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Abstract

The resistance arteries and arterioles are the vascular components of the circulatory system where
the greatest drop in blood pressure takes place. Consequently these vessels play a preponderant
role in the regulation of blood flow and the modulation of blood pressure. For this reason, the
inward remodeling process of the resistance vasculature, as it occurs in hypertension, has profound
consequences on the incidence of life threatening cardiovascular events. In this manuscript, we
review some of the most prominent characteristics of inwardly remodeled resistance arteries
including their changes in vascular passive diameter, wall thickness and elastic properties. Then
we explore the known contribution of the different components of the vascular wall to the
characteristics of inwardly remodeled vessels, and pay particular attention to the role the vascular
smooth muscle actin cytoskeleton may play on the initial stages of the remodeling process. We
end by proposing potential ways by which many of the factors and mechanisms known to
participate in the inward remodeling process may be associated with cytoskeletal modifications
and participate in reducing the passive diameter of resistance vessels.
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INTRODUCTION

Cardiovascular diseases are the most important life-threatening health conditions today, with
hypertension and cerebrovascular disease being two of the most predominant ones, and
projected to rapidly increase in the next few years [50]. The majority of cases of
hypertension are considered essential, as no apparent cause can be established for the
elevated arterial pressure. Given the importance and the impact that hypertension has in
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human lives, a detailed study and better understanding of its pathophysiology is warranted,
especially on the role that the structure and function of resistance vessels play in it, because
recent studies indicate that remodeling of resistance arteries is one of the earliest detectable
parameters that predict subsequent life threatening cardiovascular events [52, 67]. In this
article, we present a review of some of the main results from several studies that focused on
the characterization of the most prominent structural changes that occur in the resistance
vasculature in hypertension, i.e., the inward eutrophic remodeling of arterioles [4, 5, 49, 74,
80]. We will present evidence that the inward eutrophic remodeling of arterioles is closely
associated with augmented active tone induced via prolonged agonist-induced
vasoconstriction, which stimulates structural modifications in the arteriolar wall, leading to
changes in the elastic and mechanical properties of the vascular wall. Evidence indicates that
during the initial stages of the remodeling process these changes occur mainly at the level of
the actin cytoskeleton and are associated with the repositioning of vascular smooth muscle
cells, actin polymerization pathways, and the accumulation of fibrillar (F)-actin. As results
indicate that blockade of Rho and Rac-1 associated pathways prevent prolonged
vasoconstriction from inducing inward eutrophic remodeling, we end with a hypothetical
model of how these small GTPases may contribute to the remodeling process.

STRUCTURE AND ELASTIC PROPERTIES OF RESISTANCE ARTERIES

The structure and composition of arterioles, and blood vessels in general, has been widely
studied and described [44, 63, 64]. However, much remains to be understood about the
mechanics and interactions of the different components in the vessel wall. Resistance
arteries play a preponderant role in the regulation of blood flow and modulation of blood
pressure in the cardiovascular system. For this reason, any structural change that occurs in
the resistance vasculature, e.g., the narrowing of blood vessels, the thickening of vessel
walls, increased/decreased stiffness, etc., can impact the mechanics of the arteriolar wall, the
control of the cardiovascular system and the development of cardiovascular diseases [20].
To characterize the mechanical properties of the blood vessel wall, the most common
parameters studied are the stress, strain, and elastic modulus of vessels placed under passive
condition.

Circumferential Stress

The stress profile characterizes the internal forces exerted in between the individual
components of a continuous material, for example, the forces in between adjacent smooth
muscle cells in the vessel wall, due to an external force (e.g., intraluminal pressure). The
stress represents an average force per unit-area. In the study of blood vessels associated with
hypertension, the circumferential stress is more often examined as it contains information on
the dimensions of the vascular luminal diameter and wall thickness at a given pressure,
which are dimensions commonly affected by changes in blood pressure. In the
microcirculation, circumferential stress is commonly expressed in dynes/cm?, and can be
written as og; = (P;- 1))/ 5 = (Pj- Dj)/21, where oy is the circumferential stress at the ith
level of intraluminal pressure with its respective vascular diameter and wall thickness, P; is
the intraluminal pressure, and D; and 7 are the internal diameter and the wall thickness at a
given pressure, respectively. When studying resistance arteries, it is commonly assumed that
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Strain

the arteriolar wall volume remains constant under changes in pressure, at a fixed vessel
length, this would result in a CSA (cross-sectional area) that remains constant. [8-10] In this
case, the wall thickness could be calculated and expressed in terms of the CSA and the
internal diameter as follows

e \/ (CSA/m)+ (D2/4) — (D;/2).

