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Abstract The vascular endothelium is a cellular interface
between the blood and the interstitial space of tissue, which
controls the exchange of fluid, solutes and cells by both
transcellular and paracellular means. To accomplish the de-
mands on barrier function, the regulation of the endothelium
requires quick and adaptive mechanisms. This is, among
others, accomplished by actin dynamics that interdependently
interact with both the VE-cadherin/catenin complex, the main
components of the adherens type junctions in endothelium
and the membrane cytoskeleton. Actin filaments in endothe-
lium are components of super-structured protein assemblies
that control a variety of dynamic processes such as endo- and
exocytosis, shape change, cell–substrate along with cell–cell
adhesion and cell motion. In endothelium, actin filaments are
components of: (1) contractile actin bundles appearing as
stress fibers and junction-associated circumferential actin
filaments, (2) actin networks accompanied by endocytotic
ruffles, lamellipodia at leading edges of migrating cells and
junction-associated intermittent lamellipodia (JAIL) that dy-
namically maintain junction integrity, (3) cortical actin and
(4) the membrane cytoskeleton. All these structures, most
probably interact with cell junctions and cell–substrate adhe-
sion sites. Due to the rapid growth in information, we aim to
provide a bird’s eye view focusing on actin filaments in
endothelium and its functional relevance for entire cell and
junction integrity, rather than discussing the detailed molecu-
lar mechanism for control of actin dynamics.
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Introduction

Endothelial cells in vivo and in cell culture express non-
muscle β-actin and γ-actin that are both members of the six
different and highly conserved, actin isoforms (Rubenstein
1990). Non-muscle actin comprises about 10 % of the total
endothelial protein (Patterson and Lum 2001; Schnittler et al.
1990). Actin appears as monomers (globular or G-actin) and
as actin filaments (F-actin). Actin monofilaments display a
diameter between 5 and 7 nm and are polymerized from G-
actin under the control of actin-regulating and actin-binding
proteins (Dickinson 2009; Disanza et al. 2005; Dominguez
2010; Pollard et al. 2000).

Actin filaments in endothelial cells are in most cases com-
ponents of super-structured protein assemblies that include
actin bundles, actin networks, cortical actin filaments and
the membrane cytoskeleton. Actin-containing structures are
functionally associated with specialized subcellular differen-
tiations such as focal contacts, cell–cell contacts and the
membrane cytoskeleton (Fig. 1). In this way, actin filaments
are involved in controlling the dynamics of cell shape, cell
polarity, cell–substrate adhesion, cell–cell adhesion, cell mi-
gration and endo- and exocytosis in both physiological and
pathological conditions. One of the most pivotal roles of the
endothelium is barrier function, which can be changed due to
many different challenges such as oxygen radicals, bacterial
endo- and exotoxins and endogenous mediators such as cyto-
kines. However, many of those challenges target the actin-
containing structures in the cells and manipulate actin dynam-
ics in close interaction with adhesion receptors mediating
cell–substrate and cell–cell adhesion (Fig. 1) and can involve
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components of the membrane cytoskeleton (Benz et al. 2008)
and maybe its associated receptors, respectively (see below).
Apart from endogenous cellular mechanisms that control actin
dynamics and permeability, bacterial toxins have been shown
to highjack actin-controlling targets such as Rho-GTPases or
directly target actin, e.g., by ADP-ribosylation and thus sig-
nificantly alter the cytoskeleton (Aktories et al. 2011;
Lemichez and Aktories 2013). A special feature of actin
filaments and actin filament-containing structures in non-
muscle cells, including endothelium, is their ability to quickly
rearrange in response to stimulations to fulfill adaptive func-
tions, e.g., in wound healing and inflammation, situations
accompanied by increased cellular dynamics such as changes
in cell shape, migration and cell growth (Pollard et al. 2000).
Accordingly, the appearance of actin filament-containing
structures differ significantly between quiescent endothelium

and endothelium that is proliferating, migrating, or challenged
by mediators such as cyto- or chemokines, by growth factors,
or by hemodynamic loads. Remodeling of actin filaments is
frequently mediated by rapid assembly and disassembly of
actin filaments, a process that depends on many actin-binding
and actin-regulating proteins, as well as the ratio between
filamentous and globular actin (Pollard et al. 2000). A recent
paper demonstrated that β-actin balances the ratio between
globular and filaments actin, particularly for controlling cell
migration and cell growth (Bunnell et al. 2011). Together, in
this way, actin filament dynamics are central in controlling
tissue homeostasis, vascular morphogenesis and repair mech-
anisms in physiology and pathology. Here, we discuss the role
of actin filaments and actin filament-containing structures in
endothelium under both physiological and pathological con-
ditions, particularly with respect to their importance in the

Fig. 1 Potential appearance of actin filament-containing structures in endothelium in confluent and resting endothelium (upper) as well as in
subconfluent or activated endothelium (lower)
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dynamics of intercellular junctions and barrier function
regulation.

