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A B S T R A C T

Rho kinases are major regulators of actin cytoskeletal organization and cell motility. Depending on the

model system, inhibitors of Rho kinases (ROCK) have been reported to increase or decrease endothelial

cell migration. In the present study we investigated the effect of Rho kinase inhibitors on microvascular

endothelial cell migration with a special focus on the isoform ROCK2.

Migration of microvascular endothelial cells was analyzed in a wound-healing, a spheroid-on-

collagen migration assay and in cells embedded in collagen-1 gels. The non-selective Rho kinase

inhibitor H1152 was compared to the selective ROCK2 inhibitor SLX2119 and to siRNA knock

down.

Non-selective inhibition of Rho kinases decreased cell-spanning F-actin fibers, loosened cell–cell

contacts visualized by VE cadherin staining, and reduced cell–matrix interactions as shown by reduced

Hic-5 expression in focal contacts. Rho kinase inhibitors facilitated directed migration of endothelial

cells away from spheroids on fibronectin-coated plates and in collagen-1 gels. By contrast, migration of

firmly attached endothelial cells, resembling intact vessels, was not promoted by Rho kinase inhibition.

Selective inhibition of ROCK2 mimicked the cytoskeletal effects of H1152 and also increased cell

motility, although to a lesser extent.

In summary, Rho kinase inhibition enhanced the migration and cytoskeletal restructuring

preferentially in freshly attached endothelial cells. ROCK2 may be a potential target to manipulate

endothelial cell migration after vessel injury.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Rho-associated coiled coil forming protein kinases (ROCK) are
important downstream mediators of the small GTP-binding
protein RhoA. They regulate actin stress fiber formation and cell
contraction and thereby affect cell shape, adhesion, and migration
[1,2]. Furthermore, by interacting with other signaling pathways or
by shifting the equilibrium between globular and filamentous
actin, Rho kinases affect gene expression [3]. Rho kinases are
involved in a number of human disorders, and several pharmaco-
logical inhibitors have been developed and clinically tested [4,5].
Most of the inhibitors developed thus far inhibit both Rho kinase
isoforms, ROCK1 and ROCK2 [6]. Of those, fasudil (HA1077) shows
potent vasodilatory effects and was approved for clinical use in
Japan for the treatment of patients with cerebral vasospasm as a
result of subarachnoid hemorrhage [7]. Since then, Rho kinases
have emerged as potential targets for the treatment of vascular
diseases, hypertension and atherosclerosis [8–12].

Activated Rho kinases contribute to endothelial dysfunction by
inhibiting expression of endothelial NO synthase and NO synthesis,
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to inflammation by activation of NF-kB, and to endothelial barrier
disruption by microtubule and actin rearrangements [13–15].

Effects of Rho kinase inhibitors on vascular remodeling and
endothelial motility have been analyzed in various assays.
Increased sprouting activity was detected in human umbilical
vein endothelial cells (HUVECs) treated with Rho kinase inhibitors
or siRNA directed against ROCK1 or ROCK2 [16,17]. By contrast,
others reported reduced HUVEC migration in the presence of Rho
kinase inhibitors [18], and reduced migration and structure
formation of bovine retinal and human foreskin microvascular
endothelial cells [19,20]. The discrepancies between these reports
remain unclear as different types of endothelial cells and different
in vitro model systems were used.

The Rho kinase isoforms ROCK1 and ROCK2 are highly
homologous and share major down stream targets such as myosin
light chain (MLC) or MLC phosphatase (MYPT) [4]. Nevertheless,
there is increasing evidence of isoform specific effects in different
cell types, e.g. fibroblasts [21,22] or keratinocytes [23]. ROCK2
activation was linked to the expression of cell adhesion molecules
upon stimulation of HUVEC with lysophosphatidic acid (LPA) [14],
and to VEGF-driven angiogenesis [24]. These data suggest that
pharmacologic inhibition of one or the other Rho kinase isoform may
be sufficient to obtain relevant therapeutic results. Thus far,
however, only few isoform-specific inhibitors have been developed,
all of them being directed against ROCK2, among them SLX-2119
[25]. To assess the role of ROCK2 in microvascular endothelial cell
motility in different in vitro model systems, we used the selective
inhibitor SLX-2119 as well as selective inhibition of ROCK2 by siRNA,
and compared it to the non-selective inhibitor H1152.

Our data provide evidence for an increase in endothelial
directional cell motility when both Rho kinase isoforms are
inhibited. Depending on the model system, a somewhat smaller
increase in cell motility was also achieved by selective inhibition of
ROCK2. We also show that the effect of ROCK inhibition was
dependent on the adhesion status of the endothelial cells:
enhanced cell migration was only seen when the cells were not
yet firmly attached to the extracellular matrix.