Strain is a normalized measure of the displacement between the components of a continuous
material. In the case of blood vessels, the strain (circumferential strain) represents a measure
of the change in internal diameter due to a change in intraluminal pressure normalized by a
reference diameter, which normally is the diameter measurable at the lowest possible
pressure (because vessels pressurized at 0 mmHg would collapse, pressures between 5-10
mmHg are commonly used as reference). Being a normalized measure, the strain has no-
units, and it can be written as & = (D; — Dg) /Dg, where D; is the diameter at a given pressure
and Dy is the reference diameter.

Modulus of elasticity

The modulus of elasticity, also known as tangential elastic modulus, is a parameter that
measures the stiffness of an elastic continuous material. Mathematically it represents the
point-by-point slope in a strain vs. stress curve. At every single point in this curve, the
elastic modulus can be calculated as Etj = oyj/ 5.

Traditionally the extracellular matrix components of the vascular wall are considered the
major contributors to the elastic properties of arterioles under passive conditions [34, 35,
79]. Due to their relative amount and elastic properties, collagen and elastin are the
extracellular matrix components with major influence in vascular wall mechanics [79].
However, to the best of our knowledge there are no systematic studies that have
experimentally established the proportion by which different cellular and extracellular
components of arterioles contribute to the elastic properties of the vascular wall. This is
particularly important to establish in arterioles where smooth muscle is the major component
of the vascular wall.

Anatomically, the arteriolar wall is traditionally segmented from the lumen out into three
different parts: The initma is composed of endothelial cells and a basement membrane.
Endothelial cells are major contributors to the control of vascular tone. Evidence indicates
that endothelial cells modify their intracellular (i.e., cytoskeletal) structure based on the
shear stress they are exposed to as blood flows in the vascular lumen. It has also been shown
that a number of mechanical and physiological mechanisms, and intracellular/cell-cell
interactions are shear-stress mediated (e.g., production of nitric oxide and other vasodilator
compounds, expression of nitric oxide synthase, presence and activity of adhesions between
adjacent endothelial cells, cell membrane stability, cytoskeletal remodeling, etc.) [42, 43, 70,
75, 76, 78]. The direct contribution of endothelial cells themselves to the elastic properties
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of the vascular under passive conditions, however, is likely to be minimal as indicated by
experiments in which the vascular intima of arterioles has been denuded [25].

The media, which in arterioles consists mostly of one or two layers of smooth muscle cells,
is in charge of controlling the functional vascular diameter via mechanisms of cellular
contraction and relaxation. Recent results from our laboratory also suggest that in the early
stages of the inward eutrophic remodeling process they provide a significant contribution to
the passive diameter of arterioles [74]. An additional component of the media in arterioles is
the internal elastic lamina. The elastic laminas are constituted primarily of elastin fibers,
which provide blood vessels with recoiling properties that allow them to expand and recover
to their original diameter when external forces are applied and withdrawn. In inwardly
remodeled arteries it has been shown that the fenestra (holes) present in the internal elastic
lamina are reduced in size [13, 14], suggesting that remodeling of elastin may contribute to
the reduction in passive diameter observed in inwardly remodeled vessels. In arterioles, the
media is the thickest layer in the vascular wall. It contributes in a very important way to wall
mechanics under active vasoconstriction. The contractile level of smooth muscle cells, the
interactions in between multiple cells, the intracellular structure of the cell (e.g., actin
cytoskeleton), and their interactions with the extracellular matrix including elastin molecules
in the elastic laminas, will determine one of the major components of the elastic properties
of the actively contracted arteriolar wall. The contribution of the media to the
circumferential elastic properties of the arteriolar wall under passive conditions, however,
appears to be minimal in “normal” arterioles obtained from normotensive rats, as actin
cytoskeletal disruption or elastin degradation have no impact on maximal arteriolar passive
diameter [21, 74].