Organization and function of actin bundles
in endothelium

Actin bundles in endothelium are closely packed actin fila-
ments that assemble with α−actinin, tropomyosin and myosin
II (Drenckhahn 1982; Drenckhahn and Wagner 1986;
Schnittler et al. 1990; Tojkander et al. 2011; Wong et al.
1983). Actin bundles in endothelium are contractile structures
(Drenckhahn andWagner 1986; Schnittler et al. 1990) that are
activated by myosin light chain kinase (Wysolmerski and
Lagunoff 1990, 1991) in balance with myosin light chain
phosphatase (Rigor et al. 2013; Shen et al. 2010). The assem-
bly of actin bundles such as stress fibers together with myosin
II was recently shown in osteosarcoma cells to depend on
tropomyosin isoforms (Tojkander et al. 2011). The contractile
features of actin bundles indicate them as critical filaments for
cellular and junction remodeling and cell dynamics. Actin
bundles in endothelium appear in two forms: (1) as junction-
associated circumferential actin filaments that are predomi-
nantly expressed at mature endothelial cell junctions under
resting conditions and (2) as cytoplasmic stress fibers that
develop in response to certain stimulations and can termi-
nate at the apical plasma membrane (apical stress fibers),
focal contacts (basal stress fibers) and at interendothelial
adherens junctions (Hoelzle and Svitkina 2012; Huveneers
et al. 2012; Katoh et al. 2008; Millan et al. 2010) (Figs. 1,
2, and 4, 5, below). A third type of actin bundles, the
transverse arcs, have been described in U2 osteosarcoma
cells (Hotulainen and Lappalainen 2006) but, to our best
knowledge, are not described for the endothelium. The
association of stress fibers with focal contacts via integrins
has been nicely investigated in endothelium (Napione et al.
2007; Shyy and Chien 2002; Stupack and Cheresh 2002),
while the association with endothelial cell junctions is not
fully understood.

Interaction of VE-cadherin with actin filament-containing
bundles

There is agreement that the vascular endothelial (VE)-
cadherin/catenin complex, the backbone of adherens-type
junctions in endothelium can be associated with both
types of actin bundles (Hoelzle and Svitkina 2012;
Huveneers et al. 2012; Millan et al. 2010; Seebach et al.
2007). The regulation of these interactions has frequently
been proposed to be essential in controlling endothelial
barrier function.

VE-cadherin (Lampugnani et al. 1992) is an endothelial-
specific type II cadherin, consisting in (1) a long extracellular

domain with five repeats (EC1-EC5) that mediate calcium-
dependent cellular adhesion in trans, (2) a membrane-
spanning domain and (3) a short cytoplasmic domain that
connects VE-cadherin via connector molecules such as
catenins, vinculin and EPLIN to the actin cytoskeleton
(Fig. 3). The juxtamembrane domain (JMD) of the cytoplas-
mic VE-cadherin-tail binds p120ctn, an armadillo family pro-
tein, which in turn has been indicated to control VE-cadherin
turnover, lateral clustering and junction integrity (Alcaide
et al. 2008, 2012; Chiasson et al. 2009; Hatanaka et al.
2011; Iyer et al. 2004; Konstantoulaki et al. 2003; Potter
et al. 2005; Vandenbroucke St Amant et al. 2012; Xiao et al.
2005). The distal part of the cytoplasmic VE-cadherin tail
binds the chain proteins β- and γ-catenin that in turn are
linked to α-catenin (Dejana and Vestweber 2013; Komarova
and Malik 2010; Niessen et al. 2011). There is general agree-
ment that α-catenin mediates the connection to actin bundles
directly and/or indirectly via adaptor molecules. Earlier stud-
ies also showed that α-catenin binds both actin and β−catenin
(Rimm et al. 1995), which led to the hypothesis that α-catenin
might link the cadherin/catenin complex to the actin cytoskel-
eton. Many other groups have supported the perception of a
direct interaction. However, this concept was challenged by
the demonstration that α-catenin is an allosteric molecule
(Pokutta and Weis 2007) incapable of binding to both β-
catenin and actin filaments at the same time (Weis and
Nelson 2006). It was shown that α-catenin exist as monomers
preferentially binding to β-catenin while α-catenin dimers
preferentially bind to actin filaments (Drees et al. 2005;
Yamada et al. 2005). Furthermore, the actin-binding potential
of α-catenin dimers was suggested to compete with ARP2/3
complex for actin binding. In this way, a highly dynamic
interaction between actin filaments and the cadherin/catenin
complex was proposed (Drees et al. 2005; Yamada et al.
2005). An indirect interaction of α-catenin with actin fila-
ments can be assumed by showing that α-catenin binds α-
actinin (Knudsen et al. 1995), vinculin (Weiss et al. 1998),
ZO-1 (Itoh et al. 1997), afadin (AF6) (Pokutta et al. 2002),
ajuba (Marie et al. 2003), formins (Kobielak et al. 2004) and
EPLIN (Abe and Takeichi 2008) proteins, which in addition
interact with actin or regulate actin dynamics. The morpho-
logical appearance and the entire functionality of both the VE-
cadherin/catenin complex and the circumferential actin fila-
ments indicate a structurally and functionally association but
the molecular architecture and the underlying cooperative
regulations are poorly defined. Recent papers have placed
the locally restricted and actin-driven and ARP2/3
complex-controlled junction-associated intermittent
lamellipodia (JAIL) in a central role to coordinate the
VE-cadherin dynamics and VE-cadherin-mediated cell ad-
hesion (Taha and Schnittler 2014; Taha et al. 2014). Fur-
thermore, there are several pieces of evidence demonstrat-
ing that junction integrity is controlled by ARP2/3
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complex-activating molecules (Kovacs et al. 2002; Martinelli
et al. 2013; Rajput et al. 2013; Zhou et al. 2013). The current

