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Abstract

Contraction of small artery (diameters typically less than 250 pm) vascular smooth muscle cells
(VSMCs) plays a critical role in local control of blood flow and arterial pressure through its affect
on vascular caliber. Specifically, contraction of small arteries in response to increased intraluminal
pressure is referred to as the myogenic response and represents an important role for
mechanotransduction. Critical questions remain as to how changes in pressure are sensed by
VSMCs and transduced across the cell membrane to tune the contractile state of the cell. Recent
studies suggest a pivotal role for interactions between VSMCs and extracellular matrix (ECM)
proteins. Thus, pressure-induced deformation of ECM proteins and their cell surface receptors (for
example, integrins) may initiate contraction and cytoskeletal remodeling through modulation of
ion channels, membrane depolarization, increased intracellular Ca2* and actomyosin crossbridge
cycling. Importantly, it is argued that the contractile properties of small artery VSMCs reflect an
intimate and integrated interaction with their extracellular environment and the three-dimensional
structure of the vessel wall.

1. Introduction

Mechanotransduction refers to processes by which mechanical stimuli are converted into
biochemical reactions eliciting a cellular response. The ability to respond to mechanical
stimuli is a property of cells, in general, and is not simply limited to cells classically viewed
as mechanoreceptors. This In Focus article will restrict its consideration of
mechanotransduction to how arteriolar smooth muscle senses and responds to acute changes
in intraluminal pressure (referred to as myogenic responsiveness) and in doing so
contributes to the control of local hemodynamics through acute modulation of vessel
diameter. It is acknowledged that even in the context of a VSMC's response to a change in
intravascular pressure, that mechanical activation likely involves multiple signaling
pathways. For example, in addition to modulation of contraction, pathways are activated that
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lead to alterations in gene expression and both short and longer-term synthetic and
phenotypic changes underlying vascular remodeling (Martinez-Lemus et al., 2009, Mulvany,
2012). The scope of this article is limited to the events underlying acute pressure-induced
vasoconstriction, and for more general reviews on mechanotransduction the reader is
referred to (Orr et al., 2006, Ingber, 2010).

2. Cell Lineage and Plasticity

From a developmental perspective, VSMCs are derived from multiple progenitor cell types
rather than originating from a single cell type. Using lineage-tracking approaches in the
embryo, VSMCs have been shown to be derived from neural crest cells, mesothelial cells of
the proepicardial organ and of mesodermal origin (Majesky, 2007). The neural crest-derived
VSMCs were shown to populate the aortic arch while cells of the proepicardial organ
specifically gave rise to the coronary vasculature. Additionally, the mesodermal precursor
cells underlie formation of the splanchnic vessels (Majesky, 2007). Evidence for regionally
distinct precursor cells has further been shown in genetically manipulated animals where
specific gene deletion results in the lack of development of only certain regional vascular
elements. In the mature vasculature, VSMCs may also be derived from multiple sources
including pluripotent circulating cells, endothelial cell transition, pericytes and adventitial
myofibroblasts, although the relative role(s) of these populations remains controversial
(Majesky et al., 2012, Majesky et al., 2011). Conceivably the diversity of precursor cells
may contribute to diversity at the level of cell function as well as structure of the vascular
wall. These differences in derivation likely contribute to heterogeneity in responsiveness to
environmental factors and in the susceptibility to pathophysiological abnormalities. Little
information currently exists, however, as to how such diversity specifically impacts
microvascular smooth muscle.

While mature arteries appear as relatively quiescent structures, VSMCs show a remarkable
degree of plasticity, remodeling in response to local hemodynamic conditions, physical
forces and hormonal and cytokine factors. Changes in intraluminal pressure, shear stress and
prolonged vasoconstriction/vasodilation lead to changes in wall thickness and lumen
diameter(Bakker et al., 2005, Martinez-Lemus et al., 2009). Thus, in hypertension small
arteries show eutrophic remodeling around a constricted lumen while chronic increases in
shear stress leads to widening of the vessel lumen. Remodeling may also occur under more
physiological conditions as repositioning of cells within the vessel wall, to maintain a
smaller lumen while lengthening from the contracted state, has been demonstrated after only
4 hrs of noradrenaline exposure ((Martinez-Lemus et al., 2004)). These latter events may
serve to support contraction while also representing a transition from acute contraction to
structural adaptation.

