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We compared the state of actin cytoskeleton, morphology, and expression of VE-cadherin in
endothelial cells of human umbilical cord vein under conditions of TNF-a-mediated activation
and microgravity modeling and found that 3D-clinorotation for 24 h impaired the integrity
of endothelial monolayer, altered cell morphology, induced cytoskeleton reorganization, and
reduced the expression of VE-cadherin. The combination of experimental microgravity and
proinflammatory activation led to more pronounced clearing of the perinuclear space from
microfilaments and accumulation of depolymerized actin, which confirms additive effect of
the studied factors on actin cytoskeleton of endothelial cells.
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Structural and functional properties of cells can be
modulated by various mechanical factors (mechano-
transduction) including gravity, a mechanical stimulus
that persistently acts on all living systems. During
recent decades, some cellular modifications observed
under conditions of microgravity were described [7,16,
21,36,38]. Space experiments have demonstrated cy-
toskeleton rearrangement, loss of T cell activation,
induction of apoptosis, and changed pattern of gene
expression [9,17,33,35]. However, the intracellular
mechanisms mediating the influence of gravitation
factor remain unclear [2,20].

A good model for studying the mechanisms of
mechanotransduction are endothelial cells (EC) lin-
ing the luminal surface of blood vessels in vivo; they
represent the major barrier between the blood and
adjacent tissues and function as a mechanosensitive
interface for signal transduction (pressure, tension,
contraction, shear stress) [25,28,32]. Moreover, EC
play an important role in the maintenance of func-
tional integrity of the vascular wall due to formation
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of cell—cell adhesion contacts consisting of cadherin
family proteins: endothelium-specific VE-cadherin
(vascular endothelium cadherin, CD144, cadherin-5)
and neural cadherin (N-cadherin) present in neural
and muscular cells [8]. Similar to other cadherins,
VE-cadherin binds via its cytoplasmic domain to ad-
hesion contact proteins p120, B-catenin, and plako-
globin. They, in turn, bind to a-catenin that interacts
with several actin-binding proteins (a-actinin, Ajuba,
Z0-1, etc.) [37]. Thus, the cadherin complex is linked
to actin cytoskeleton, but the molecular mechanisms
of this interaction are poorly studied. It was thought
that the contact with actin filaments is mediated by
o-catenin, but further studies have demonstrated that
a~-catenin cannot bind to actin and B-catenin simultane-
ously [37]. At the same time, binding of VE-cadherin
with catenins and actin is important for endothelium
permeability and stabilization of cell contacts. Thus,
mutation in gene encoding VE-cadherin in mice led to
fetal death due to enhanced vascular permeability [13].

It can be now accepted that in EC, similar as in
all other adherent cultures, cytoskeleton not only plays
the structural function, but also acts as a converter of
mechanical influences into cellular biochemical stimuli
[14,15,22]. It has been reported that short-term clinostat
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exposure induced reorganization of actin skeleton in EC
[10,20], while longer exposure led to re-adaptation of
the endothelium to changed gravity [3].

The functional state of EC is largely determined
by the influence of proinflammatory cytokines. TNF-a
is a potent activator of proinflammatory properties
of the endothelium: addition of this cytokine to the
culture medium induces endothelial dysfunction mani-
festing at the early stages by enhanced expression of
adhesion molecules ICAM, VCAM-1, and E-selectin
[31]. Similar effect can be induced by TNF-a in low
(107 g/ml) concentrations [24], whereas high concen-
trations of this cytokine induce apoptotic cell death
[23]. However, the effect of experimental microgravity
on functionally modulated EC, in particular, activated
by proinflammatory cytokine TNF-a, remains obscure.

Here we studied organization of F-actin and ex-
pression of VE-cadherin in intact and preactivated
human EC under conditions of modeled microgravity.