possibilities of interaction between actin and VE-cadherin-
mediated cell adhesion are illustrated in Fig. 3.
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Junction-associated circumferential actin bundles

Under non-pathological conditions, the endothelium of arter-
ies, veins and the microvascular bed display junction-
associated circumferential actin bundles that are supposed to
stabilize VE-cadherin-mediated cell adhesion, which is sup-
posed to facilitate barrier function and the integrity of the
entire endothelium (Gabbiani et al. 1975, 1979, 1983; White
and Fujiwara 1986; White et al. 1983; Wong et al. 1983;
Huttner et al. 1985). The circumferential actin bundles are
regularly observed when a continuous labeling of VE-
cadherin/catenin complex is observed along the junctions
(Figs. 2a–c, 4b). Challenging the endothelium, e.g., under
wound healing conditions (Fig. 1c) or by inflammatory

�Fig. 2 a, b Abdominal aorta of a C57/Bl6 mouse labeled by phalloidin-
TRITC for filamentous actin and by anti-VE-cadherin for adherens
junctions. Note: prominent circumferential actin filaments (a; arrows)
and the absence of stress fibers. Actin filaments colocalize with VE-
cadherin (b; arrows). c–e Confluent HUVEC cultures (1.2×10 E 5
cells/cm2) were wounded by scratch and, after 2.5 h, fixed and triple-
labeled with phalloidin-TRITC for filamentous actin and by anti-VE-
cadherin and DAPI for nuclear staining. c Overview showing the
wounded culture area (right side) with cells in higher magnification (d,
e) that are either distant (d) or close (e) to the wound rim. Cells with a
certain distance to the wound rim (d) are small in size, display a
continuous VE-cadherin pattern and have circumferential actin
filaments along the junctions (arrows). Note: stress fibers are absent. e
Cells close to the rim are large in size, display an interrupted VE-cadherin
pattern and show prominent stress fibers (arrowheads) (Schnittler and
Lindeman, unpublished result). Bars (c) 20 μm, (d, e) 10 μm

Fig. 3 Possible interactions
between actin filaments and VE-
cadherin
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mediators, induces the disassembly of the circumferential
actin bundles accompanied by stress fiber development
(Aepfelbacher et al. 1997; Petrache et al. 2001; Thurston
and Turner 1994). Stress fiber formation is accompanied by
actin/myosin II-mediated contraction and remodeling of the
VE-cadherin/catenin complex from a continuous to an
interrupted patterning (Essler et al. 1998; Wong et al. 1999).
These processes require many signaling mechanisms such as
proteins of the Rho GTPase family, kinases and phosphatases
that cause intercellular gap formation and thus a breakdown of
endothelial barrier function (Dejana and Vestweber 2013;
Komarova and Malik 2010; Liebner et al. 2006). There are
many stimuli that target the VE-cadherin/catenin complex and
actin filaments, respectively, followed by increases in
paracellular permeability and changes in cell dynamcis at
different time scales. This includes cleavage of the protease-
activated receptor 1 (PAR1) by thrombin (for review, see
Beckers et al. 2010; Bogatcheva et al. 2002; Komarova and
Malik 2010), treatment with the pro-inflammatory cytokine
TNF-α (Wahl-Jensen et al. 2005), or treatment with endothe-
lial growth factor VEGF (Beckers et al. 2010; Rousseau et al.
2000; Wojciak-Stothard and Ridley 2002). Those stimuli
change cell migration, induce an interrupted VE-cadherin
patterning and stress fiber formation (Choi et al. 2009;
Huveneers et al. 2012; Mirzapoiazova et al. 2006; Nakamura
et al. 2008; Rousseau et al. 2000). Irrespective of many
identified signaling mechanisms required for remodeling of
the VE-cadherin/catenin complex and the actin bundles, the
step-by-step follow-up mechanism that, in the end, mediates
the remodeling of cell junctions and causes and closes the
intercellular gap formation, remains unexplained. Together, it
is reasonable to assume that stress fiber formation is generally
characteristic for an activated and challenged endothelium.