3. Arterial Vascular Smooth Muscle Function

3.1 Contraction

The general process of VSM contraction occurs by either, or a combination of,
electromechanical and pharmacomechanical coupling. The former refers to stimuli directly
initiating a change in membrane potential (Em) (for example, application of KCI or cell
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stretch) while the latter largely refers to receptor-mediated stimuli that involve activation of
trimeric G-protein signaling and generation of second messengers (including, IP3, DAG). Of
relevance to the current topic, pressure-induced vasoconstriction of arterioles appears to
utilize both electrical and second messenger-based mechanisms of SMC activation.
Ultimately both pathways lead to Ca2*-dependent activation of myosin light chain kinase
and actomyosin crossbridge cycling. Evidence also exists for these mechanisms of
contraction being supported by modulation of Ca?* sensitivity, thin filament regulation, and
cytoskeletal remodeling (Cole and Welsh, 2011).

3.2 Mechanotransduction

A change in intraluminal pressure presumably exerts a mechanical force on a cellular
component, or components, that acts as a mechanosensor to initiate signal transduction
events. Although it is uncertain as to what variable is sensed by VSM cells, support has been
provided for pressure — induced changes in wall tension, deformation of cell membrane
proteins (for example receptors and ion channels); conformational changes in intra-and
extracellular proteins including matrix and cytoskeletal proteins; ECM — mediated integrin
activation and activation of other cellular junctions such as cadherins (Figure 1).
Importantly, these models while presented as independent likely exhibit significant
interaction (Hill et al., 2007).

Thus, the location of a putative myogenic mechanosensor is likely to be at the level of the
cell membrane, cellular adhesion sites (matrix and/or intercellular junctions) or the
cytoskeleton. All of which are sites that conceivably are mechanically linked and impacted
by the complex three-dimensional structure of the vascular wall (Figures 1 and 2).

The Cell Membrane—The mechanical forces exerted by intraluminal pressure are
proposed to directly impact either the protein or lipid components of the cell membrane.
Deformation of ion channel proteins or other integral membranes proteins could result in
changes of protein activity that initiate a response to the initial mechanical stimulus. For
example, recent evidence suggests mechanosensitivity of G protein coupled receptors
(GPCRs) including the angiotensin Il receptor (Mederos y Schnitzler et al., 2008). In these
studies a direct mechanical effect on the GPCRs was demonstrated to be agonist
independent although in the example of the AT1 receptor, pressure-induced activation of
Gaygy1 could be inhibited by losartan a specific AT1 receptor blocker. It was proposed that
mechanical force directly alters the conformation of the receptor proteins inducing an
activate state. Interestingly, this mode of mechanical activation is not limited to the AT1
receptor as it could also be demonstrated for several other GPCRs including those for
histamine and vasopressin. The effect was, however, not totally non-selective as mechanical
activation of the Gs — coupled B, adrenoceptor could not be demonstrated.

Subsequent activation of phospholipases and generation of second messengers may then
lead to modulation of ion channels and levels of membrane potential (Spassova et al., 2006,
Park et al., 2003). Importantly, phospholipase —based signaling has been implicated in the
activation of cation channels including those comprised of Trp proteins. For example,
activation of TrpC6 currents could conceivably lead to membrane depolarization, opening of
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VGCC and myogenic contraction. This would, therefore link a number of earlier
observations, including that acute TrpC6 knockdown inhibits myogenic responsiveness
(Welsh et al., 2002), without the Trp channel having to be mechanosensitive per se.
Similarly, TrpM4 has been implicated in myogenic signaling and are activated by events
downstream of phosholipase activation (Earley et al., 2004, Ebner and Chen, 1995). As
these events can also occur subsequent to classical agonist-induced signaling conceivably
they may interact with myogenic signaling via stretch-induced release of agonists
(Kauffenstein et al., 2012) or synergistic intracellular signaling mechanisms (Liu et al.,
1994). Additional information on trimeric G-protein involvement in myogenic signaling can
be found in recent reviews by Storch et al. and Kauffenstein et al. (Kauffenstein et al., 2012,
Storch et al., 2012).