2. Materials and methods

2.1. Cell culture

The murine glomerular microvascular endothelial cell line
(glEND.2) was kindly provided by R. Hallmann (Muenster,
Germany). Cells were characterized by positive staining for typical
endothelial cell markers MECA-32 and CD-31, and the lack of
staining of mesangial cell markers such as a-smooth muscle actin
and a8-integrin, as well as epithelial cells markers such as WT-1
and cytokeratin [26]. Cells were cultured at 37 8C and 7.5% CO2 in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FCS
and routinely split in a 1:5 ratio as described previously [27].

2.2. Western blot analysis

For inhibitor experiments, glEND.2 cells were pretreated for
30 min with H1152 (0.75–1.5 mM) or SLX2119 (1 mM) at 37 8C,
followed by incubation with LPA (10 mM) at 37 8C for the indicated
times. Cells were lysed in buffer containing 50 mM Hepes (pH 7.4),
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10% glycerol, protease
inhibitor cocktail Complete (Roche Diagnostics GmbH, Mannheim,
Germany) and 2 mM Na3VO4 for the detection of connective tissue
growth factor (CTGF) in cellular homogenates. For the detection of
pMYPT, cells were lysed in buffer containing phosphate buffered
saline (PBS), 4% SDS and 1 mM NaF. In order to detect VE-cadherin,
cells were lysed in buffer containing 6.65 M urea, 10% glycerol, 1%
SDS, 10 mM Tris (pH 6.7) and 2.5 mM DDT.
Proteins were separated by SDS-PAGE and transferred onto
PVDF membranes by standard protocols. The following antibodies
were used: goat polyclonal anti-CTGF (SC-14939), rabbit poly-
clonal anti-vinculin (SC-5573), rabbit anti-ROCK2 (SC-5561),
peroxidase-conjugated donkey anti-goat IgG (SC-2020) and goat
anti-rat IgG (SC-2006, Santa Cruz Biotechnology, Heidelberg,
Germany). Rabbit anti-pMYPT (Thr853) (#4563) was from Cell
Signalling (Danvers, MA, USA). Rat anti-VE-cadherin (#14-1441)
was obtained from eBioscience (San Diego, CA, USA), mouse
monoclonal anti-tubulin (T0198) from Sigma (Munich, Germany),
sheep anti-mouse IgG (NA931V) and donkey anti-rabbit IgG
(NA934V) secondary antibodies from Amersham Biosciences
(Freiburg, Germany).

Immunoreactive proteins were visualized by the enhanced
chemiluminescence detection system (ECL-Plus, Amersham).
Immunoreactive bands were quantified using the luminescent
image analyzer (LAS-1000 Image Analyzer, Fujifilm, Berlin,
Germany) and AIDA 4.15 image analyzer software (Raytest, Berlin,
Germany). To correct for equal loading and blotting, all blots were
redetected with antibodies directed against vinculin or tubulin. For
quantification purposes, the ratio of the specific protein band and a
control protein was calculated.

2.3. Immunocytochemistry

glEND.2 cells were fixed with 3.5% paraformaldehyde in
Dulbecco’s PBS (140 mM NaCl, 2.68 mM KCl, 1.47 mM KH2PO4

and 8.1 mM Na2HPO4) for 10 min, or for BrdU-staining with 2.3 M
HCl in 99.9% C2H5OH for 24 h. Afterwards, cells were permeabi-
lized by 0.2% Triton X-100 in PBS for 10 min. Cells were incubated
at 4 8C with primary antibodies against Hic-5 (1:200, #611165, BD
Biosciences, Bedford, MA, USA) or VE-cadherin (1:25, #14-1441,
eBioscience, San Diego, CA, USA) or BrdU (1:20, #347580, BD
Bioscience, Bedford, MA, USA) overnight, and with secondary
antibody (1:500, Alexa Fluor1 488 anti-mouse A21202 or 488 anti-
rat A11006, Molecular Probes, Eugene, OR, USA) for 45 min. F-actin
was stained by incubation with Alexa Phalloidin 547 (FP-AZ0330)
or 505 (FP-AZ0130, Interchim SA, Montlucon, France) for 20 min.
Nuclei were stained with Hoechst (Sigma–Aldrich, St. Louis, MO,
USA). After mounting, slides were viewed using a Nikon fluores-
cence microscope. Digital images were recorded using Spot
imaging software (Diagnostic Instruments, MI, USA).

All stainings shown are representative for at least 3 indepen-
dent experiments.

2.4. siRNA transfection

To down-regulate ROCK-2 expression, endothelial cells
(glEND.2) were transfected with ROCK-2 siRNA, 50 nM (#1: sense
50-GCA-GCA-CGG-UUA-AGA-AAA-A-30; #2: sense 50-GGA-GAU-
UAC-CUU-ACG-GAA-A-30), or CTGF siRNA (sense 50-GUG-AGA-
ACG-UUA-UGU-CAU-30) or an irrelevant siRNA (50-GGA-UGG-
CAU-CUC-GGA-GCU-C-30) 3 h after seeding using HiPerFect
(QIAGEN GmbH, Hilden, Germany) according to the manufac-
turer’s instructions. Experiments were performed 48 h after
transfection.