Stress fibers in endothelium in vivo and in culture

Stress fibers in vivo are less observed in non-muscle cells
under physiological conditions but develop under pathologies

when accompanied by cell migration, proliferation and/or
activation as typically occurring in wound healing and inflam-
mation (Gabbiani et al. 1983; Gordon and Staley 1990;
Gotlieb 1990; Vyalov et al. 1996). In endothelium, however,
stress fibers have been demonstrated in different vessels and

�Fig. 4 Immunolabeling and determination of the transendothelial
electrical resistance of HUVEC under resting and shear stress
conditions as indicated. Subsequently, cells were fixed and labeled with
anti-VE-cadherin (a, b) and phalloidin-TRITC to label filamentous actin
(c, d). Merged images (e, f). Under resting conditions, VE-cadherin
colocalizes with actin filaments at only a few areas and with stress
fibers (e, arrows). In contrast, application of shear stress for 5 min
recruited actin bundles to the cell junctions (d, arrowheads).
Circumferential actin bundles colocalize better with VE-cadherin (f,
arrowheads). Determination of the transendothelial electrical resistance
(TER) by impedance spectroscopy of HUVEC after transient exposure to
50 dyn/cm2 of fluid shear stress under control conditions (not infected,
GFP) and after expression of either dominant negative N17rac1 or
dominant negative N19rhoA. The shear stress-induced TER increase
depended on Rac1 but not on RhoA. Figure is taken from Seebach
et al. (2007)
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the heart of certain species but the different reports are not
always in line with each other. This might be due to species,
ages and vascular segments investigated. In particular, endo-
thelial stress fibers have been demonstrated to occur only in
some areas of the heart and in particular areas of large arteries,
veins and some parts of the microvascular beds (Thurston and
Baldwin 1994; White and Fujiwara 1986; White et al. 1983;
Fraccaroli et al. 2012; Jinguji 2003; Katoh and Noda
2012; Yu et al. 1997). There are arteriosclerotic prone
sites, distal to arterial branches that display increased
apoptosis and increased cell turnover. Those endothelial
cells also exhibit large amounts of stress fibers (Kano
et al. 2000; Katoh et al. 2008), while the endothelium of
other parts of the arteries do not show them, particularly
segments of the arteries that are exposed to unidirectional
laminar shear stress (Gabbiani et al. 1983; Gordon and
Staley 1990; Gotlieb 1990; Vyalov et al. 1996). However,
there is agreement that stress fibers develop in endotheli-
um under pathological conditions, e.g., under wound
healing or experimental hypertension (Gabbiani et al.
1975, 1979, 1983; White and Fujiwara 1986; White
et al. 1983; Wong et al. 1983; Huttner et al. 1985).
Furthermore, irrespective of the carefully performed stud-
ies, a systematic evaluation of stress fibers in endothelium
in vivo throughout the vascular bed and during vascular
development under non-pathological conditions is still
incomplete, particularly with respect to species, organs,
ages and gender.

Appearance of stress fibers under pathological condi-
tions and during cell growth might have different function-
al meanings. Firstly, stress fibers are of critical importance
for cell migration, as a force of retraction at the rear end of
migrating cells is provided (Tojkander et al. 2012). Rho-
GTPases-mediated stress fiber development in endotheli-
um, due to proinflamatory stimulations, such as thrombin,
histamine, TNF-α and VEGF and under wound healing
conditions and its contraction potential, raised the idea that
this is an important mechanism in breaking down the
endothelial barrier function (Beckers et al. 2010; Birukova
et al. 2013; Wojciak-Stothard et al. 1998; Wojciak-Stothard
and Ridley 2002). These stimulations and conditions create
a challenging environment for the cells and it can be
proposed that compensation mechanisms have been devel-
oped. Following this path, the formation of stress fibers
might indeed have a protective function, as they increase
the bending strength and stiffness of the entire cell and
might also facilitate transient cell adhesion to the substrate by
interacting with focal adhesion complexes and focal contacts
(Tojkander et al. 2012). Stress fibers characteristically develop
in growing endothelial cell cultures and frequently persist
during proliferation and cell migration (Figs. 1, 2c, 5), even
after reaching high cell density (1–1.2 ×105 for HUVEC)
(Fig. 4a).