The adventitia, the outermost segment of blood vessels, is mainly composed of collagen and
fibroblasts, which are embedded within the collagen. This layer is considered to give support
and structure to the arteriolar wall. It is considered to be a major contributor to vascular
stiffness and elasticity, as collagen disruption severely affects vascular mechanics and is
commonly used to dissociate the cellular elements of the wall.

THE INWARD REMODELING OF RESISTANCE ARTERIES

In essential hypertension, inward remodeling is the most commonly observed change in
arteriolar structure. It is characterized by a reduced luminal diameter under passive
conditions, and further categorized as eutrophic when the cross-sectional area of the vascular
wall remains without significant changes (Fig. 1A,B). It has been postulated that inward
eutrophic remodeling occurs when resistance vessels exposed to high blood pressure are
able to normalize circumferential stress via the repositioning of vascular smooth muscle
cells around a smaller luminal diameter, a process that preserves wall cross-sectional area
[31, 32, 47]. If this process is insufficient, wall hypertrophy occurs to normalize the
circumferential stress of the vascular wall.

A reduced luminal diameter with a cross-sectional area that remains constant would cause
the wall to lumen ratio to be increased, in other words, it would cause materials in the
arteriolar wall to rearrange, leading to thickening of the arteriolar wall. An increased media
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to lumen ratio is an arteriolar feature commonly observed in essential hypertension, and
based on the available evidence, is mainly due to rearrangement of the existent normal-sized
cells around a smaller luminal diameter [4, 30]. That is, there is no cell hypertrophy or
hyperplasia. It is important to consider that any structural modifications in the arteriolar wall
would induce changes in the viscoelastic properties and mechanics of the vessel. However,
the overall change in vascular mechanics would depend on the viscoelastic characteristics of
the materials being modified and the relative amount of these materials in the arteriolar wall.

As an example, let us consider the curves shown in Figure 1, where the elastic
characteristics of a control (non-remodeled) and an inwardly eutrophic remodeled arteriole
are compared. From the equations for stress, strain and elastic modulus presented in the
previous section, we know that the stress is directly proportional to the inner diameter and
inversely proportional to wall thickness. In Figure 1B, the inner passive diameter in the
remodeled vessels is smaller than the control at all intravascular pressures. The resulting
strain-stress relationship of these two vessels are represented in Figure 1C. Notice that the
point-by-point circumferential stress at a given level of strain is greater in the remodeled
arteriole. However the greatest level of stress achieved at the highest intraluminal pressure is
slightly reduced after remodeling because the remodeled vessel is less pliable and distended
less at the highest pressure. In the remodeled vessel, the strain has been substantially
reduced (i.e., is less distensible) due to the stiffening (increased modulus of elasticity) of the
arteriolar wall (Figure 1C, D).

The mechanisms that control inward eutrophic remodeling have not been completely
elucidated, in particular those associated with the initial stages of the process. Overall,
substantial evidence indicates prolonged vasoconstriction is a primary condition that induces
inward remodeling [5, 32, 45, 49]. Whether all stimuli capable of inducing prolonged
vasoconstriction can also cause inward eutrophic remodeling has not been clearly
established. However, cumulative in vivo and ex vivo studies suggest that prolonged
agonist-dependent stimulation for vasoconstriction induces inward remodeling in resistance
vessels. Accordingly, prolonged exposure of isolated arterioles to vasoconstrictors such as
endothelin-1, norepinephrine, and angiotensin 11 has been shown to cause inward
remodeling [5, 45]. In vivo, prolonged infusion or expression of vasoconstrictor agonists
induces inward remodeling as well [19, 32, 85]. A number of results suggest that the level of
vasoconstriction achieved by the agonists corresponds to the level of reduction in passive
diameter observed in the remodeled vessel [45]. However, this does not appear to be the
case for all agonists [45]. Additional studies suggest that, in vivo, the overall influence that
vasoconstrictor or vasodilator agonists have on a vascular segment is able to control the
remodeling process [51, 69]. This is particularly evident in experiments showing that a
diminished vasodilator influence caused by a reduction in blood flow and shear stress-
dependent production of nitric oxide and activation of transglutaminase activity causes
inward remodeling in resistance arteries [4, 6, 26].