MATERIALS AND METHODS

Intact and activated EC from human umbilical cord
vein (passages 2-4) were used in the experiments.
Isolation of EC from human umbilical cord vein was
carried out according to the well-known method with
some modifications [1]. The cells were activated by
incubation with 2 ng/ml TNF-a (BD Biosciences) for 6
and 24 h [31]. The cells were cultured in medium 199
(Gibco) containing 25 mM HEPES (MP Biomedicals),
10,000 U/ml penicillin and 10,000 pg/ml streptomy-
cin in 0.85% saline (PanEko), 1 mM sodium pyru-
vate (Gibco), 10% fetal calf serum (FCS; HyClone),
5 U/ml heparin, and 100 pg/ml ECGS (BTI). The pri-
mary EC culture that attained monolayer was treated
with trypsin (0.05%) and EDTA (0.02%; Gibco), trans-
ferred into 9- and 25-cm? flasks (Nunc), and cultured
until preconfluence. Immediately before the experi-
ment, the medium in flasks was replaced with a fresh
portion; the flasks were completely filled with cul-
ture medium without air bubbles. The cell cultures
were studied in two series: static control grown under
standard conditions in a CO, incubator and cultures
subjected to microgravity modeling using a Random
Positioning Machine (RPM; Dutch Space) at a rate of
100 rad/min for the external and 80 rad/min for the
internal frames for 6 and 24 h in a thermostat at 37°C.
During rotation in RPM, the position of the object is
randomly changed relative to the gravity vector due
to randomized movement of perpendicular frames to
which the platform with experimental samples is at-
tached; this rotation allows reducing the influence of
gravity of cells in vitro [34]. In the clinostat, the cul-
ture medium is constantly agitated; therefore, we used
a shaker to control the effect of medium agitation.
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F-actin structures were visualized using a standard
TRITC-phalloidine dye (Sigma). To this end, the cells
washed from the medium were fixed in 4% parafor-
maldehyde for 15 min. The cells were permeabilized
with detergent 0.1% Triton X-100 (Sigma) that was
added to prefixed cells for 15 min and then washed
twice with PBS. Then, the cells were incubated for
40 min TRITC-phalloidine (50 pg/ml) for 37°C and
then washed with PBS. For protection of fluorescence,
the preparations were embedded in a special water-
soluble medium setting solid after application and
containing blue DNA dye DAPI (Sigma). Changes in
the structure of actin microfilaments were assessed by
fluorescence microscopy on a confocal microscope
LSM 780 (Carl Zeiss).

The expression of VE-cadherin was measured
by indirect immunocytochemical staining with anti-
bodies to VE-cadherin (Millipore) and FITC-labeled
secondary antibody (Sigma) or using Vectastain ABC
and DAB Peroxidase kits (Vector Laboratories). The
preparations were analyzed under a Nikon Eclipse
TiU or LSM 780 microscope (Carl Zeiss). The cells
expressing VE-cadherin were determined by flow cy-
tofluorometry on an Epics XL flow cytofluorimeter
(Beckman Coulter).

The data were processed statistically using Micro-
soft Excel and Statistica 7.0 software; the means and
standard deviations were calculated. Significance of
differences between two data sets was evaluated using
nonparametric Mann—Whitney test (p<0.05).

RESULTS

In the control series, intact cells cultured under static
conditions were used (Fig. 1, a). Proinflammatory ac-
tivation was evaluated by stimulation of the expres-
sion of immunoglobulin ICAN-1 on the cell surface,
because the expression of this cell adhesion molecule
sharply increases in few hours and after EC activa-
tion (Fig. 1, b) [27]. The results showed that addition
of TNF-a to the incubation medium for 6 h resulted
in a 2-fold increase in the content of ICAM-1* cells,
while 24-h incubation with the cytokine increased the
relative content of ICAM-1* cells by 5 times. Sig-
nificant changes were noted only after 24-h incubation
(Fig. 1, ¢). Therefore, 24-h incubation of EC with
TNF-0 was used in further experiments on evaluation
of activation effect.

