: significance of filament

overlap, J. Theor. Biol. 297 (2012) 176–186.
[105] S.Malekzadeh, R.A. Fraga-Silva, B. Trachet, F.Montecucco, F.Mach,N. Stergiopulos, Role of the renin-angiotensin system on abdominal aortic

aneurysms, Eur. J. Clin. Invest. 43 (12) (2013) 1328–1338.
[106] C.M. Hai, R.A. Murphy, Cross-bridge phosphorylation and regulation of latch state in smooth muscle, Am. J. Physiol. 254 (1988) C99–C106.
[107] H.E. Huxley, Electron microscope studies of the organisation of the filaments in striated muscle, Biochim. Biophys. Acta 12 (1) (1953) 387–394.
[108] P.F. Dillon, M.O. Aksoy, S.P. Driska, R.A. Murphy, Myosin phosphorylation and the cross-bridge cycle in arterial smooth muscle, Science

(New York, NY) 211 (4481) (1981) 495–497.
[109] T. Tan, R. De Vita, A structural constitutive model for smooth muscle contraction in biological tissues, Int. J. Nonlinear Mech. 75 (suppl. C)

(2015) 46–53.
[110] M.A. Zulliger, A. Rachev, N. Stergiopulos, A constitutive formulation of arterial mechanics including vascular smooth muscle tone, Am. J.

Physiol. Heart Circ. Physiol. 287 (3) (2004) H1335–H1343.
[111] P. Challande, M. Briet, Y. B�ezie, P. Boutouyrie, M�ethodes d’exploration fonctionnelle des gros troncs art�eriels, in: Biologie et Pathologie du

Coeur et des VaisseauxJohn Libbery Eurotext, Paris, 2007, pp. 427–433.
[112] I.M. Tolic-Norrelykke, J.P. Butler, J. Chen, N. Wang, Spatial and temporal traction response in human airway smooth muscle cells, Am. J.

Physiol. Cell Physiol. 283 (4) (2002) C1254–C1266.
[113] A. Hall, P. Chan, K. Sheets, M. Apperson, C. Delaughter, T.G. Gleason, J.A. Phillippi, A. Nain, Nanonet force microscopy for measuring forces

in single smooth muscle cells of the human aorta, Mol. Biol. Cell 28 (14) (2017) 1894–1900.
[114] J.L. Tan, J. Tien, D.M. Pirone, D.S. Gray, K. Bhadriraju, C.S. Chen, Cells lying on a bed of microneedles: an approach to isolatemechanical force,

Proc. Natl Acad. Sci. USA 100 (4) (2003) 1484–1489.
[115] Y. Zhang, S.S. Ng, Y. Wang, H. Feng, W.N. Chen, M.B. Chan-Park, C. Li, V. Chan, Collective cell traction force analysis on aligned smooth

muscle cell sheet between three-dimensional microwalls, Interface Focus 4 (2) (2014) 20130056.
[116] B.A. Smith, B. Tolloczko, J.G. Martin, P. Gr€utter, Probing the viscoelastic behavior of cultured airway smooth muscle cells with atomic force

microscopy: stiffening induced by contractile agonist, Biophys. J. 88 (4) (2005) 2994–3007.
[117] M. Laurent, S. H�enon, E. Planus, R. Fodil, M. Balland, D. Isabey, F. Gallet, Assessment of mechanical properties of adherent living cells by bead

micromanipulation: comparison of magnetic twisting cytometry vs optical tweezers, J. Biomech. Eng. 124 (4) (2002) 408–421.

113REFERENCES

I. BIOMECHANICS



[118] E. Crosas-Molist, T. Meirelles, J. López-Luque, C. Serra-Peinado, J. Selva, L. Caja, D. Gorbenko del Blanco, J.J. Uriarte, E. Bertran,
Y. Mendizabal, V. Hernandez, C. Garca-Calero, O. Busnadiego, E. Condom, M. Toral, D. Castell, A. Forteza, D. Navajas, E. Sarri,
F. Rodróguez-Pascual, H.C. Dietz, I. Fabregat, G. Egea, Vascular smooth muscle cell phenotypic change in patients with Marfan syndrome
significance, Arterioscler. Thromb. Vasc. Biol. 35 (4) (2015) 960–972.