VSMC — matrix adhesion through integrins—ECM protein binding to cell membrane
integrins provide a direct link from the extracellular matrix environment and a mechanism
for bi-directional transmission of physical forces. Additionally, integrins can act as
recipients of specific matrix protein-coded information and assist in signal amplification
(outside-in and inside-out signaling). As an example, physical forces may impact the
outside-pathway via strain applied to existing linkages or may cause conformational changes
in (and unfolding of) ECM proteins to uncover cell membrane binding motifs. The latter
concept is supported by studies demonstrating “matricryptic' sites buried in the three
dimensional structure of native matrix proteins (Davis, 2010) and those showing that
specific matrix proteins such as fibronectin possess domains that can be extended on
application of force (Erickson, 2002).

Specifically implicating a role for integrins in arterioles, integrin-recognizing synthetic RGD
peptides decrease VSMC intracellular Ca?* and cause vasodilation (Mogford et al., 1996,
D'Angelo et al., 1997). Demonstrating specificity, these actions are prevented by function
blocking antibodies directed at the B3 integrin subunit (Mogford et al., 1996). Further
support for integrins as sensors for the myogenic response was similarly provided by studies
of isolated arterioles showing that blockade of a,f3 or aspy integrins, with antibodies,
abolishes myogenic constriction to step increases in intraluminal pressure (Martinez-Lemus
et al., 2005). Other important evidence for integrins being possible initiating events in
arteriolar mechanotransduction, is that integrin activation leads to phosphorylation and
activation of ion channels (including VGCCs and BK¢,) previously demonstrated to be
important to myogenic responsiveness (Wu et al., 2008).

Atomic force microscopy (AFM) has been used to demonstrate of a novel role for
fibronectin in integrin-mediated myogenic-like behavior of single VSMCs (Sun et al., 2008).
On binding fibronectin-coated AFM probes to the cell, focal adhesions were formed,
characterized by the co-localization of submembranous actin, integrins and focal-adhesion-
related proteins (FAK and paxillin) at the adhesion site. Controlled retraction of the AFM
probe caused local membrane stretch and deformation of underlying cytoskeletal structures
to which the cells subsequently responded with a localized “contraction' that effectively
counteracted the applied stretch. Importantly, this myogenic-like cellular response was
inhibited by a myosin light chain MLC kinase inhibitor (ML-7), cytochalasin D or function-
blocking antibodies to asp;- and a,ps-integrins (Sun et al., 2008).
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Involvement of matrix proteins in myogenic signaling is likely more complex than the
outside-in directed signaling through integrins described above. Matrix proteins are known,
for example, to bind cell surface proteins other than integrins. In addition, integrin binding
affinity can be modulated by intracellular mechanisms (Kim et al., 2011), raising the
possibility that integrin — ECM protein interactions may be modulated by inside-out
signaling mechanisms during myogenic or agonist induced changes in activation. In this
case integrin involvement may be viewed as an adaptive response to the contractile state,
perhaps reinforcing or stabilizing the contractile state and adhesion sites.

Intercellular Junctions - cadherins—Although mechanosensitivity can be
demonstrated at the level of a single VSMC, evidence from a number of systems suggests
that mechanotransduction can be enhanced in multicellular preparations suggesting the
importance of cell-cell junctions (Schwartz, 2010). In relation to this, interest has developed
in the cadherins, a super family of calcium-dependent, transmembrane cell — cell adhesion
proteins that form adherens junctions and play a major role in many multicellular activities
requiring a degree of coordination between neighboring cells (Leckband and Prakasam,
2006, Aberle et al., 1996). Cadherin molecules homotypically or heterotypically bind
cadherins on neighboring cells and are coupled to catenins on the cytoplasmic side of the
membrane. The cadherin-catenin complex directly interacts with the actin cytoskeleton and,
like integrins, provides a nucleation site for scaffolding with a variety of signaling molecules
(Aberle et al., 1996). Thus this pathway has many of the same features that the integrin-
extracellular matrix pathway possesses to make it an attractive pathway for
mechanosensation.