Mechanical force induced stress fibers; challenging
a paradigm

Application of experimental fluid shear stress and cyclic
stretch, two mechanical stimuli generated in vivo by blood
flow and blood pressure significantly increased stress fiber
formation as first demonstrated by Franke et al. (1984) after
shear stress application and by Shirinsky et al. (1989) after
cyclic stretch. These phenomena have been frequently con-
firmed in many studies using different types of cultured en-
dothelium isolated from various species and organs. The
background of the fluid shear stress-provoked stress fiber
formation in cultured endothelial is not quite clear, as certain
studies have shown that the endothelium of the arterial system
in vivo display stress fibers in a few locations only (Kano et al.
2000; Katoh et al. 2008) (compare Figs. 2a and 4b). It is
reasonable to assume that the background of shear stress-
induced stress fiber formation in cell culture models is related
to cell culture conditions, particularly with respect to cell
density and the cell culture substrate. Furthermore, develop-
ment of stress fiber is usually accompanied by remodeling of
the VE-cadherin/catenin complex, resulting in an interrupted
VE-cadherin patterning (Fig. 2c), a phenomenon that is ac-
companied by a breakdown of endothelial barrier function. In
contrast, by optimization of endothelial cell culture condi-
tions, it was demonstrated that laminar shear stress applied
to primary cultured, highly confluent human umbilical vein
endothelial cells (about 105 cells/cm2) transiently up-regulated
the paraendothelial barrier function dose-dependently
(DePaola et al. 2001; Katoh et al. 2008; Seebach et al. 2000,
2007), increased VE-cadherin clustering and recruited actin
filament bundles to the cell junctions, forming circumferential
actin bundles and ultimately the disappearance of stress fibers
(Seebach et al. 2007) (Fig. 4). This mechanism was shown to
depend on Rac1 activation (Fig. 4c) and occurs within a few
minutes. Furthermore, the shear stress-induced circumferen-
tial actin bundles persist within the investigated time of 24 h
even during cell alignment and cell elongation (Seebach et al.
2007), indicating that junction dynamics and remodeling can
take place without disturbing the junction integrity and with-
out stress fiber formation. The experimental shear stress-
induced circumferential actin bundles and the continuous
VE-cadherin pattern are consistent with laminar shear stress-
exposed arterial endothelium in vivo out of arteriosklerosis
prone sites (Fig. 2a, b). A comparable phenomenon can be
observed upon treatment of the endothelium with
peroxyvanadate, a phosphatase inhibitor, which reorganizes
actin filaments (Ayalon and Geiger 1997; Seebach et al.
2005). Application of peroxyvanadate transiently increased
barrier function at certain concentrations, with recruitment of
actin filament bundles to the junctions but prolonged treat-
ment with a high concentration (50 μM) ends up with barrier
function breakdown (Seebach et al. 2005). This indicates that
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the actin and junction patterning and in turn barrier function
depend on a highly quantitative balance between activation
and silencing. Thus, small variations in this balance might
close or open endothelial cell junctions.

Culture conditions significantly influence stress fiber
formation

In our opinion, there is an essential need for objective and
standardized parameters of endothelial cell culture conditions
for analyzing cell and molecular dynamics. This would better
allow comparing results from different published experimen-
tations, specifically in terms of quantification. The three pa-
rameters that might be helpful include definition of (1) cell
density, (2) the VE-cadherin patterning at the junctions

together with actin filament distribution and (3) the cell culture
substrate. The first two parameters are directly dependent on
each other as described in human umbilical cord vein endo-
thelium (Taha et al. 2014). The cell density should be precisely
defined by, e.g., cells/cm2 rather than using blurred terms. VE-
cadherin is one of the most critical cell adhesion complexes in
endothelium and is involved in controlling barrier function
and the cell cycle (Caveda et al. 1996; Nelson and Chen 2003;
Taddei et al. 2008). The total amount of VE-cadherin in
HUVEC cultures is independent of the cell density
(Lampugnani et al. 1995; Taha et al. 2014) and thus makes
the VE-cadherin patterning suitable for cell density evalua-
tion, as a given amount of VE-cadherin is distributed along the
junctions. As a result, subconfluent cultures (<<1 × 105 cells/
cm2) that are large in size with long cell perimeters display an

Fig. 5 Life cell imaging of HUVEC expressing Lifeact-fluorescent-
protein (LifeAct-EGFP) at different time points as indicated. LifeAct-
EGFP binds to actin filaments and allows dynamic analyses of actin
dynamics. Labeling actin filaments with LifeAct-EGFP most probably
do not disturb either the actin dynamics or the polymerization/depoly-
merization features (Riedl et al. 2008). HUVEC cultures display cell

