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Abstract

Avrterioles are the blood vessels in the arterial side of the vascular tree that are located proximal to
the capillaries and, in conjunction with the terminal arteries, provide the majority of resistance to
blood flow. Consequently, arterioles are important contributors to the regulation of mean arterial
pressure and tissue perfusion. Their wall consists of cellular and extracellular components that
have been traditionally classified as conforming three layers: an intima containing endothelial
cells sited on a basement membrane; a media made of an internal elastic lamina apposed by 1 or 2
layers of smooth muscle; and an adventitia composed mostly of collagen bundles, nerve endings
and some fibroblasts. These components of the arteriolar wall are dynamically interconnected
providing a level of plasticity to the arteriolar wall that blurs the traditional boundaries of a rigid
layered classification. This review focuses on the structural conformation of the arteriolar wall and
shows how wall components interact spatially, functionally, and temporally to control vascular
diameter, regulate blood flow, and maintain vascular permeability.

Introduction

In general arterioles are defined as the primary resistance vessels that enter an organ to

distribute blood flow into capillary beds. These blood vessels vary significantly in diameter
depending on species, vascular bed, and state of contraction. Therefore, their main
identifying feature is not size, but the fact that their wall consists of only one or two layers
of smooth muscle [1, 2]. Arterioles are considered part of the resistance vasculature that
provides in excess of 80% of the resistance to blood flow in the body. Consequently, they
are vital to the regulation of hemodynamics, contributing to the control of blood pressure
and the regional distribution of blood [3, 4].

Traditionally, the wall composition of arterioles has been described as consisting of three
structurally distinct layers: intima, media and adventitia [1]. However, evidence indicates
that the cellular and extracellular components of these layers are interconnected in multiple
fashions such that their traditionally distinct boundaries are blurred. This is particularly
apparent when considering that these interconnections play major roles in the functional
capabilities of the vascular wall. For example, fenestrae present in the internal elastic lamina
of arterioles provide avenues for the direct contact and communication between endothelial
and vascular smooth muscle cells. These cell-to-cell interactions are considered essential for
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integrating local vasoconstriction and vasodilation effects, and for the coordination of
vascular responses in a network of interconnected vessels. Furthermore, the structural
characteristics of the vascular wall including the fenestrae, as well as other extracellular
matrix and cellular components, change relatively rapidly in response to a myriad of
physiological and pathological stimuli. This review is focused on describing the structural
and anatomical features of arterioles, most of which also apply to small resistance arteries.
Then, emphasis is given to the features that functionally interconnect the traditional intima,
media, and adventitia subdivisions of the vascular wall and challenge the restrictive view of
traditional anatomical boundaries.

The Intima: a blood barrier with fine-tuning control of vascular tone

Traditionally viewed as a physical barrier between blood components and extravascular
tissues, the intimal layer in resistance arteries consists predominantly of endothelial cells and
an abluminal basement membrane. Functionally, endothelial cells participate in controlling
vessel tone via the production and release of vasoactive factors that exert their action on
neighboring smooth muscle cells. These functional properties of endothelial cells are in part
linked to their structure. Evidence indicates that endothelial deformation caused by blood
flow, pressure or vasoconstriction initiates intracellular signaling pathways that result in the
synthesis and release of vasoactive factors that ultimately fine-tune the contractile state of
smooth muscle cells for the appropriate control of vascular diameter [5]. In addition,
disruption of specific cytoskeletal components severely affects endothelial cell function [6—
10], suggesting that endothelial cell structure plays an important role on the capacity of these
cells to sense and transduce mechanical forces and produce vasoactive compounds.

Endothelial cells are arranged longitudinally in the direction of flow with an overall
endothelial thickness of 0.2 to 0.5 um, except at the location of the cell nucleus [2]. In feed
arterioles, endothelial cells are ~100 pum in length by ~10 um in width [11]. This 10:1 ratio is
reduced as downstream arterioles get smaller in diameter. Endothelial cells present a
continuous F-actin filament bordering the cellular edge and F-actin bundles traversing the
cell longitudinally as short stress fibers [11, 12]. In the retinal microcirculation, these
bundles of stress fibers become less evident, and eventually disappear, as arteriolar branches
get smaller in diameter [11]. It is shear forces that induce stress fiber formation and the
stabilization of microtubules allowing for the polarization of endothelial cells with the
microtubule-organizing center redistributed to the downstream side of the nucleus [13]. All
this clearly indicates that endothelial cells modify their intracellular architecture in response
to mechanical forces and that cytoskeletal remodeling modulates endothelial function i.e., its
capacity to sense and transduce mechanical forces and produce vasoactive compounds [7-
10, 14-18].