The mechanisms associated with the inward remodeling process achieved either by
prolonged exposure to vasoconstrictor agonists or a reduction in blood flow have been
associated with processes that involve multiple factors, such as reactive oxygen species
(ROS), nitric oxide, Rho, Rac-1, matrix metalloproteinases (MMP), and tissue type
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transglutaminase (TG2) among others [4, 26, 49, 74]. All of these factors have the potential
to affect cytoskeletal and extracellular matrix structures of the vascular wall. However, how
these factors participate in the remodeling process both temporally and mechanistically
remains to be fully elucidated. Recently we reported that during the early stages of the
inward eutrophic remodeling process, nearly 75% of the reduction in passive diameter
observed in isolated arterioles constricted for four hours was reversed following actin
cytoskeletal disruption. Below we present a brief review of some of the known and proposed
roles some of the above mentioned factors play on the actin cytoskeleton and potentially on
the inward remodeling process.

VASOCONSTRICTION AND ACTIN POLYMERIZATION

Over the last several years, it has become evident that calcium sensitization and actin
polymerization processes participate in the contraction of smooth muscle. These pathways
appear to intermingle and collaborate with the classical pathway of constriction induced by
increments in intracellular calcium concentration and the subsequent increase in myosin
light chain phosphorylation and actomyosin cross bridge cycling (Fig. 2). Studies performed
in different types of smooth muscle including airway, vascular, and intestinal muscle
indicate that exposure to contractile agonists induces the polymerization of actin and that
this actin polymerization is required for the development of force [1, 53, 59, 60, 62, 68, 77].
Importantly, results also indicate that inhibition of actin polymerization by agents such as
cytochalasin-D or latrunculin-A do not affect the signaling pathways that regulate myosin
light chain phosphorylation during smooth muscle contraction [23, 68].

Evidence suggests that the actin polymerization pathways taking place upon stimulation for
constriction serve to strengthen a scaffold of actin fibers (primarily cortical actin) that allows
for contractile fibers to exert force appropriately, and shorten the cell [83]. Hypothetically a
reversed loosening of these structures occurs during cell relaxation in response to contractile
agonists withdrawal or in the presence of relaxing compounds. In support of this hypothesis
a recent study reported that the cortical stiffness of isolated vascular smooth muscle cells
increases in response to stimulation with the vasoconstrictor agonist angiotensin I, and is
reduced upon exposure to a vasodilator [33]. In vascular structures some results suggest that
actin polymerization increases as vasoconstriction is prolonged [62]. In accordance with
those results, we recently reported that stimulation of isolated arterioles for four hours with
the vasoconstrictor agonists norepinephrine and angiotensin Il increased the ratio of
filamentous (F) to globular monomeric (G) actin obtained by differential centrifugation of
the tissue [74]. Our results further suggest that some actin structures formed during the
prolonged exposure to the vasoconstrictor agonists are not readily disrupted by withdrawal
of the vasoconstrictor agonists, exposure to vasodilator compounds, or removal of calcium.
Only the active severing disruption of actin filaments with mycalolide B was able to allow
for vascular relaxation to passive diameters similar to those observed before the prolonged
exposure to the vasoconstrictor agonists. We hypothesize that during prolonged periods of
vasoconstriction “more permanent” actin cytoskeletal structures are formed through actin
polymerization pathways. These “more permanent” cytoskeletal structures may be part of
the existing cytoskeleton or may represent new cellular processes of the vascular smooth
muscle cells that re-elongate and reposition themselves in the arteriolar wall during the
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remodeling process (see below). Our results suggest that in the initial stages of the inward
remodeling process the establishment of these structures does not allow the vessel to dilate
to its previous maximal passive diameter.