2.5. Migration assays

Lateral migration assays were performed as described in Ref.
[28].

Cell spheroids (400 cells per spheroid) were created using the
hanging drop method [29]. In brief, cells were suspended in DMEM
with 0.24% methylcellulose. Cell suspension drops (400 cells/
25 ml) were deposited onto the underside of the lid of a tissue
culture dish. The lid was inverted and incubated overnight at 37 8C.
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For the spheroid migration assay, single spheroids were
deposited separately on fibronectin-coated glass plates and
stimulated as described in Section 3. To determine cell prolifera-
tion, spheroids were incubated with BrdU for the last 3 h. After
24 h, cells were fixed with 3.5% paraformaldehyde. F-actin and
nuclei were stained for quantification purposes to determine area
and cell numbers of at least 6 spheroids per experimental group
using ImageJ software.

Collagen-1 gel matrices were prepared by mixing a collagen
solution (2 mg/ml collagen-1 in Earle’s BSS, pH 7.2–7.6) with
methylcellulose (1% in DMEM with 20% FCS) at a ratio of 1:1.
300 ml of the matrix per well were allowed to polymerize for
30 min at 37 8C. Afterwards, 30–50 spheroids were mixed with
unpolymerized matrix solution and plated on top of the polymer-
ized collagen-1 gel. Spheroids were incubated at 37 8C with 7.5%
CO2 and observed for 6 days. Phase contrast images were taken of
10 spheroids each well every day. Sprout length and number of
intact sprouts from 8 to 10 spheroids per experimental group and
experiment was measured using ImageJ software.

2.6. Live cell imaging

Cell spheroids were monitored with an inverted microscope
(Leica DMI3000B) in phase contrast mode using a 20 � 0.4 NA
objective with a 0.5� video coupler. The microscope was
equipped with an incubation chamber to maintain the spheroids
at 37 8C and 7.5% CO2. Images were taken every 350 s over a time
period of up to 24 h. Cells moving out from the spheroid bodies
were tracked with a custom image processing software written in
MatLab. Starting from the last image of a sequence, a square region
measuring 7 mm � 7 mm was manually selected around the
center of each cell. Going back in time, the movement of this
region in all the preceding images was then obtained from a cross
correlation analysis until the cell could no longer be tracked either
because it merged with the spheroid body, or it underwent a cell
division.

From the cell trajectories, the mean square displacement (MSD)
was calculated [30]. As the MSD between cells shows a log-normal
distribution, the geometric mean and geometric standard error
were computed. We also computed for the trajectory of each cell a
power-law fit of the form MSD = D � (Dt/Dt0)

b
, with D denoting

the apparent diffusivity (the MSD at the reference time
Dt0 = 1 min), and b denoting the power-law exponent. The time
interval Dt ranged from 350 s to 930 min. D characterizes the speed
of cell movements at short time intervals, and b characterizes the
persistence of cell movement at long time intervals [31]. b
typically ranges from a value of 1 for randomly migrating cells to a
value of 2 for persistent, ballistically migrating cells [31].

For each trajectory, we also computed the turning angle of cell
movement between subsequent time intervals ranging again from
350 s to 930 min [31]. A mean of the absolute value of the turning
angle around zero characterizes persistent motion, and a value of
908 characterizes random motion.

From the position of the cells we also computed the smallest
circle enclosing all cells of a spheroid by finding the maximum
circumcircle of any combination of three cell positions. The radius
of the smallest circle enclosing all cells versus time (from 350 s to
930 min) characterizes the motion of the outermost cells of the
spheroid.

2.7. Data analysis

Data are presented as means � SD or SEM of n independent
experiments as detailed in the legends. If not indicated otherwise, an
ANOVA with Tukey–Kramer multiple comparison or a Dunnett post

hoc test was used to compare multiple measurements (Prism
GraphPad Software, La Jolla, CA, USA). Student’s t-test was used to
compare two groups. A p-value < 0.05 was considered significant.

2.8. Materials

Cell culture materials were purchased from PAA Laboratories
(Pasching, Austria). The following biochemicals were used:
lysophosphatidic acid and 5-bromo-20-deoxyuridine, (BrdU) (Sig-
ma–Aldrich, Munich, Germany), dimethyl-oxalylglycine (DMOG,
Axxora, Lörrach, Germany); (S)-(+)-2-methyl-1-[(4-methyl-5-iso-
quinolinyl)sulfonyl]-homopiperazine [32] (ALX-270-423-M001,
Alexis Biochemicals, Grünberg, Germany), collagen-1 (#5005-B
Pure Col, 3 mg/ml, Advanced Bio Matrix, San Diego, CA, USA),
methylcellulose 4000 (Fluka, Sigma–Aldrich, Munich, Germany).
SLX2119 was kindly provided by Surface Logix, Brighton, MA, USA.