density-dependent actin patterns and dynamics. In sparce cultures (a,
b), migrating cells display lamellipodia that appear at leading edges
(arrows), while in subconfluent cultures (c, d), JAIL appear between
adjacent cells (arrows). In highly confluent cultures (e, f), the circumfer-
ential actin bundles are predominant and stress fibers appear much fewer.
Arrows indicate small JAIL. Taken from Taha et al. (2014)
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interrupted VE-cadherin patterning, while highly confluent
endothelial cultures (≤1 × 105 cells/cm2) with short cell pe-
rimeters exhibit a continuous VE-cadherin line along the
junctions (Taha and Schnittler 2014). The continuous line of
VE-cadherin patterning is also characteristic of quiescent,
shear stress-aligned arterial and polygonal venous endotheli-
um in vivo. Thus, the VE-cadherin patterning is a usable
parameter for defining cell confluence. The different VE-
cadherin patterning is accompanied by a respective distribu-
tion of actin filaments. For example, highly confluent endo-
thelial cultures display fewer stress fibers with a continuous
VE-cadherin patterning, while subconfluent cultures exhibit
many stress fibers accompanied by an interrupted VE-
cadherin patterning (Lampugnani et al. 1995; Taha et al.
2014) (compare Fig. 3). The differences in cell density-
dependent VE-cadherin and actin patterning significantly
modulate the dynamics of both VE-cadherin (Huveneers
et al. 2012; Taha et al. 2014) and actin (Taha et al. 2014).
Thirdly, the cell culture substrate is also of critical importance
for the expression of actin filaments. For example, the extra-
cellular matrix protein fibronectin is frequently used as a
culture substrate. Interestingly, fibronectin is up-regulated in
atherosclerotic lesions (Magnusson and Mosher 1998) and
was found to be deposited at atherosclerosis-prone sites with-
out signs of atherosclerotic lesions (Orr et al. 2005). This is
consistent with stress fiber formation at these sites, as fibro-
nectin is required for Rho-A activation, a signal that is well
known to promote stress fibers (Bourdoulous et al. 1998). In
our laboratory, we use cross-linked gelatin (Smeets et al.
1992), which acts as a scaffold for deposition of the
endothelial-produced endogenous extracellular matrix pro-
teins. As a result, cells maintain endothelial barrier function
during shear stress-induced dynamic alignment and develop a
continuous VE-cadherin patterning and actin patterning, with
the development of circumferential actin filament bundles and
the nearly complete disappearance of stress fibers, a patterning
characteristic for arterial endothelium in vivo (Schnittler et al.
1997; Seebach et al. 2000, 2007). Furthermore, the appear-
ance and the dynamics of actin filaments strongly depend on
cell density, as recently demonstrated (Taha and Schnittler
2014; Taha, et al. 2014) (Fig. 5). Stress fibers mostly disappear
with increasing cell density and in the end can develop a
circumferential junction-associated actin filament pattern
exhibiting great variation in actin dynamics (Fig. 5), (com-
pare: http://www.molbiolcell.org/content/suppl/2013/11/11/
mbc.E13-07-0404v1.DC1/mc-E13-07-0404-s07.mp4). Life
cell imaging of endothelium, particularly the dynamics of
fluorescence-tagged proteins in endothelial cells has been
limited for a long time, as the endothelium is less susceptible
to genetic manipulation by classical transfection protocols
(Lindemann and Schnittler 2009). Considerable progress has
been made in recent years, as genetic manipulation of primary
cultures of endothelial cells using virus-based gene

transduction protocols such as adenovirus and lentivirus gave
sufficient results (Kuldo et al. 2013; Lindemann and Schnittler
2009; Mannell et al. 2012; Taflin et al. 2013; Witting et al.
2013). In 2008, the group of Wedlich-Söldner introduced a
novel and beautiful tool for studying actin dynamics (Riedl
et al. 2008). This is a 17-amino-acid-long peptide, named
Lifeact, which binds highly specifically to actin filaments
and can be fused to fluorescent proteins such as EGFP or
mCherry without significant disturbance of actin dynamics
(Riedl et al. 2008). Cloning of Lifeact-fluorescent-protein
(LifeAct-EGFP or LifeAct-mChery) into the lentiviral vector
allowed the study of actin dynamics in endothelial cells by
fluorescent life cell imaging over periods of hours (Taha et al.
2014). In summary, it is reasonable to propose that endothelial
stress fibers are typical structures appearing in endothelium in
regeneration, cell proliferation and after activation due to
inflammatory stimulation and thus seem to compensate for
increased cellular vulnerability and also contribute the
enforced cell dynamics needed under those conditions.

Actin networks and endothelial cell junctions

Junction formation, remodeling and maintenance in endothe-
lium depend on the formation of lamellipodia/filopodia and
the junction-associated intermittent lammellipodia (JAIL) that
are actin-driven membrane protrusions developed at the lead-
ing edges of migrating cells and at established cell junctions
(JAIL), respectively (Lecuit 2008; Nelson et al. 2013; Niessen
et al. 2011; Taha and Schnittler 2014).