Proinflammatory activation of cells (Fig. 2, b)
induced no appreciable changes in EC morphology in
comparison with intact cells (Fig. 2, a). Randomiza-
tion of the gravity vector over 24 h led to impairment
of the integrity of endothelial monolayer and modified
cell morphology (Fig. 2, ¢). After combination of mod-
eled microgravity with proinflammatory activation, the
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changes observed in 3D-clinostasis (RPM) were more
pronounced: the cells were more flattened and changed
their shape due to formation of processes, lamella;
the monolayer integrity was disturbed. In addition,
considerable changes were noted in the cell cytosol:
appearance of vacuole-like structures and clear-cut
granularity in the perinuclear space (Fig. 2, d).
Analysis of changes in the organization of fibril-
lary actin filaments in EC showed that actin in intact
EC was concentrated along the periphery of the cell
in the form of thin filaments crossing its center (Fig.
3, a). At the same time, TNF-activation of cells and
simulation of microgravity led to reorganization of the
actin cytoskeleton, and these changes had complex
nature (Fig. 3, b, ¢). In activated cells, the content of
actin microfilaments increased. Many cells formed
lamellopodia (Fig. 3, f) and filopodia (Fig. 3, e) pri-
marily in areas of cell-cell contacts. These changes
were accompanied by thickening of actin bundles
followed by the formation of stress fibers. In most
cells, the F-actin stress-fibers were arranged parallel
to the long (main) axis of the cell. In addition, stellate
structures, probably representing depolymerized actin
lumps appeared in the area of cell-cell contacts.
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Fig. 1. ICAM-1 expression in culture of human umbilical cord vein
EC. a) Intact cells, b) after 24-h proinflammatory activation with
TNF-a. The data of a representative experiment are presented,
indirect immunocytochemical staining, x200. c) Relative content of
ICAM-1-expressing EC after proinflammatory activation with TNF-a
and microgravity simulation. Mean values (n=7) are presented
reflecting multiplication factor in comparison with static control.
*p<0.05 in comparison with static control (Mann—Whitney test).

Under the effect of simulated microgravity, EC
became less flattened, which impaired the integrity of
cell monolayer. In contrast to TNF-a-activated cells,
these cells did not form filopodia, while stress-fibers
were primarily located in sites of cell-cell contacts.
This was always associated with fibril contraction and
shrinkage of neighboring cells (Fig. 3, ¢).

These data agree with the results of previous
analysis of morphological, biochemical, and dynamic
changes in EC in response to TNF-a [30]. The com-
bination of proinflammatory activation and 24-h RPM
exposure potentiated this effect: characteristic “empti-
ness” appeared in the perinuclear space due to clearing
of the cell center from microfilaments; the content
of depolymerized actin significantly increased under
these conditions (Fig. 3, d). These findings correlate
with the results obtained in experiments with 2D-cli-
nostasis of EC [10].

Reorganization of F-actin was associated with
changes in the expression of VE-cadherin (CD144).
When studying the effect of various factors on the
relative content of CD144* cells we found that TNF-
a-activation of EC slightly increased this parameter
(Fig. 4), whereas microgravity simulation reduced



576

Cell Technologies in Biology and Medicine, No. 4, February, 2015

Fig. 2. Morphological peculiarities of endothelium in vitro: static control (a); EC activation with TNF-a (b); RPM exposure for 24 4 (c); TNF-a

activation+24-h RPM exposure (d). Phase-contrast microscopy, x100.

the percent of these cells. The number of activated
CD144* cells exposed to microgravity was significant-
ly lower than the number of activated control cells,
which probably suggests that this parameter did not
depend on proinflammatory activation. It should be
noted that RPM exposure was associated with the ap-
pearance of breaks of cell—cell contacts and inhibition
of VE-cadherin expression (Fig. 5). This effect was
observed as soon as in 6 h and remained at this level
throughout the experiment.

These results are consistent with the reports of
other researchers who have found that increasing per-
meability of endothelial monolayer under conditions
of proinflammatory activation was caused by the ap-
pearance of specific breaks of cell-cell contacts due
to TNF-a-mediated phosphorylation of VE-cadherin,
rather than reduced expression of this glycoprotein
[26]. However, our findings indicate that changes in
the actin cytoskeleton architecture can be related to
VE-cadherin distribution in the cell membrane. It can
be hypothesized that VE-cadherin molecules remained

only in sites of cell-cell contacts, which was con-
firmed by reduced expression of this protein on the
cell surface (Fig. 5).

Thus, EC were highly sensitive to mechanical
stress, which was confirmed by the previous data
[5,12,20], the plasma membrane and cytoskeleton be-
ing the most susceptible to mechanical stimulation
structures [15]. A number of papers described changes
in the spatial organization of microfilaments, interme-
diate filaments, and microtubules under conditions of
space flight and ground-based experiments with simu-
lated microgravity. The most convincing data indicate
that F-actin microfilaments are the basic structure re-
sponsible for signal transmission. For instance, inhibi-
tion of mechanosensitive ionic channels in response
to deformation occurs due to depolarization of actin
microfilaments [36]. Hence, F-actin can be respon-
sible for gravitational sensitivity of the endothelium
that has been demonstrated in earlier studies [6]. For
instance, cell exposure on a 2D-clinostat led to F-actin
depolymerization, thinning of fibrillary actin filaments,
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Fig. 3. Changes in the structure of actin cytoskeleton of EC during proinflammatory activation with TNF-a and 24-h RPM exposure. a) Static