3. Results

3.1. Inhibition of ROCK2 is sufficient to reduce p-MYPT

phosphorylation

To characterize Rho kinase inhibitors in glEND.2 microvascular
endothelial cells, phosphorylation of MYPT, a subunit of myosin
light chain phosphatase and direct target of Rho kinases, was
detected by Western blot analysis. Incubation of the cells with the
non-selective inhibitor of both Rho kinase isoforms H1152 or the
selective ROCK2 inhibitor SLX2119 for 2 h inhibited phosphoryla-
tion of MYPT in a concentration dependent manner (Fig. 1A).
Concentrations of 1 mM SLX2119 and 1.5 mM H1152 inhibited
phosphorylation of MYPT by about 80% and were chosen for
further experiments.

Downregulation of ROCK2 was achieved with two different
siRNAs, which had no effect on ROCK1 (Fig. 1B). ROCK2 protein
expression was reduced to 44 � 16%, mean � SD of n = 6 experi-
ments with 2 different siRNAs each. Specific downregulation of
ROCK2 resulted in a marked decrease in MYPT phosphorylation. For
comparison, cells treated with a non-functional siRNA were
incubated with H1152 (Fig. 1B).

As a functionally relevant target protein we measured the
expression of connective tissue growth factor, a matricellular
protein that is critically dependent on RhoA–ROCK signaling and
alterations of the actin cytoskeleton [33,34]. CTGF synthesis was
stimulated in glEND.2 cells using lysophosphatidic acid [35]
(Fig. 1C). Non-selective ROCK inhibition with H1152 reduced basal
CTGF expression and prevented CTGF induction by LPA above basal
levels of control cells. Selective targeting of ROCK2 by the selective
inhibitor SLX2119 showed a tendency to reduced CTGF expression
but did not reach statistical significance. Higher concentrations of
SLX2119 did not further reduce CTGF induction (data not shown).
Short term inhibition of one Rho kinase isoform was thus not
sufficient to interfere with CTGF expression. By contrast, long term
reduction of ROCK2 expression by specific siRNAs significantly
reduced CTGF protein expression, even though the siROCK2
knockdown was not complete (Fig. 1D).

3.2. Inhibition of Rho kinases does not affect lateral migration of

microvascular endothelial cells

In previous experiments we have shown that inhibitors of Rho
kinases strongly stimulated lateral migration of epithelial cells
[36]. Accordingly, we used wound healing scratch assays and
barrier assays to analyze lateral migration of glEND.2 cells. Unlike
the scratch assay, the barrier assay keeps the extracellular matrix
intact. Over a time period of 24 h, glEND.2 cells very slowly moved
into the open space (Fig. 2A). To induce pro-migratory factors such
as VEGF, cells were incubated with DMOG (1 mM), which by



Fig. 2. Inhibition of Rho kinases does not affect lateral migration of glEND.2 cells. (A) glEND.2 cells were seeded around a barrier and allowed to become confluent. Upon

removal of the barrier, cells were treated with DMOG (1 mM) or H1152 (1.5 mM) as indicated. Images were taken at the same positions at time 0 and 24 h. (B) Migration

velocity was calculated by measuring the open space between the cell boundaries. Data of 4 independent experiments of cells migrating on glass or fibronectin are

summarized in the graph. Migration velocity of control cells was set to 1. *Indicate significant (p < 0.05) differences compared to control cells.

Fig. 1. Characterization of Rho kinase inhibitors in microvascular endothelial cells. (A) glEND.2 cells were incubated with Rho kinase inhibitors H1152 or SLX2119 for 2 h as

indicated. Phosphorylation of MYPT at threonine 853 was detected by Western blotting. The ratio p-MYPT to house keeping protein was determined densitometrically. To

compare different experiments, expression in control cells was normalized to 1. Mean � SD of 3 experiments are summarized in the graph. (B) glEND.2 cells were transfected

with two different siRNAs selective for ROCK2 (R2-1, R2-2) or control siRNA. Expression of ROCK1, ROCK2 and p-MYPT was detected by Western blotting. Blots representative of 3

independent experiments are shown. (C) glEND.2 cells were treated with H1152 (1.5 mM) or SLX2119 (1 mM) for 30 min and then further incubated with LPA (10 mM) for 2 h. Cell-

associated CTGF was detected by Western blotting. Expression of CTGF was related to tubulin or vinculin expression, and normalized to LPA-stimulated cells. Data are means � SD of

3 independent experiments; ***Indicate significant (p < 0.001) differences compared to LPA-stimulated cells. (D) glEND.2 cells were treated with siRNA against CTGF, control siRNA

(Co) or siRNAs against ROCK2. ROCK2 and CTGF were detected by Western blotting. Expression of CTGF was related to tubulin or vinculin expression, and normalized to LPA-

stimulated cells. The graph summarizes the data of 4 independent experiments; means � SD, **p < 0.01, ***p < 0.001 compared to LPA-stimulated cells.