The generation of filamentous F-actin occurs via the aggregation of globular G-actin
monomers into oligomers that are subsequently elongated to form a polarized filament.
During the elongation phase, ATP bound monomers are added to both ends of the growing
filament, though the rate of addition is not equal, as the designated plus end adds monomers
at a much greater rate than the minus end. Once incorporated into filaments, the actin
monomers can undergo nucleotide hydrolysis, thereby increasing the rate at which they
disassociate from the filament. This dissociation predominantly occurs at the minus end. As
the filament grows, the local concentration of G-actin decreases and the filament achieves a
steady state equilibrium in which the rate of actin monomer incorporation at the plus end
equals the rate of monomers disassociating from the minus end. Throughout this process a
host of proteins interact with G and F-actin to maintain and regulate not only filament
assembly and elongation, but also filament stability and disassembly.

The formation of actin dimers and trimers, termed nucleation, appears to be the rate-limiting
step in F-actin polymerization. The dissociation constant (Ky) for actin dimers has been
estimated to be as high as 4.6 M [72]. To overcome this kinetic barrier, cells utilize a
number of actin regulators to promote nucleation. To date, three main classes of nucleators
have been described in the literature: the Arp2/3 complex, formins and Spire. The activity of
the nucleators is controlled by nucleation promoting factors (NPFs). It is well established
that in response to vasoconstrictor stimuli actin polymerization is required for maximum
force generation as well as for maintenance of constriction in vascular smooth muscle cells
(for review see [28]). It is less clear which nucleator (or combination of nucleators) mediates
actin polymerization during constriction of resistance arteries. However, the Arp 2/3
complex has been implicated in the process. The NPF, neuronal Wiskott-Aldrich Syndrome
Protein (N-WASp), activates the Arp 2/3 complex and promotes nucleation and actin
polymerization. In rat mesenteric arteries exposed to phenylephrine, inhibition of N-WASp
association with the Arp 2/3 complex decreases the extent of constriction and dampens the
increase in the ratio of F- to G-actin (an indicator of actin polymerization) [3]. It has also
been shown that the Arp2/3 complex is a component of adhesion complexes that are formed
following activation of integrins [24]. Integrins are transmembrane receptor proteins that
link the extracellular matrix (ECM) to the cytoskeleton and, in addition to other functions,
facilitate cell motility by regulating actin polymerization at adhesion sites [12]. They also
play a role in vascular remodeling, as inhibition of a, integrins blocked inward eutrophic
remodeling in rat resistance vessels [32]. Interestingly, formins have also been identified in
purified adhesion complexes that promote actin polymerization [15]. However, it is not clear
what effect, if any, they have on actin polymerization in vascular smooth muscle cells in
response to contractile stimulation.

In addition to assembly, actin filament disassembly is also highly regulated. Cofilin-1 is a
member of the Actin-depolymerizing factor/cofilin family and, when active, is able to bind
adenosine diphosphate subunits in F-actin and sever actin filaments [54]. Paradoxically,
cofilin’s depolymerizing effects are concentration dependent. At relatively high
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concentrations, the severing activity of cofilin promotes actin nucleation by increasing the
availability of free monomers to oligomerize. In addition, it is postulated that direct binding
of cofilin with actin dimers promotes their stabilization, thereby decreasing the rate of dimer
disassociation [2]. Cofilin’s ability to bind to actin is inhibited by its phosphorylation at
position Ser3 by Lim Kinase [84]. Interestingly, the signaling pathways of numerous
vasoconstrictor agonists lead to Lim Kinase activation, as Rho associated kinase
phosphorylates and activates Lim Kinase (Fig. 2) [61]. It remains to be determined what role
cofilin and Lim kinase play in vasoconstriction of resistance vessels, and the subsequent
development of inward remodeling. Since actin polymerization is required for inducing
inward remodeling in resistance vessels, we are intrigued by the possibility that Lim kinase
could potentially regulate the process by inactivating cofilin, thereby shifting the actin
dynamics towards increased polymerization.