Actin-driven initial cell contact formation in endothelium

Initial cell contact formation of both epithelium and endothe-
lium is mediated by plasma membrane protrusions,
lamellipodia, which develop at the leading edge of migrating
cells. In general, lamellipodia formation is initiated by the
activated actin-related protein (ARP) 2/3 complex that con-
trols actin network formation due to initiating actin nucleation
and branching. Filament formation occurs in a polarized man-
ner from which a slow growing pointed end and a quick
growing barbed end can be distinguished (Goley and Welch
2006; Padrick and Rosen 2010; Pollard and Borisy 2003;
Rottner et al. 2010). Physical interaction of the plasma mem-
brane of adjacent cells allows the formation of a first adhesion
complex most likely by the homophilic engagement of
cadherins (Lecuit 2008; Nelson et al. 2013; Niessen et al.
2011; Taha and Schnittler 2014; Hoelzle and Svitkina 2012)
that exist as free-floating mono- or multimers in the plasma
membrane (Iino et al. 2001). The details about the molecular
mechanisms of actin driven lamellipodia and filopodia forma-
tion have been thoroughly discussed in great detail in recent
reviews (Goley and Welch 2006; Mattila and Lappalainen
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2008; Padrick and Rosen 2010; Pollard and Borisy 2003;
Rottner et al. 2010) and are not within the scope of this
paragraph. Apart from lamellipodia, filopodia can also contri-
bute to the initial formation of intercellular cell adhesion.
Filopodia are finger-like plasma membrane protrusions with
a diameter of up to 0.3 μm, which display actin filaments
aligned in parallel (Mattila and Lappalainen 2008). Filopodia
develop from the plasma membrane of the entire cell body or
even from the leading edge of lamellipodia. Filopodia function
as antennae to probe the local environment, as they express
receptors for diverse surface receptors for molecules such as
cadherins, integrins and extracellular matrix proteins andmight
also transmit a variety of signals to the cytoplasm (Mattila and
Lappalainen 2008). Further details related to filopodia forma-
tion and function have been described in a recent review
(Mattila and Lappalainen 2008). Initial cell contact formation
in endothelial cell cultures was shown to be mediated by
lamellipodia that overlap plasma membranes of adjacent cells,
a process that causes VE-cadherin engagement in trans follow-
ed by the formation of filopodia-like structures involving
fascin and the vasodilatator-stimulated phosphoprotein
(VASP) (Hoelzle and Svitkina 2012). This led to individual
VE-cadherin-based endothelial cell contacts that are associated
with myosin II-containing stress fibers (Hoelzle and Svitkina
2012). Those VE-cadherin clusters alternate with VE-
cadherin-free gaps, forming an interrupted VE-cadherin pat-
terning (Lampugnani et al. 1995). These immature junctions
display high dynamic remodeling when compared to cell junc-
tions in confluent cells (Huveneers et al. 2012; Taha et al.
2014). However, VE-cadherin-mediated cell adhesion is orga-
nized by individual VE-clusters of various sizes, as demon-
strated by stimulated emission depletion (STED) microscopy
with a lateral resolution of about 30–40 nm (Seebach et al.
2007). Individual clusters still exist, even if a continuous VE-
cadherin patterning is seen by confocal lasermicroscopy with a
maximal lateral resolution of about 300 nm (Seebach et al.
2007). These clusters can fuse together under certain stimula-
tions, a phenomenon that was correlated with increased endo-
thelial barrier function (Seebach et al. 2007). VE-cadherin
clusters have been described as associating with stress fibers
(Hoelzle and Svitkina 2012; Huveneers et al. 2012; Kronstein
et al. 2012; Millan et al. 2010), but many of the VE-cadherin
are not obviously associated with stress fibers (Schnittler, own
observation). Furthermore, there are polygonal organized VE-
cadherin superstructures (Geyer et al. 1999) that appear at areas
of overlapping plasma membranes. Whether and how individ-
ual and superstructured VE-cadherin clusters connect to actin
filaments is not entirely clear.

Junction-associated intermittent lamellipodia (JAIL)

Recent work now demonstrates that actin-driven lamellipodia
formation is not only required for initial cell junction

formation but also essential for cell junction dynamics and
the maintenance of adherens junction integrity and barrier
function in mature junctions (Rajput et al. 2013; Taha and
Schnittler 2014; Taha et al. 2014; Tang and Brieher 2012;
Zhou et al. 2013). The background of this mechanism is based
on the observation that lamellipodia-like structures appear at
endothelial cell junctions, particularly in subconfluent cells
with a cell density <<105 cells/cm2 (Taha and Schnittler 2014;
Taha et al. 2014). Subconfluent cultures display an interrupted
VE-cadherin patterning (Lampugnani et al. 1995) with inter-
cellular gaps in-between; a location where actin-driven and
spatio-temporally restricted lamellipodia-like structures typi-
cally occur. Accordingly, these structures were designated as
junction-associated intermittent lamellipodia (JAIL) (Taha
et al. 2014). JAIL are driven by actin polymerization under
the control of the ARP2/3 complex and nucleation promoting
factors (NPFs) such as N-WASP (for review, see Taha and
Schnittler 2014). JAIL develop at gaps between individual
VE-cadherin clusters (Figs. 6 and 7) and cause a spatio-
temporally restricted overlap of the respective parts of the
plasma membranes (Taha and Schnittler 2014; Taha et al.
2014). This process facilitates VE-cadherin engagement and
leads to the formation of lamellar-like VE-cadherin adhesion
sites that are subsequently incorporated into the cell junctions
during JAIL retraction. These dynamics change the VE-
cadherin patterning and drive the dynamic remodeling of
VE-cadherin (compare movie at http://www.molbiolcell.org/
content/suppl/2013/11/11/mbc.E13-07-0404v1.DC1/mc-
E13-07-0404-s11.mp4). According to this mechanism, actin-
driven JAIL are large and appear frequently at junctions of
subconfluent cell cultures displaying large gaps between in-
dividual VE-cadherin clusters. In addition, the JAIL size (up
to 48μm2), duration (up to 5 min) and frequency all decreased
with increasing cell density due to increased VE-cadherin
cluster formation (Taha et al. 2014). JAIL formation explains
the recently described high VE-cadherin dynamic remodeling
of the VE-cadherin in subconfluent versus confluent endothe-
lial cell cultures (Huveneers et al. 2012; Taha et al. 2014). The
coordination between VE-cadherin-mediated cell adhesion
and ARP2/3-controlled and actin-driven junction-associated
intermittent lamellipodia (JAIL) formation appears to be an
interdependent mechanism that permits concurrent junction
dynamics and cell adhesion at the same time. This also ex-
plains the ability of cell junctions to respond to stimulations at
different spatiotemporal scales.