J. Breyer et al. / Biochemical Pharmacology 83 (2012) 616–626 619
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inhibition of prolyl hydroxylases stabilizes hypoxia inducible
factor and thus activates endothelial cells [37]. Treatment with
DMOG only slightly stimulated migration velocity of the cells
(about 25%, n = 4, p < 0.05 compared to control, Fig. 2B). The
increase was independent of proliferation as DMOG decreased
rather than increased proliferation of glEND.2 cells (data not
shown). Surprisingly, incubation with the Rho kinase inhibitor
H1152 did not significantly alter lateral migration of control cells
or stimulated endothelial cells. Cells seeded on fibronectin
migrated somewhat faster than cells on glass (data not shown)
but treatment with H1152 and/or DMOG showed comparable
effects (Fig. 2B).

The lateral migration assay was therefore not suitable to
investigate ROCK-specific effects in glEND.2 cells, presumably
because cell–matrix adhesion together with cell–cell adhesions
were too strong and prevented sufficient movement of the cells.

3.3. Rho kinase inhibitors increase directional motility of endothelial

cells from spheroids

In order to facilitate migration to a degree that would allow us
to study ROCK-specific effects, glEND.2 cells were organized into
spheroids over night and were then plated on glass plates coated
with fibronectin. Approximately 2 h after adherence, cells started
to migrate radially from the spheroids. Most of the cells remained
Fig. 3. Increased cell motility upon inhibition of Rho kinases. (A) Spheroids of endothelia

plates cells were treated with H1152 (1.5 mM). After 24 h F-actin fibers were visual

quantification purposes at least 6 spheroids were analyzed and the data of 3 independent

test. Proliferation was determined as ratio of BrdU-labeled cells to total cells.
attached to each other with only few cells loosing contact (Fig. 3A).
Radial cohesive migration of endothelial cells from the spheroids
was quantified by measuring the area covered by migrated cells,
and the number of cells that have migrated away from the spheroid
body (Fig. 3B). Incubation of spheroids with H1152 at the time of
plating stimulated cell migration. A comparable increase was
observed when the spheroids were plated on glass or on
fibronectin, suggesting the effects of the Rho kinase inhibitor
were largely independent of cell interaction with specific
extracellular matrix proteins. We also confirmed by bromodeox-
yuridine incorporation that the increase in cell numbers outside
the spheroid body was not caused by H1152-induced proliferation
of glEND.2 cells. Furthermore, increased migration was also
observed even when cell division was inhibited by incubation
with dichlorobenzimidazole riboside (DRB) (data not shown).

In order to further characterize cell movement, live cell imaging
of cells migrating from spheroids was performed. Cells from 11
spheroids, 6 untreated controls and 5 after H1152 treatment,
showed pronounced differences in their migration behavior (Fig. 4A/
B). The mean square displacement of both untreated and treated
cells followed a power-law in time (Fig. 4C). The MSD was larger for
untreated cells at small time lags. At larger time lags, however, the
MSD of the H1152-treated cells exceeded that of control cells
(Fig. 4C) due to their larger power-law exponent (larger slope of the
MSD, Fig. 4C inset). The differences in the MSD slope suggest that
l cells were generated as described in Section 2. Upon plating on fibronectin-coated

ized with rhodamine-phalloidin, and nuclei were stained with Hoechst. (B) For

 experiments were summarized as means � SEM, **p < 0.01, two tailed one sample t-



Fig. 4. Live cell imaging of spheroid migration. (A) Phase contrast images of spheroids and cell trajectories (red, control cells, blue H1152-treated cells) after 15 h. The smallest

circle encompassing the cells is shown in black. Scale bar: 100 mm. (B) Average radius of the smallest circle enclosing all cells of a spheroid versus time, normalized to the

spheroid radius at the beginning of the experiment. Data are mean values � SEM (shown as shaded areas) of 665 control cells analyzed in 6 spheroids from 3 independent

experiments, and 728 H1152-treated cells analyzed in 5 spheroids from 3 independent experiments. As the radius of the smallest circle is determined by a few cells at the periphery

(B and C), the loss of cell trajectories e.g. during division can lead to sudden jumps in the curves. (C) Mean squared displacement (MSD) versus time in control cells (red, n = 665) and

H1152-treated cells (blue, n = 728). The standard error of the geometric mean is smaller than the line width of the curves. Inset: power-law exponent b. (D) Average turning angle

magnitude of H1152-treated and control cells at different time intervals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

the article.)