An additional function of endothelial cells directly associated with their structure is vascular
permeability. Changes in endothelial cell morphology occurring in response to toxemia and
inflammation promote alterations in cellular junctions and endothelial cytoskeletal structures
that allow for variations in microvascular permeability, with permeability being most greatly
affected in venules [19, 20]. A functional heterogeneity among endothelial cells has been
linked to the variations in response to inflammatory signals and toxins that occur from
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arterioles to venules. Furthermore, structural differences in endothelial cells from the
mesenteric, renal, retinal, and pulmonary circulations suggest that an association exists
between endothelial phenotype and regional functional heterogeneity [11, 21-23]. These
observations stress the need to determine the origin of these regional variations in
endothelial cell phenotype, as identification of the mechanisms that control endothelial cell
heterogeneity should provide insights for strategies aimed at preventing and treating
endothelial dysfunction.

Endothelial cells within the intima may not only vary phenotypically, some cells may also
possess multipotent characteristics. Recent evidence suggests that endothelial progenitor
cells are able to transdifferentiate into smooth muscle cells [24, 25]. Endothelial progenitor
cells (EPC) are stem-like cells that aid in vascular repair and neovascularization. When
stimulated with transforming growth factor (TGF) beta, a common cytokine produced by
multiple cells and found in close association with a number of extracellular matrices, EPCs
undergo an endothelial to mesenchymal transdifferentiation that produces cells with smooth
muscle phenotype. Cells with this multipotent characteristic appear to reside also within the
vascular intima [26]. Therefore, this cellular transdifferentiation indicates there may be less
of a defined boundary between the endothelial and medial layers and suggests that
progenitor cells present in the circulation or within the vascular intima are able to become
specialized smooth muscle cells when exposed to specific stimuli.

The basement membrane underneath endothelial cells in arterioles is ~ 0.1 pm in thickness
and composed primarily of collagen type 1V, laminin, and heparan sulfate proteoglycans [1,
27]. Additional components include collagens type I, 111, and V, and fibronectin [28]. The
primary function of this membrane is to provide anchoring support for the endothelium.
However, during endothelial damage its exposure to blood components and vascular smooth
muscle provides signals for the anchoring and migration of cells across the vascular wall.
Traditionally this basement membrane has been considered an intrinsic part of the intima
produced by endothelial cells. However, recent results indicate that a close interaction
between cells from the media and intima is needed for its proper formation and maintenance.
For example, during the process of vasculogenesis, interaction between pericytes and
endothelial cells is needed for the formation and stabilization of vascular tubes and the
endothelial basement membrane [29]. This heterotypic cellular interaction induces not only
the production, secretion and remodeling of extracellular matrix proteins, but also the
production and sequestration of growth factors that later participate in signal transduction
events that control vascular function. Vascular smooth muscle cells in the media also secrete
extracellular components not normally produced by endothelial cells that get integrated into
the basement membrane and function as anchoring substrates for both endothelial and
smooth muscle cells. These anchoring molecules serve to maintain and regulate the
characteristics of the basement membrane and as such are intrinsically involved in vessel
function. Thus, heterotypic interactions between endothelial cells and pericytes or smooth
muscle are needed for the appropriate formation and function of the intimal basement
membrane indicating that from vessel development to vascular performance the arteriolar
wall is a highly integrated and interdependent structure.
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Media: the mechanical regulator of vascular diameter

The medial layer in arterioles consists predominantly of vascular smooth muscle cells and an
internal elastic lamina. The internal elastic lamina is a sheet of ~0.3 um in thickness
consisting primarily of degradation-resistant elastin molecules. It is not always found at all
levels of the arteriolar tree, but it is present in feed arterioles of skeletal muscle, mesentery,
and cerebrum [1, 2, 30]. The high elastin content of elastic lamina is known to provide the
recoil properties in the vessel wall that are important in dealing with pulsatile blood pressure
[30]. This function is clear in conduit arteries, but it is less evident in arterioles where
pulsatile pressure is less pronounced. In addition, the internal elastic lamina in arterioles
with tone is not smooth/fully stretched and appears wavy with evenly distributed ridges [31]
(Figure). This observation suggests that under normal physiological conditions the internal
elastic lamina does not contribute significantly to the viscoelastic characteristics of the
vessel wall. However, a more comprehensive understanding of the structural role the
internal elastic lamina plays in arteriolar function is warranted.