MATRIX METALLOPROTEINASES, INWARD REMODELING AND THE
CYTOSKELETON

Inward remodeling induced ex vivo by prolonged vasoconstriction of isolated arterioles or in
vivo in animal models of hypertension has been associated with the production of ROS and
MMP activity [16, 17, 49]. MMP activity is for the most part associated with extracellular
matrix degradation, but there are a number of ways by which MMPs may modulate
cytoskeletal structures. The degradation of extracellular matrix structures creates protein
fragments with exposed cryptic sites that activate integrins [48]. Integrin activation in turn
activates intracellular signals that induce cytoskeletal modifications. Interestingly, the
activation of specific integrins is also required for the inward eutrophic remodeling of
resistance arteries observed in the Ren2 rat model of hypertension [32]. Additional pathways
by which MMPs can induce cytoskeletal modifications include the transactivation the
epidermal growth factor receptor as it occurs upon stimulation with vasoconstrictor agonists
such as norepinephrine and angiotensin 11 [55, 82]. The formation of vasoactive compounds
such as the vasoconstrictor fragments of endothelin created by the cleavage of big
endothelin-1 [27], is another mechanism by which MMPs could induce cytoskeletal
modifications and arteriolar inward remodeling. In isolated arterioles we previously showed
that prolonged stimulation with norepinephrine and angiotensin |1 resulted in an increased
expression of MMP-2, and an increased level of gelatinolytic activity that was dependent on
the production of ROS [49]. Furthermore, we showed that broad MMP inhibition did not
affect the production of ROS but prevented the remodeling induced by prolonged
vasoconstriction. In contrast, inhibition of ROS prevented both the activation of MMPs and
the inward remodeling, suggesting that ROS-dependent activation of MMPs is involved in
the development of the remodeling process [49].

INWARD REMODELING, TRANSGLUTAMINASE ACTIVITY AND THE ACTIN
CYTOSKELETON

The role of transglutaminase activity on the inward remodeling process of resistance arteries
was first demonstrated in a seminal study by Bakker et al. [4]. In that study the authors
showed that the inward remodeling induced in vivo by low flow or ex vivo by prolonged
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exposure to endothelin-1 could be blocked with inhibitors of TG2 activity [4]. They also
showed that exogenous application of TG2 or its increased expression in response to retinoic
acid exposure also induced inward remodeling in isolated resistance arteries [4]. The
transglutaminases are a family of enzymes that promote transamidation, covalently linking a
lysine from one protein with the glutamine of another under high calcium conditions such as
those found extracellularly [7]. Consequently, the role of TG2 on vascular remodeling has
been shown and presumed to include extracellular matrix crosslinking [4, 80]. The role of
TG2 on remodeling of the vascular extracellular matrix has also been shown to include
vascular calcification in conduit arteries [18, 37]. However, in addition to the well-known
extracellular matrix cross-linking functions of TG2, this enzyme is known to contribute to
and catalyze other reactions that impact cytoskeletal structures [58]. For example, TG2 has
the capability to function as a G-protein, with the potential triggering of pathways that
stimulate the activity of small GTPases such as Rho and its downstream effector ROCK
leading to the remodeling of the actin cytoskeleton via mechanisms such as the
polymerization of actin, the stabilization of existent actin fibers and the inhibition of actin
depolymerization [58]. The activation of TG2 at the cell membrane and its association with
integrin receptors also has the potential to cluster cell adhesion sites and initiate integrin
dependent outside in signaling pathways that lead to cytoskeletal remodeling [7, 48]. The
association that exists between TG2 and intracellular stress fibers suggests that TG2 may
also help in the formation and stabilization of those fibers. Therefore the role of the
transglutaminases on the inward remodeling process of resistance arteries needs to be further
investigated to determine their potential participation on the initial stages of the process,
which we have shown includes cytoskeletal modifications, and on the specific extracellular
matrix changes TG2 causes on inwardly remodeled vessels.