J. Breyer et al. / Biochemical Pharmacology 83 (2012) 616–626 621
control cells moved more randomly, whereas H1152-treated cells
moved more directionally persistent. This was confirmed by
computing the turning angles of the cell trajectories as a function
of the time lag (Fig. 4D). This difference in directional persistence of
cell migration was mirrored by differences in cell shape. H1152-
treated cells continuously changed their morphology by extending
long protrusions that were absent or less pronounced in control cells
(time lapse images, Supplementary Fig. 1).

3.4. Reorganization of proteins mediating cell–cell and cell–matrix

interactions

Interference with RhoA–ROCK signaling altered the cytoskeletal
architecture of the endothelial cells. Cell spanning F-actin stress
fibers were reduced whereas the dense network of F-actin fibers
below the nuclei remained unaltered. These changes were most
obvious in leading cells and those, which separated from the
coherent cells (Fig. 5A).

To address the possibility that cell–matrix interaction were
reduced after ROCK inhibition, we analyzed Hic-5, a focal adhesion
protein which has been shown to contribute to cell–matrix
interactions in microvascular endothelial cells [38]. Hic-5 staining
in focal adhesions was strongly reduced after ROCK inhibition in
the leading cells of spheroids plated on fibronectin and also in cells
that migrated as single cells, indicative of reduced interactions
with the underlying matrix (Fig. 5A).

Inhibition of Rho kinases reduced cell–cell interactions leading
to open gaps between the cells. Therefore, we tested whether Rho
kinase inhibitors affected the expression or localization VE-
cadherin, the major cell–cell adhesion molecule in endothelial
cells. In control cells, VE-cadherin was detected at the cell–cell
boundaries forming a rather uniform connection between neigh-
boring cells (Fig. 5B). As cells separated upon treatment with
H1152, VE-cadherin staining was interrupted. This reorganization,
however, was not accompanied by a reduction of VE-cadherin
expression. When analyzed by Western blotting, H1152-treated
cells showed a tendency to higher rather than lower expression of
VE-cadherin (Fig. 5C).

3.5. Role of ROCK2 in spheroid migration

Inhibition of ROCK2 activity after plating of the spheroids did
not significantly increase the area covered by migrating cells (data
not shown) but altered cell morphology toward a more irregular
shape (Fig. 6A). Cells showed pronounced F-Actin lamellipodia, and
cell to cell contacts were loosened. Individual cells separated and
migrated extending long protrusions.

Downregulation of ROCK2 by siRNA did not impair the formation
of spheroids. However, the size of the spheroids was reduced as
determined by the area covered when spheroids attached 3 h after
seeding (Fig. 6B). When corrected for the reduced spheroid size, the
area covered by migrating cells was significantly increased (Fig. 6B).
siRNA-treated cells lost F-actin bundles located below the lamelli-
podia, whereas lamellipodia stained strongly for F-actin (Fig. 6C). As
shown for SLX2119-treated cells, tip cells separated more easily
from the cells migrating as cohort.

3.6. Inhibition of Rho kinases increases endothelial cell motility in

collagen-1 gels

Embedding of spheroids into collagen-1 gels is often used as a
model system for vessel sprouting. In contrast to HUVEC,



Fig. 5. Reorganization of proteins mediating cell–cell and cell–matrix interaction by Rho kinase inhibition. (A) glEND.2 cells were allowed to migrate from spheroids on

fibronectin-coated plates for 24 h. Cells were stained for F-actin and the focal adhesion protein Hic-5. Scale bar: 30 mM. (B) VE cadherin and F-actin fibers were visualized in

glEND.2 cells treated with H1152 (1.5 mM) for 24 h. (C) VE cadherin protein expression was analyzed in cells treated with H1152 (1.5 mM) for 24 h. Expression of VE cadherin

was related to tubulin or vinculin expression, and normalized to control cells. Data are means � SD of 3 independent experiments. Scale bar: 20 mM.
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unstimulated glEND.2 spheroids did not show signs of sprouting in
collagen-1 gels (Fig. 7A). After treatment of the spheroids with
H1152 or SLX2119 for 2 days, however, single cells separated from
the spheroid body and migrated radially into the gel.

Incubation of the spheroids with DMOG to induce VEGF and
other growth factors resulted in sprout formation after 3 days of
culture. This was observed with isolated spheroids and was further
promoted by paracrine interactions between neighboring spher-
oids (Fig. 7B). Immunocytochemical analysis revealed a chain-like
migration of endothelial cells rather than the formation vessel-like
structures (Fig. 7B). When these spheroids were now treated for
24 h with H1152 or SLX2119, the number of chain-like sprouts was
reduced (Fig. 7C). Cells lost contact with their neighbors (examples
are indicated with arrows) and migrated as single cells. After
prolonged incubation with the inhibitors for 2–3 days, the single
cells started to reorganize into network-like structures (Fig. 7D)
indicating that they were viable and functionally intact. Loss of
contact and network formation was not observed in the absence of
Rho kinase inhibitors where cells remained in a chain-like
configuration.