On scanning electron micrographs, the internal elastic lamina appears as a solid sheet with
small holes or fenestrae [32]. These fenestrae grow in size and number during development
[33]. Their presence has been shown to influence the transport of molecules from the blood
to the media and extravascular tissues [34]. Therefore, it is believed that remodeling of the
fenestrae may be modulated by vascular requirements of permeability [33, 35]. Fenestrae
also allow for direct contact between endothelial and vascular smooth muscle cells.
However, not all fenestrae possess myoendothelial junctions [35]. Importantly, the size and
number of these holes have been shown to change in response to physiological and
pathological stimuli. For example, chronic blood flow augmentation causes their
enlargement [33], while hypertension is associated with their reduction in density and size
[32, 35, 36]. The mechanisms that control the remodeling of fenestrae are largely unknown,
but the above evidence clearly indicates that the internal elastic lamina, which is usually
considered highly resistant to degradation, may be rapidly remodeled.

The most abundant component of the media in arterioles is smooth muscle. The primary
function of vascular smooth muscle cells within the media is to control vascular diameter via
cell contraction and relaxation processes. To this end, vascular smooth muscle cells are
arranged perpendicular to the longitudinal axis of the vessel in a circumferential fashion.
They are spindle shaped with an average length of ~100 um (Martinez-Lemus unpublished
results) [37, 38], but occasionally, cellular ends are bifurcated [39]. In feed arterioles,
average cell width on the transversal axis of the vessel augments as vessels constrict,
whereas cell width in the longitudinal axis of the vessel is ~4 um, and does not change with
vasoconstriction or vasodilation [40]. This is consistent with the vascular smooth muscle
cytoskeleton being arranged in a fashion that allows for the vascular wall to increase or
decrease in thickness as vessel tone changes and without affecting vascular length. As
mentioned above, feed arterioles consist of one to two layers of smooth muscle. Cells within
each layer appear to maintain their position as they wrap around the vascular circumference,
but occasionally, cells traverse across layers of smooth muscle and overlap each other
transversally to the longitudinal axis of the vessel wall (Martinez-Lemus unpublished
observation). Vascular smooth muscle cells are arranged at a pitch that can vary + 20
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degrees perpendicularly to the longitudinal axis of the vessel, and some studies suggest this
angle changes as the vessel undergoes vasoconstriction [1]. Intercellular connections
between vascular smooth muscle cells are not continuous and occur in the form of simple
appositions, interdigitations, intermediate junctions and nexus junctions [41, 42].
Intercellular contacts often involve the presence of rake-like cellular projections [41]. These
cellular projections are likely highly plastic and flexible, as results indicate that during the
process of vasoconstriction a certain degree of cell slippage occurs when the diameter of the
vessel is reduced [40]. In the coronary microcirculation a number of vascular smooth muscle
cells in the outermost layer of the media run parallel to the vessel length presumably to
provide resistance against the stretching forces produced by the beating heart [43].
Intercellular connections likely involve a number of attachment and junctional molecules
such as integrins, cadherins and connexins, but a more detailed description of the in situ
structural contacts among arteriolar smooth muscle cells is needed in order to have a more
comprehensive understanding of the roles these cellular interconnections play on vascular
function.

An important feature of vascular smooth muscle cells associated with their role in
controlling vascular diameter is their ability to detect and react to mechanical forces through
the process of mechanotransduction. Each smooth muscle cell is surrounded by a basement
membrane containing collagen type 1V, fibronectin, and some collagenous fibrils [1, 30, 44].
In addition, small elastic fibrils also envelope individual smooth muscle cells [30]. A close
association between extracellular matrix structures and cells is expected for the transduction
of mechanical forces into cellular responses, and extracellular matrices including
interlamellar elastic fibers are hypothesized to aid in transferring stress to smooth muscle
cells within the vascular wall [45]. Cellular mechanotransduction is a highly studied
phenomenon, and ample molecular information exists on this process as it occurs in cultured
cells. However, less is known about how smooth muscle cells detect and transform
mechanical forces within the context of the vascular wall.

Under physiological conditions, arteriolar smooth muscle cells are partially contracted to
exert tone, while elastic fibers have been described as protruded and wavy [31]. This
suggests that under in vivo levels of vascular tone, extracellular matrix components of
arterioles, such as collagen and elastic fibers, are in part under a state of compression while
cells are under tension. However, the structural mechanisms by which cells transmit tension
and compress extracellular matrix elements to induce vasoconstriction are not completely
understood. The apparent periodical distribution of the ridges or folds in the internal elastic
lamina suggests that contracted smooth muscle cells compress a portion of extracellular
matrix components, but concurrently other components may be under tension. Therefore, a
more precise description of matrix microarchitecture mechanics within the arteriolar wall is
needed for a better understanding of the process of vascular smooth muscle cell
mechanotransduction.