As discussed with regard to integrins, it is conceivable that involvement of cadherins in
smooth muscle mechanotransduction could be a primary event (that is, being involved in the
initial mechanosensory steps) or may be secondarily (inside-out signaling) activated to
reinforce the mechanical response, for example, to a change in intraluminal pressure. In
recent studies, the role of N-cadherin in arteriolar myogenic responses has been considered
using function blocking antibodies and inhibitory peptides (Jackson et al., 2010). Using both
approaches myogenic responsiveness of cannulated cremaster muscle arterioles was
attenuated. In contrast, pressure-induced changes in Ca2*; were not altered. This latter
observation raises questions as to where N-cadherins are involved in the Ca2*; signaling
cascade. As cadherins link to the actin cytoskeleton via catenins it is conceivable that their
involvement lies in events controlling Ca2* sensitivity or inside-out signaling directed at
acutely strengthening/remodeling of cell—cell adhesions. Interestingly, functional blocking
antibodies directed at either p1 or B3 integrins similarly blocked myogenic constriction
without inhibiting pressure-induced changes in Ca2*; (Jackson et al., 2010). While in a
myogenic signaling context it is uncertain why blockade of either N-cadherins or integrins
(containing B1 or B3 sub-units) blocks constriction it has been proposed that these junctional
molecules maintain tissue homeostasis through a cooperative cytoskeleton—based
mechanism (Brunton et al., 2004, Leckband and Prakasam, 2006). Further studies will be
required to establish the specific involvement of cadherins in myogenic signaling and
determine the nature of their interaction with integrins.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2014 November 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hill and Meininger

Page 6

VSMC Cytoskeleton—While a contribution of cytoskeletal proteins to
mechanotransduction has long been suggested, its precise role in arteriolar myogenic
constriction has remained uncertain. While this reflects current limitations for dynamic
study of the cytoskeleton in functional arteriole preparations, it is an attractive hypothesis
given the known links between putative mechanosensory elements (including, integrins,
cadherins, ion channels) and the cytoskeleton as well as the potential for cytoskeletal
rearrangement secondary to pressure-induced signaling events such as the activation of
RhoA.

Initial studies in this area relied on the use of pharmacological agents that either disrupt or
stabilize the actin cytoskeleton. Cipolla and colleagues showed that rat cerebral small
arteries were less able to withstand the distending forces exerted by intraluminal pressure
following treatment with the actin depolymerizing agent, cytochalasin B (Cipolla and Osol,
1998) while the actin stabilizer, jasplakinolide, enhanced myogenic tone (Cipolla et al.,
2002). Using confocal fluorescence microscopy Flavahan et al. (Flavahan et al., 2005)
showed myogenic constriction of isolated rat tail arteries to be associated with G- to F-actin
transition. Further, as intraluminal pressure was increased from 10 mmHg to 60 and 90
mmHg, actin redistributed from the cell periphery (adjacent to the plasma membrane) to the
cell interior. Both the redistribution of the actin fibers and myogenic constriction were
prevented by actin depolymerization with cytochalasin D. These data appear to demonstrate
that the actin cytoskeleton provides an important intracellular structural mechanism for
resisting the distending forces imparted by intraluminal pressure and facilitating myogenic
responsiveness and adaptation to mechanical forces.

In recent studies, El-Yazbi et al. (El-Yazbi et al., 2011) have made the intriguing
observation that under certain conditions acute arteriolar myogenic constriction can be
dissociated from a change in the levels of phosphorylation of the myosin 20 kD regulatory
light chain (pMLC20). Specifically, in the presence of serotonin to achieve maximal levels
of pMLC20 (approximately 50% of total MLC20) an acute increase in pressure could still
elicit myogenic contraction. This effect could be prevented by latrunculin B (a marine toxin
which binds actin monomers and prevents polymerization) implicating a remodeling role for
the actin cytoskeleton in this form of myogenic contraction.

An alternate hypothesis for cytoskeletal involvement in myogenic constriction is via
linkages to critical mechanosensory or mechanotransducing elements. Thus, the actin
cytoskeleton may couple to relevant ion channels by linker proteins such as filamin A
(Sharif-Naeini et al., 2009). Consistent with this, disruption of the actin cytoskeleton
enhances pressure-induced depolarization and Ca2* entry via nifedipine — sensitive VGCCs
(Gokina and Osol, 2002).

It is also conceivable that other elements of the cytoskeleton play a role in myogenic
signaling or, similarly, facilitate its occurrence. Microtubules, for example, provide a
resistive force in many cell type (Wang et al., 1993). Depolymerization of microtubules
causes vasoconstriction that in some studies seems to involve Rho-A-dependent Ca2*
sensitization without an overt increase in Ca2*; (Platts et al., 2002). Vimentin- and desmin-
deficient mice while showing normal myogenic responses exhibit alterations in other
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vasomotor properties including agonist sensitivity and impaired flow-dependent dilation
(Loufrani et al., 2002, Schiffers et al., 2000).