4. Discussion

In this study we provide evidence that inhibition of Rho kinases
favors structural alterations of microvascular endothelial cells and
enhances their directional motility. Selective inhibition of ROCK2
mimicked the effect of non-selective Rho kinase inhibition but was
less efficient in most assays.
Inhibition of Rho kinases reduced intracellular stress fibers
without affecting the formation of lamellipodia in leading cells
migrating off spheroids. Rho kinases stimulate actin-mediated
contractility by increasing phosphorylation of myosin light chain,
either by direct phosphorylation or more importantly by inhibiting
myosin phosphatase [39]. Inhibition of Rho kinases, however, does
not fully abolish contractility, because active MLC kinase (MLCK)
may counteract Rho kinase inhibitors [40]. Inhibition of Rho
kinases in microvascular glEND.2 cells reduced cellular stiffness
and allowed the cells to alter their cell shape more easily best seen
by time lapse imaging. Furthermore, cell to cell contacts were
loosened, as demonstrated by the reduced cortical F-actin and the
separation of the VE-cadherin-rich regions at cell–cell adhesions.

The change in motility after ROCK inhibition depended on the
cellular microenvironment. When glEND.2 cells were plated on a
stiff extracellular matrix such as coated glass, they adhered
strongly to the substratum and formed tight bonds between cells.
Under these conditions, inhibition of Rho kinases did not markedly
alter cell migration. This finding may in part explain why Rho
kinase inhibitors can be used in patients without severe side effects
[41]. Endothelial cells in an intact vessel seem to be protected
against disturbances of their cytoskeleton by Rho kinase inhibition
at least in the absence of additional factors such as increased shear
stress or injury.

In spheroid migration assays, newly formed cell–matrix
interactions are essential for the movement of the cells. Comparing
monolayer cultures and spheroid migration, Larsen et al. [42]
observed coherent migration of carcinoma cells in a wound healing



Fig. 6. Downregulation of ROCK2 facilitates endothelial cell movement. (A) Alterations of F-actin fibers by SLX2119 (1 mM) are shown in glEND.2 cells migrating from

spheroids. Scale bar: 20 mM. (B) glEND.2 cells were treated with siRNAs during the period of spheroid formation. The area covered by the spheroid body was determined 3 h

after plating und taken as a measure of spheroid size (spheroid). After 24 h, the area covered by migrating cells was determined and related to the area covered by the

spheroids at 3 h (area). *Indicates significant (p < 0.05) differences, n = 4, 1 sample t-test. (C) Representative images of migrating endothelial cells stained for F-actin. Scale

bar: 20 mM.
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assay and formation of a scattered pattern upon movement from
spheroids. In our experiments, glEND.2 cells that separated from
the spheroid body migrated radially outward and formed circular
monolayers. Upon Rho kinase inhibition, cell–cell contacts were
loosened and the radial outward movement became more
directionally persistent. Most strikingly, migrating single glEND.2
cells showed altered cell morphology in the presence of Rho kinase
inhibitors with long extensions protruding into different direc-
tions. Spheroid migration thus represents an in vitro model system
for flexible endothelial cells, which are loosely attached to each
other and to the extracellular matrix and therefore resemble cells
of newly forming vessels. In line with these findings, formation of
tumor vessels has been shown to be interrupted by fasudil [43].

Our data from microvascular cells agree well with results from
HUVEC or aortic endothelial cells that are derived from large
vessel. Downregulation of RhoA–Rho kinase in these cells
promoted cell spreading and cell migration [17,44]. Moreover,
high levels of activated Rho kinase were reported to be important
to stabilize established sprouts by stabilization of VE-cadherin
through F-actin fibers [17,44].

The increased motility of endothelial cells after ROCK inhibition
does not necessarily prevent network formation. After long term



Fig. 7. Rho kinase inhibition interferes with chain migration of glEND.2 cells in collagen-1 gels. (A) Spheroids were embedded in collagen-1 gels and treated with H1152

(1.5 mM) or SLX2119 (1 mM). Photos were taken after 2 days and are representative of 3 independent experiments. Scale bar: 50 mM. (B) Spheroids were treated with 1 mM