Physical forces are primarily transmitted to cells of the vascular wall through their adhesive
contacts with the extracellular matrix and one another [46, 47]. We have previously shown
that blockade of integrins or cadherins inhibits myogenic vasoconstriction, the process by
which arteriolar diameter is reduced in response to intraluminal pressure augmentation [48,

Basic Clin Pharmacol Toxicol. Author manuscript; available in PMC 2015 May 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinez-Lemus

Page 6

49]. These results indicate that intercellular contacts and cell-extracellular matrix
interactions within the arteriolar wall are essential components of myogenic phenomena and
mechanotransduction. However, the mechanosensory process remains to be fully elucidated.

Dense bodies are electron-dense regions within vascular smooth muscle in situ, where
actomyaosin interactions occur or actin filaments bundle with focal adhesion components to
form connections with the extracellular matrix. Anatomical descriptions of the distribution
of dense bodies indicate that smooth muscle cellular attachments to extracellular matrix
components are more prominent at the abluminal surface of the cell membrane [31, 50]. At
the luminal side, dense bodies have a distribution pattern consistent with more dense cellular
attachments occurring at periodical points where the cell presumably pulls on the internal
elastic lamina to form the characteristic folding of the intima seen in constricted arterioles
[31]. How the distribution of adhesive sites and the cytoskeleton is functionally linked to
mechanosensation and mechanotransduction is not completely understood, but evidence
indicates that as vessels undergo vasoconstriction, dense bodies become shorter and thicker,
suggesting that adhesion clusters are remodeled as cells contract. In addition, it has been
shown that the overall extension of dense bodies in vascular smooth muscle cells change in
vessels from hypertensive rats [51, 52]. These observations are consistent with results
showing that the expression of integrins changes in hypertensive vessels [53, 54], and with
results indicating that in the early stages of vasoconstriction-induced arteriolar remodeling,
vascular smooth muscle cells undergo repositioning within the vascular wall [40, 55].
Overall, the aforementioned observations indicate that cell-extracellular matrix interactions
in the arteriolar wall are highly dynamic and participate in acute and chronic vascular events
such as vasoconstriction and vascular remodeling.

Interestingly, in response to exposure to vasoconstrictor agonists, vascular smooth muscle
cells produce and activate a number of matrix metalloproteinases (MMPs) [56-58]. Acutely,
activation of MMPs induces vasoconstriction via the transactivation of epidermal growth
factor receptors and the production of reactive oxygen species (ROS) [56, 57, 59]. More
chronically, MMPs and ROS participate in inward remodeling processes occurring in
response to prolonged vasoconstriction [58]. Putatively MMPs aid in allowing vascular
smooth muscle cells to reposition during the remodeling process by inducing partial
degradation of the basement membrane and extracellular matrix proteins that envelop these
cells in the vascular wall [55]. Subsequently new extracellular components and cellular
attachments are formed in conjunction with an upregulation of integrin synthesis [54, 60].
Bakker et al. documented that activation of tissue type transglutaminase is also needed in the
inward remodeling process occurring in response to prolonged arteriolar constriction [61].
One of the major activities of transglutaminases is the crosslinking of matrix proteins such
as collagen. Therefore, Bakker et al. have proposed that cross-linking of collagen by
transglutaminases encroaches the arteriolar lumen resulting in inward eutrophic remodeling
[61, 62]. The involvement of both MMPs and transglutaminases in the remodeling process
suggests that a rapid and dynamic change in extracellular matrix structure and cellular
attachments occurs as the arteriolar wall remodels. An association between MMPs, tissue
type transglutaminase and integrins has been previously reported in a number of cellular
systems [63, 64]. However, although abundant information exists on the characteristics and
composition of focal adhesions in cultured cells, little is known about the precise structural
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characteristics of arteriolar dense bodies in situ and the effects that MMPs and
transglutaminases may have on these structures. What are the specific cellular receptors
associated with dense bodies at the luminal and abluminal sides of the cells? What is the
composition and specific configuration of the extracellular matrices associated with dense
bodies? What is the level of tension present at dense bodies under vascular constriction or
dilation? Do MMPs or transglutaminases affect the structural characteristics and dynamics
of dense bodies within the arteriolar wall? Answers to these questions should provide
insights as to how vascular smooth muscle cells respond to mechanical forces and
vasoconstriction, and how cellular repositioning occurs within the vascular wall. Ultimately,
a better understanding of the arrangement of the cellular connections to extracellular matrix
components and their plasticity in the in situ configuration should provide better means to
elucidate the process of mechanotransduction and remodeling within the arteriolar wall.