control; b) TNF-a-activation; ¢) RPM; d) RPM+TNF-a-activation; e) formation of filopodia after TNF-a-activation, f) formation of lamellae.
Fluorescent confocal microscopy.
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Fig. 4. Number of EC expressing VE-cadherin in under conditions
of proinflammatory activation and simulated microgravity. Mean
values for 7 experiments are presented. *p<0.05 in comparison with
TNF-a-activated cells (Mann—Whitney test).
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and their redistribution from the central zone to cell
periphery [3,10]. Analysis of intermediate filament
and microtubule network showed that microgravity
simulation increased the expression of cytokeratin and
a-tubulin, thickening of intermediate filament and mi-
crotubules, and their redistribution towards the peri-
nuclear space [20].

We compared the state of actin cytoskeleton, mor-
phology, and expression of VE-cadherin in human
umbilical cord vein EC under conditions of TNF-a-
mediated activation, microgravity simulation, and
combined exposure to these factors. Changes occur-
ring in cells during their exposure to RPM largely
coincided with those described in published reports.
At the same time, the effect of simulated microgravity
on TNF-a-activated EC has never been described. We
found that proinflammatory activation and 24-h RPM
exposure led to the formation of characteristic “empti-
ness” in the perinuclear space due to clearing of the
central zone from microfilaments; the content of de-

Fig. 5. Expression of VE-cadherin under normal conditions (a, ¢) and after 6-h (b) and 24-h (d) RPM exposure. Results of indirect immu-
nocytochemical fluorescent staining of VE-cadherin molecule (a, b) (confocal microscopy) and indirect immunohistochemical staining using

a DAB Peroxidase kit (c, d) (light microscopy).
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polymerized actin significantly increased under these
conditions. Rearrangement of actin cytoskeleton was
accompanied by changes in EC morphology. For in-
stance, combined exposure to simulated microgravity
and proinflammatory activation led to the appearance
of clear-cut granularity in the perinuclear cytosol and
vacuole-like structures, which could indicate activa-
tion of synthetic and secretory activity of these cells.

Actin filaments anchored in certain sites of cell
plasmalemma are primarily related to adhesion foci,
cell—cell adhesion proteins, membrane proteins, and
nuclear membrane. Being dynamic structures, they are
capable of rapid rearrangement. However, we cannot
assert that microfilament remodeling in response to
microgravity exposure observed in our experiments
was determined by depolymerization/polymeriza-
tion of actin fibrils. It was found that TNF-a-induced
changes in the architecture of actin cytoskeleton in EC
were caused by simple dynamic shift of polymerized
F-actin fibrils due to changes in the cell shape [30].
It is quite possible that microgravity induces dynamic
shift of actin fibrils.

Signaling pathways mediating remodeling of the
actin skeleton under conditions of gravity vector ran-
domization and proinflammatory activation are not
quite understood. However, recent studies have shown
that changes in the spatial organization of the cyto-
skeleton and increased cell motility under conditions
of simulated microgravity can be related to endothe-
lial NO synthase overexpression and signal transduc-
tion mediated by PI3P/Akt-signaling pathway [29].
Moreover, it was hypothesized that Rho GTPases are
essential regulators of microfilament reorganization
under conditions of simulated microgravity [4,19]. It
is also well-known that TNF-a triggers activation of
intracellular signal transduction pathways, including
those mediated by NF-kB, c-JNK, and other MAPK
[18,39], Rho GTPase family proteins acting as trans-
mitters [11,39]. We can hypothesize that the described
effect of proinflammatory activation and simulated
microgravity is determined by simultaneous activation
of various signaling pathways converging to the com-
mon target, Rho GTPase family proteins that regulate
cytoskeleton organization.

Thus, microgravity simulation on RPM induc-
es reorganization of the actin cytoskeleton, changes
in cell morphology, and inhibition of VE-cadherin
expression. In TNF-a-activated EC exposed to 3D-
clinostasis, depolymerization of microfilaments was
more pronounced. Based on these observations, we
can assume that combined exposure to simulated mi-
crogravity and proinflammatory activation can lead to
pathological dysfunction and enhanced permeability
of the endothelial monolayer and metabolic disorders
in adjacent tissues.
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