DMOG for 3 days to induce sprouting. To visualize cell structures cells were stained with rhodamine-phalloidin and Hoechst after fixation. (C) Individual spheroids without

close neighbors were imaged 3 and 4 days after embedding in collagen gels. H1152 (0.75 mM) and SLX2119 (1 mM) were added at day 3 for 24 h. The number of intact sprouts

of at least 7 spheroids was counted in 4 independent experiments. The number of sprouts was set to 1. Data are depicted as means � SEM. The graph summarizes as

means � SEM; **Indicates significant (p < 0.01) differences compared to control. Scale bar: 50 mM. (D) Spheroids were cultured until day 6. At this time individual cells reorganized

into structures. Representative data of cells treated with H1152 and SLX2119 are shown. Scale bar: 50 mM.
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culture in collagen gels, glEND.2 cells with reduced Rho kinase
activity formed networks of previously single cells. We speculate
that the lower adhesiveness of the cells in the soft matrix allowed
them to move and reorganize more readily. An earlier study that
reported increased tube organization after Rho kinase inhibition
with Y27632 in VEGF-stimulated human foreskin microvascular
endothelial cells grown in a fibrin matrix also attributed their
results to a lower adhesiveness [20]. Similarly increased cumula-
tive sprout length was observed in VEGF-treated HUVEC upon
incubation with H1152 [16].

In this study we also tested the effect of a selective inhibitor
of the Rho kinase isoform ROCK2 as opposed to other inhibitors
such as Y27632, hydroxyfasudil or H1152 that target both
kinase isoforms and differ only in their inhibition profile
against several other kinases [6]. Selectivity of Rho kinase
inhibitors can easily be determined with purified enzymes,
whereas the assessment of specificity in cellular systems is
difficult because of the lack of specific substrates. Selectivity of
SLX2119 has been reported to be 200-fold for ROCK2 over
ROCK1 (IC50 105 nM for ROCK2 and 24 mM for ROCK1) [25]. In
our cells, 1–2 mM SLX2119 was sufficient to inhibit phosphory-
lation of the direct substrate of Rho kinases, MYPT. Based on the
analyses of Boerma et al. [25], these concentrations are unlikely
to inhibit ROCK1.
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The ROCK2 selective inhibitor SLX2119 has been reported to
down-regulate CTGF in activated vascular smooth muscle cells
isolated from human intestine with radiation-induced fibrosis
[25], when the cells were incubated for 24 h with high
concentrations of the inhibitor (40 mM), which were above the
IC50 of ROCK1. In our experiments, short term inhibition of ROCK2
signaling by 1 mM SLX2119 was not sufficient to suppress LPA-
mediated upregulation of CTGF even though the activity of Rho
kinases was strongly inhibited as shown by impaired MYPT
phosphorylation. Interestingly, we observed inhibition of CTGF
induction when ROCK2 expression was reduced by siRNA. Specific
binding proteins of ROCK2 have been described [45,46] and may
contribute to the difference between inhibition of ROCK2 activity
and reduced protein expression.

ROCK2 inhibition mimicked most but not all effects of the non-
selective inhibitor H1152 as regards alterations of the cytoskeleton
and alterations of cell motility, suggesting a predominant role of
ROCK2 in endothelial cells. This notion is supported by the
identification of ROCK2 as a mediator of LPA-induced expression of
cell adhesion molecules in HUVECs [14]. Furthermore, ROCK2
plays a predominant role in regulating vascular contractility, as
only ROCK2 can physically interacted with MYPT (=MBS, myosin
binding subunit) [45]. However, in contrast to multiple in vivo

studies, which have shown non-selective Rho kinase inhibitors as
potential drugs for the treatment of various diseases, among them
vascular diseases and atherosclerosis [5,8,10], in vivo data on the
potential benefits of selective ROCK2 inhibitors is missing. ROCK2
�/� mice survive when generated in an appropriate background,
but have not yet been tested in cardiovascular disease models [46].
Further in vivo studies are needed to clarify the role of ROCK2 as a
potential therapeutic target.

Even though the basic molecular mechanisms of Rho kinase
inhibitors are well established, the functional outcome of ROCK
inhibition strongly depends on the cell type and the microenvi-
ronment. By comparing a wound healing and spheroid-collagen
migration assays, we provide evidence that cellular responses to
Rho kinase inhibition differ, depending on the model system used.
Additional levels of complexity have to be considered when
extrapolating from in vitro results to potential in vivo application of
Rho kinase inhibitors as drugs. Microvascular endothelial cells
differ from macrovascular endothelial cells in their phenotype (e.g.

Ref. [47]). Whether they also differ in their response to ROCK
inhibition is currently debated. Additional stimuli, which interfere
with ROCK signaling pathways such as soluble mediators or
mechanical stress can differ throughout the vasculature. In vivo

experiments will be needed to analyze the impact of increased
cellular flexibility and directional motility after ROCK inhibition.

In summary, inhibition of Rho kinases by non-selective
inhibitors such as H1152 increases directed cellular motility and
decreases cell–cell attachment of microvascular endothelial cells.
Cell motility is also increased after inhibition of only one Rho
kinase isoform, ROCK2, which suggests ROCK2 as potential drug
target for controlling endothelial cell migration and structure
formation.
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