The Adventitia: more than a structural scaffold

The adventitial layer consists of some fibroblasts embedded in an extracellular matrix made
predominantly of thick bundles of collagen fibers oriented along the longitudinal axis of the
vessel [1, 65]. In comparison to the vascular smooth muscle cells in the media, fibroblasts in
the adventitia are not surrounded by a basement membrane [1], and there is evidence that
some of the cells considered adventitial fibroblasts may be stem mesenchymal progenitor
cells [66]. Nonmyelinated nerve endings are also present in the adventitia of arterioles at a
distance of approximately 5 um from the outermost layer of vascular smooth muscle [1, 43].
Recent findings also indicate that elastic fibers arranged with a longitudinal pitch are also
present in the adventitial layer of arterioles from a number of vascular beds. These elastic
fibers appear to serve the purpose of allowing resistance arteries and arterioles to elongate
and recoil longitudinally in expandable tissues such as skeletal muscle and mesentery, where
resistance arterioles possess an additional external elastic lamina that is absent in non-
expandable tissues such as the brain [67].

Historically, the role of the adventitial layer on vascular function has been restricted to a
structural support for the vessel and a scaffold for the anchoring of nerve endings. Recently,
however, the role of the adventitial fibroblast in vascular control has been greatly expanded.
In particular, adventitial fibroblasts have been associated with the production of ROS that in
turn modulate the activity of smooth muscle cells in the vascular media and partake in the
initiation of vascular remodeling [68]. Adventitial fibroblasts also produce a number of
cellular growth factors and vasoactive compounds such as transforming growth factor beta,
basic fibroblast growth factor, and endothelin-1, all of which have important effects on
medial cell proliferation and the control of vascular tone [69]. In addition, adventitial
fibroblasts play a preponderant role in vascular repair. In response to injury, fibroblasts are
transformed into myofibroblasts. This transformation allows them to increase their
contractile capabilities via the expression of alpha actin, and to produce extracellular matrix
proteins such as collagen. It has also been proposed that myofibroblasts can
transdifferentiate into vascular smooth muscle cells, at least the synthetic phenotype, but this
hypothesis remains to be fully corroborated [70]. The aforementioned findings make evident
that the adventitial fibroblast provides an additional level of plasticity to the arteriolar wall
via the modulation of vascular smooth muscle activity, the production and remodeling of
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extracellular matrix compounds, the generation of inflammatory signals, and even
potentially the generation of tensile force.

Conclusion

The wall of arterioles is composed of cells and extracellular matrix components that interact
with each other in such intimate fashions of architectural and functional interdependence
that the anatomical boundaries separating the traditional layered subdivisions become
blurred. This is particularly evident in arterioles undergoing remodeling, as is becoming
increasingly clear that cellular and extracellular components change their position and
structure across layers more rapidly than previously envisioned. In general cells are the main
components that actively participate in the acute control of vascular tone and permeability,
while the extracellular components play more of a structural role with additional capabilities
as reservoirs of soluble and insoluble signals for the cells. Although abundant information
exists on the gross and ultrastructural characteristics and composition of arterioles, many
microarchitectural, biomechanical, and dynamic features remain to be elucidated.
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Figure.
Schematic representation of an arteriole with tone. The wall of the vessel consists of cellular

and extracellular components. Depicted are endothelial cells that run parallel to the
longitudinal axis of the vessel in the luminal side and sit on a basement membrane apposed
by an internal elastic lamina. Fenestrae in the internal elastic lamina allow for endothelial
cells to make contact with smooth muscle cells that sit on the abluminal side of the lamina.
Smooth muscle cells are spindled shaped and arranged transversal to the longitudinal axis of
the vessel. Notice that smooth muscle cells have, on the luminal side, evenly distributed
dense bodies that make contact with the internal elastic lamina at points where ridges on the
lamina are made as the vessel is constricted. These dense bodies are connected to
cytoskeletal stress fibers within the smooth muscle cells for the transmission of forces in and
out of the cell. Abluminally, smooth muscle cells connect through dense bodies with
extracellular components of the adventitia and external elastic lamina whenever one is

Basic Clin Pharmacol Toxicol. Author manuscript; available in PMC 2015 May 18.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Martinez-Lemus

Page 14

present. Within the adventitia notice the presence of fibroblasts that are arranged mostly
parallel to the longitudinal axis of the vessel.
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