RHO, RAC, AND THE ROLE OF SMOOTH MUSCLE CELL MOTILITY IN
ARTERIOLAR REMODELING

The majority of smooth muscle cells within the vessel wall are found in a differentiated state
called the contractile phenotype. This differentiated state is characterized by low
proliferative capabilities, specific cellular morphologies (i.e., elongated and spindle shaped)
and by the expression of contractile molecular markers such as smoothelin, a-smooth
muscle actin and smooth muscle-myosin heavy chain. During the remodeling of large
conduit vessels (e.g., aorta, carotid artery) encountered in vascular injury, hypertension and
atherosclerosis, the contractile smooth muscle cells undergo a process of dedifferentiation
towards a synthetic phenotype. An important characteristic of the synthetic phenotype is that
the smooth muscle cells acquire the capacity to proliferate and migrate in response to
extracellular stimuli such as angiotensin I1, norepinephrine, and extracellular matrix
fragments. In large conduit arteries, vascular smooth muscle cell migratory behavior has
been documented both in vitro and in vivo [11, 36, 39]. However the role of smooth muscle
cell migration in the microcirculation has not been investigated. We have previously
reported that repositioning of smooth muscle cells from the medial layer of resistance
arteries is one of the mechanisms associated with inward eutrophic remodeling [46]. We
found that after only four hours of exposure to vasoconstrictor agonists, the vessels
manifested structural changes consistent with inward remodeling [45, 46, 49, 74]. Using
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multiphoton microscopy, it was determined that the reduction in luminal diameter was
associated with the rearrangement of a number of smooth muscle cells relative to each other.
These smooth muscle cells relengthened and increased their overlapping along their
longitudinal axis during the continual exposure to contractile agonists. As mentioned above,
in this type of remodeling the cross-sectional area of the vessel wall does not change, while
the passive luminal diameter is reduced. This suggests that the reduction in luminal diameter
is accomplished by the rearrangement of the same amount of wall material, including
smooth muscle cells, around a smaller vascular lumen. Our results suggest that a number of
smooth muscle cells reposition around a smaller lumen resulting in luminal narrowing and
impaired capacity for dilation. Although the cytoskeleton was not specifically investigated
in that study, the repositioning of the smooth muscle cells likely requires a coordinated
rearrangement of cytoskeletal structures in addition to the acto-myosin cross bridge cycling
associated with smooth muscle cell contraction. Furthermore, the cytoskeletal reorganization
is likely coordinated with changes in cell-matrix adhesions [33], as suggested by studies
indicating that integrin associated mechanisms are required for the inward eutrophic
remodeling process to occur [31, 32].

Actin cytoskeleton reorganization and dynamics are critical for smooth muscle cell
movement and are associated with changes in cell shape and polarity [29]. The cell
movement is coordinated by the key regulators of the cytoskeleton, Rho, Rac and Cdc42.
These small GTPases control numerous aspects of actin-filament turnover and assembly [38,
65]. Each GTPase can induce different changes in the cytoskeleton. For example, Rho
activation results in the formation of stress fibers which contain acto-myosin filaments and
are associated with focal adhesion complexes [66]. Also, through its downstream target Rho
kinase (ROCK), Rho is associated with calcium sensitization [73]. In comparison, Rac
activation induces the formation of membrane ruffles and lamellipodia leading to
reorganization of the cytoskeleton [56]. Cdc42 has been shown to induce the formation of
filopodia. Cdc42 activation, induced by exposure to contractile agonists, has also been
shown to control actin polymerization and active tension development in tracheal smooth
muscle cells [40, 57]. In a recent study from our laboratory we investigated the role of the
small GTPases in the inward remodeling process of resistance arteries [74]. Using isolated
vessels, we determined that ROCK or Rac-1 inhibition with the pharmacological agents
Y27632 or NSC23766, respectively, prevented the inward eutrophic remodeling induced by
prolonged exposure to contractile agonists. ROCK inhibition prevented the maintenance of
agonist induced constriction and inward remodeling, while Rac-1 inhibition prevented the
remodeling but allowed prolonged vasoconstriction to be maintained. We also found that
ROCK inhibition interfered with the maintenance of basal tone. This is consistent with
studies showing that in pressurized vessels Rho-ROCK pathways maintain calcium
sensitivity in the absence of vasoconstrictor agonists [41, 71, 81], and with studies showing
that ROCK affects actin polymerization [22]. That the early remodeling process was
dependent on actin cytoskeletal modification was corroborated by the observation that actin
fiber disruption reversed the inward remodeling caused by prolonged vasoconstriction.
However, the pathways involved in inward remodeling that are more likely to be affected by
the pharmacological blockade of ROCK or Rac-1 remain to be experimentally determined.
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Taken together our studies suggest that the early phases of constriction-induced inward
remodeling involve the dynamic reorganization of smooth muscle cells around a smaller
lumen. This rearrangement appears to be dependent on the actin cytoskeletal reorganization
orchestrated by the small GTPases Rho and Rac. A possible mechanism of remodeling
would involve two concomitant processes. First, once the smooth cells are exposed to
contractile agonists they begin to constrict and continue to maintain the constriction over
time. This process is dependent mainly on the Rho-ROCK pathway. In parallel with this
process a number of smooth muscle cells relengthen, readjust their position within the media
and increase their cellular overlap. This latter process might be locally and temporally
coordinated by the interplay between Rho, Rac and Cdc42 pathways. During this process of
readjustment, the cells might extend lamellipodia and filopodia coordinated by Rac and
possibly Cdc42, while simultaneously forming stress fibers through Rho activity. This
model is consistent with our findings that ROCK inhibition prevents both the maintenance
of constriction and remodeling, whereas Rac inhibition only prevents the remodeling
without affecting acute or prolonged constriction. However, the validity of this model needs
to be confirmed experimentally.