Cortical actin and the membrane cytoskeleton

Another type of actin filaments are the cortical actin filaments,
which are also termed cortical actin rim and are located below
the plasma membrane and seem to be connected to the clas-
sical membrane cytoskeleton that connects to integral

538 Cell Tissue Res (2014) 355:529–543

http://www.molbiolcell.org/content/suppl/2013/11/11/mbc.E13-07-0404v1.DC1/mc-E13-07-0404-s11.mp4
http://www.molbiolcell.org/content/suppl/2013/11/11/mbc.E13-07-0404v1.DC1/mc-E13-07-0404-s11.mp4
http://www.molbiolcell.org/content/suppl/2013/11/11/mbc.E13-07-0404v1.DC1/mc-E13-07-0404-s11.mp4


membrane proteins and membrane lipids. For detailed re-
views, we refer readers to Kapus and Janmey (2013), Pesen
and Hoh (2005) and Prasain and Stevens (2009). The mem-
brane cytoskeleton functions as a stabilizing protein network
that connects the semi-fluidic plasma membrane with the
cortical actin filaments and the classical cytoskeleton (Pesen
and Hoh 2005). Thus, corical actin filaments are, firstly,
involved in determination of the cell shape and, secondly,
might provide a physical link for cell signaling (Kapus and
Janmey 2013). The organization of the membrane cytoskele-
ton of non-erythrocytes including endothelium (Kapus and
Janmey 2013; Pesen and Hoh 2005; Prasain and Stevens
2009) seems to be comparable to the membrane cytoskeleton
of erythrocytes (Bennett 1982). It consists in spectrin and
actin, which are further organized and regulated by adaptor
proteins such as ankyrin, proteins 4.1 and 4.2, ezrin-radixin-
moesin (ERM) proteins and adducin (Kapus and Janmey
2013; Prasain and Stevens 2009). The endothelial membrane
cytoskeleton (Pesen and Hoh 2005), together with cortical
actin filaments, have been indicated to be critical in the me-
chanically induced release of nitric oxide (Fels et al. 2012). It
can be assumed that both cortical actin and the membrane
cytoskeleton dynamically interact with actin filament bundles

andmost likely also hold influence with actin networks. In this
way, cortical actin and the membrane cytoskeleton might be
involved in controlling interendothelial and cell substrate
adhesion (Kapus and Janmey 2013; Prasain and Stevens
2009). However, as outlined above, the appearance and dy-
namics of actin-containing bundles and the actin networks
critically depend on cell density (Taha et al. 2014). It is
currently unclear if the organization and the functional behav-
ior of the cortical actin and the membrane cytoskeleton also
depend on cell density. Of note, it has been demonstrated that
(1) spectrin and (2) MYADM, a membrane micro-domain
organizing protein, are critical for endothelial barrier function
regulation (Aranda et al. 2011; Benz et al. 2008). However,
the molecular architecture of how the cortical actin and the
membrane cytoskeleton interact with cell junctions and
whether or how this interaction is regulated, are still matters
remaining to be investigated.

Future directions and outlook

Actin dynamics plays a central role in establishing and main-
taining the integrity of the entire endothelium and, at the same

Fig. 6 Scheme illustrating JAIL
formation at endothelial cell
junctions lacking VE-cadherin

Fig. 7 Actin-driven JAIL
formation. JAIL are driven by the
N-WASP-activated ARP2/3
complex. The time point of
maximal JAIL extension (about
5 min) in HUVEC is shown. JAIL
induces formation of VE-cadherin
adhesion plaque. Taken from
Taha et al. (2014)
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time, allowing plasticity due to physiological and pathological
demands. Direct and/or adaptor molecule-mediated indirect
interactions between actin filaments and surface receptors
such as integrins, cadherins, or other receptor types are re-
quired to fulfill these tasks. Detailed studies in the past have
unraveled a significant number of signaling cascades and
mechanisms that target and modulate actin dynamics at the
attachment sites of the plasma membrane, such as cell–cell
junctions, focal adhesion sites, or the membrane cytoskeleton.
However, the molecular architecture that mediates and regu-
lates the close interaction between these structures needs to be
further clarified. This is particularly the case for the interaction
between actin filaments and endothelial cell junctions, as well
as actin filaments and the membrane cytoskeleton. Further-
more, there is an essential need to understand how different
actin filament-containing structures, such as actin bundles,
actin networks and the membrane cytsoskeleton, interact with
each other, particularly at sites where focal adhesion and
intercellular adhesion take place. Novel papers have demon-
strated the regulatory role of actin nucleators such as the
ARP2/3 complex and its activators, N-WASP and cortactin,
in interendothelial adhesion dynamics and in turn endothelial
barrier function. Since actin regulation and VE-cadherin reg-
ulation depend on a significant number of structural and
regulatory molecules, these interactions need to be further
analyzed.
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