3.3 Impact of the Local VSMC Environment

Although single arteriolar VSMCs display responsiveness to stretch, the role of the complex
3D mechanical environment in which they are situated is often not considered (Figure 3). An
appreciation of this likely goes beyond the mechanosensation role of ECM-integrin
interactions and intercellular adhesion molecules referred to above. Recent studies using
confocal microscopy and 3D image analysis and reconstruction highlight both the
complexity of the ECM and that elements of the ECM traverse the media and are not
necessarily restricted to layers. In the case of elastin fibers, it has been shown that there is
connectivity between the longitudinally-arranged adventitial fibers and the sheet-like
IEL(Clifford et al., 2011) (Figure 3). These observations raise questions as to how this
structure impacts both mechanosensation and the ultimate contractile behavior. From a
functional perspective, these matrix elements potentially provide cell attachment sites that
could participate in mechanosensation or cellular adhesion when altered by physical forces
or pathology.

4. Associated Pathologies

A number of cardiovascular disorders exhibit alterations in myogenic responsiveness
suggesting the potential for drug targets aimed at modulating vascular resistance with an
intent of restoring local blood flow control and capillary and hydrostatic pressures (Hill et
al., 2009). For example, cerebral and coronary vasospasms are important pathophysiological
events suggested to be linked to abnormalities of mechanotransduction (Cipolla et al., 1997).
Altered myogenic tone has also been implicated in the microvascular complications of
diabetes (Hill and Ege, 1994), hypertension (Ahn et al., 2007), heart failure (Xu et al., 2009)
and hearing disturbances (Reimann et al., 2011). Further, alterations in myogenic
responsiveness may contribute to hypoperfused states such as occurs in sepsis (Meziani et
al., 2007). Presumably some of these disturbances may relate to the changes in the ECM
component of the vessel wall (e.g. deposition, glycation, stiffening) and its interaction with
VSMCs. Discovery of the specific nature of such links could thus have a direct translational
impact on these debilitating conditions.

Although myogenic responsiveness is altered in many diseases, it can be questioned as to
whether there are specific alterations in the pathways underlying mechanotransduction.
Difficulties in assessing this arise from many of the signaling molecules utilized for
mechanotransduction (for example TRP channels, voltage-gated channels, PKC, Rho kinase
etc) are also crucial for other vasoregulatory functions. Nevertheless, an ability to an ability
to “re-set' myogenic tone would allow manipulation of systemic vascular resistance and
pressure while also preserving existing interactions with neurohumoral regulatory
mechanisms. Clearly, to achieve this aim knowledge of specific components of the
mechanosensory pathway is required.
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Figure 1.
Putative mechanisms underlying mechanosensation in small artery myogenic signaling.

Panel A: direct effect of the mechanical stimulus on an ion channel or its local environment
resulting in a change in channel gating. Panel B: ECM proteins transmit mechanical forces
to ion channels or other membrane elements. Panel C: mechanically-induced activation of
second messenger-based pathways with indirect activation of cation channels. Panel D:
mechanical activation in response to an increase in pressure is transmitted from the
cytoskeleton to cation channels that underlie subsequent depolarization. Panel E: mechanical
deformation leading to altered matrix protein conformation and exposure of previously
hidden (matricryptic) binding motifs.
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Schematic diagram showing the interaction between ECM, integrins and cytoskeleton as a
VSMC undergoes contraction or relaxation. Integrins are envisaged to undergo both changes
in clustering and affinity. Analogous models have been presented by Gunst and colleagues

in airway smooth muscle (Gunst and Zhang, 2008).
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Figure 3.
Avrteriolar VSMCs are embedded in a complex ECM environment. Panel A: schematic

diagram illustrating the increasing complexity of ECM-VSMC interactions in single cells vs
a multi-cellular section of the vessel wall. Panel B: confocal images of a cannulated
mesenteric small artery at the mid-wall level (left) and through the center of the lumen
(right). Red shows Alexa 633 hydrazide staining of elastin fibers and green shows cell nuclei
(for details see (Clifford et al., 2011)).
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