CONCLUSIONS AND FUTURE DIRECTIONS

A substantial number of studies provide strong evidence that a number of cardiovascular
diseases are associated with structural changes in resistance arteries, with inward eutrophic
remodeling being the most prevalent in hypertension. Results from recent studies have
associated the development of inward eutrophic remodeling with processes that involve
prolonged vasoconstriction, actin polymerization, transglutaminase activity and ROS-
dependent activation of MMPs. However, a complete pathway that connects all these
phenomena, and provides a full temporal and mechanistic description of the remodeling
process is still warranted. Additional studies should therefore investigate the temporal
associations and interactions that link prolonged vasoconstriction with actin polymerization
pathways, the oxidative state of cells, activation of MMPs and transglutaminase activity.
Elucidation of these associations and interactions should provide a clearer view of the
mechanisms that control inward eutrophic remodeling and consequently present targets for
therapeutic intervention and reduction of the life threatening events associated with
resistance vessel remodeling.
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Figure 1.

Structural and mechanical characteristics of an inwardly remodeled resistance artery. A)
Diagrammatic representation describing the main changes in inner and outer diameters and
cross-sectional area observed in the arteriolar wall of arterioles with inward eutrophic
remodeling. B) Diagrammatic representation of the intraluminal pressure to passive diameter
relationships of a control and an inwardly remodeled arteriole C) Diagrammatic
representation of the strain-stress relationships of the control and inwardly remodeled
arterioles presented in panel 1B. D) Diagrammatic representation of the moduli of elasticity
obtained from the control and inwardly remodeled arterioles presented in panel 1B.
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Figure 2.
Vascular smooth muscle intracellular mechanisms for vasoconstriction. Vascular smooth

muscle cells (VSMC) located in the medial layer of resistance arteries reduce their length to
cause vasoconstriction. This process involves mechanisms associated with the
phosphorylation of myosin-light chain (MLC20), and the formation and disruption of actin
cytoskeletal structures. The activation of Rho Kinase (ROCK) is an event that potentially
links MLC-20 phosphorylation and actin polymerization mechanisms. ROCK inactivates
myosin-light chain phosphatase (MLCP) to maintain MLC-20 phosphorylation and
constriction. It also deactivates cofilin and its severing action on actin filaments via the
activation of LIM kinase (LIMK). Consequently integrin linked actin fibers are able to
polymerize and strengthen the cytoskeleton through processes that involve the
phosphorylation of paxillin and a number of other focal adhesion proteins with and without
kinase activity. GPCRs, G-protein coupled receptors; IEL, internal elastic lamina; PLC,
phospholipase C; IP3, inositol triphosphate; DAG, diacyl glycerol; RhoGEF, Rho guanine
exchange factor; MLCK, myosin-light chain kinase; FAK, focal adhesion kinase. Figure
adapted from references 28, 47.
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