[119] R.D. Hubmayr, S.A. Shore, J.J. Fredberg, E. Planus, R.A. Panettieri, W. Moller, J. Heyder, N. Wang, Pharmacological activation changes stiff-
ness of cultured human airway smooth muscle cells, Am. J. Physiol. Cell Physiol. 271 (5) (1996) C1660–C1668.

[120] S.S. An, R.E. Laudadio, J. Lai, R.A. Rogers, J.J. Fredberg, Stiffness changes in cultured airway smoothmuscle cells, Am. J. Physiol. Cell Physiol.
283 (3) (2002) C792–C801.

[121] J.H.N. Lindeman, B.A. Ashcroft, J.-W.M. Beenakker, M. van Es, N.B.R. Koekkoek, F.A. Prins, J.F. Tielemans, H. Abdul-Hussien, R.A. Bank, T.
H. Oosterkamp, Distinct defects in collagen microarchitecture underlie vessel-wall failure in advanced abdominal aneurysms and aneurysms
in Marfan syndrome, Proc. Natl Acad. Sci. USA 107 (2) (2010) 862–865.

[122] A. Rachev, K. Hayashi, Theoretical study of the effects of vascular smoothmuscle contraction on strain and stress distributions in arteries, Ann.
Biomed. Eng. 27 (4) (1999) 459–468.

[123] T. Matsumoto, M. Tsuchida, M. Sato, Change in intramural strain distribution in rat aorta due to smooth muscle contraction and relaxation,
Am. J. Phys. Anthropol. 271 (4 Pt 2) H1711–H1716.

[124] K.K. Parker, A.L. Brock, C. Brangwynne, R.J. Mannix, N. Wang, E. Ostuni, N.A. Geisse, J.C. Adams, G.M.Whitesides, D.E. Ingber, Directional
control of lamellipodia extension by constraining cell shape and orienting cell tractional forces, FASEB J. 16 (10) (2002) 1195–1204.

[125] A. Saez, M. Ghibaudo, B. Ladoux, A. Buguin, P. Silberzan, Les cellules vivantes r�epondent á la rigidit�e de leur substrat, Images de la Physique
(2007) 94–100.

[126] W.W. Ahmed, E. Fodor, T. Betz, Active cell mechanics: measurement and theory, Biochim. Biophys. ActaMol. Cell Res. 1853 (11, Part B) (2015)
3083–3094.

[127] A. Livne, B. Geiger, The innerworkings of stress fibers: from contractile machinery to focal adhesions and back, J. Cell Sci. (7) (2016) 1293–1304.
[128] C. Petit, E. Planus, F. Marchi, I.A. Ivan, Caract�erisation combin�ee par Microscopie á Force Atomique en mode PeakForce et par Microscopie

Confocale á Fluorescence de la cellule animale isol�ee fix�ee sur un micro motif adh�esif á destination de futurs Travaux Pratiques de nanobio-
physique, 2017 (non publi�e).

[129] S.K. Karnik, A critical role for elastin signaling in vascular morphogenesis and disease, Development 130 (2) (2003) 411–423.
[130] T. Tran, K.D. McNeill, W.T. Gerthoffer, H. Unruh, A.J. Halayko, Endogenous laminin is required for human airway smooth muscle cell mat-

uration, Respir. Res. 7 (2006) 117.
[131] K. Hayashi, T. Naiki, Adaptation and remodeling of vascular wall; biomechanical response to hypertension, J. Mech. Behav. Biomed. Mater.

2 (1) (2009) 3–19.
[132] K. Riches, T.G. Angelini, G.S. Mudhar, J. Kaye, E. Clark, M.A. Bailey, S. Sohrabi, S. Korossis, P.G. Walker, D.J.A. Scott, K.E. Porter, Exploring

smooth muscle phenotype and function in a bioreactor model of abdominal aortic aneurysm, J. Transl. Med. 11 (2013) 208.
[133] S. Anderson, L. DiCesare, I. Tan, T. Leung, N. SundarRaj, Rho-mediated assembly of stress fibers is differentially regulated in corneal fibro-

blasts and myofibroblasts, Exp. Cell Res. 298 (2) (2004) 574–583.
[134] M.S. Kolodney, R.B. Wysolmerski, Isometric contraction by fibroblasts and endothelial cells in tissue culture: a quantitative study, J. Cell Biol.

117 (1) (1992) 73–82.

114 6. REVIEW OF THE ESSENTIAL ROLES OF SMCS IN ATAA BIOMECHANICS

I. BIOMECHANICS


