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Abstract 
 
Previous studies have elucidated that Rho kinase has a dual role in 
regulating endothelial barrier integrity. Here, we investigate whether these 
opposing activities of Rho kinase could be explained by the individual 
contributions of the Rho kinase isoforms ROCK-I and ROCK-II to endothelial 
hyperpermeability responses. 
ROCK-I or ROCK-II were studied utilizing a siRNA approach for selective 
downregulation of expression of either isoform. Alternatively, the effects of 
the ROCK-II-specific pharmacological inhibitor Slx-2119 were compared to 
the effects of the pan-Rho kinase inhibitors Slx-3242 and Y-27632. 
Endothelial hyperpermeability was evoked in vitro by thrombin and in the 
intact lungs of untreated and siRNA-treated mice with TFLLRN, an agonist of 
the thrombin receptor PAR1. Endothelial barrier integrity was evaluated by 
trans-endothelial electrical resistance or by passage of HRP across cultured 
human umbilical vein endothelial cells and in vivo by Evans blue dye 
extravasation and wet-dry weight ratios of isolated lungs. 
ROCK-II, but not ROCK-I siRNA attenuated thrombin-induced endothelial 
hyperpermeability in vitro. Combined ROCK-I/II siRNA treatment further 
reduced the effect of thrombin, but also severely interfered with baseline 
permeability. Slx-2119 inhibited thrombin-induced permeability, but the non-
selective Rho kinase inhibitors were more effective. Interestingly, Slx-2119 
reduced formation of gaps between ECs, but had no effect on morphology  
of thrombin-induced  F-actin  stress  fibers. In vivo, siRNA treatments did not 
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affect baseline permeability. ROCK-II siRNA reduced pulmonary 
hyperpermeability by about 50% whereas combined ROCK-I/II siRNA 
treatment, similar to Y-27632, almost completely prevented the permeability 
response to TFLLRN. 
These data indicate that ROCK-II is dispensable for basal endothelial barrier 
integrity, and is the primary Rho kinase isoform mediating thrombin-induced 
endothelial barrier dysfunction. However, both ROCK-I and ROCK-II are 
required for a full thrombin-induced vascular hyperpermeability response. 
Remarkably, Rho kinase inhibition in vivo is more effective than in vitro in 
counteracting PAR1-mediated endothelial hyperpermeability, thus providing 
an attractive approach for future anti-vascular leakage therapy.   
 
Introduction 
 
A hallmark of numerous pathologies including myocardial infarction, 
atherosclerosis, diabetes and many pulmonary diseases is prolonged 
vascular leakage.1, 2 The extent and severity of vascular leakage is 
controlled by permeability of the endothelial barrier. Endothelial barrier 
function is maintained principally by cytoskeletal elements that determine cell 
shape, facilitate cell adhesion to sub-endothelial matrix, and participate in 
formation of intercellular junctional complexes.3 
Previous studies have shown that Rho kinase is a central mediator of 
endothelial hyperpermeability through modulation of the F-actin 
cytoskeleton. In animal models, inhibitors of Rho kinase successfully 
reduced vascular hyperpermeability induced by vasoactive agents such as 
vascular endothelial growth factor (VEGF), endotoxin (LPS) and thrombin.4-6 
Initial in vitro studies utilizing a dominant-negative Rho kinase approach 
showed a reduction in thrombin-induced endothelial contraction through 
inhibition of the myosin phosphatase.7 Pharmacological inhibition of Rho 
kinase reduced the flux of a tracer molecule across cultured endothelial 
monolayers by about 50%, an effect that was enforced by co-treatment of a 
calcium chelator.8 Together with other reports, these data indicate a close 
interplay between MLCK and Rho kinase in regulating endothelial 
hyperpermeability and suggested myosin phosphatase as the primary target 
in mediating the effects of Rho kinase.7, 9 Interestingly, our recent data 
indicated that, in addition to its induced barrier-disruptive activity at 
contractile F-actin filaments, Rho kinase also has a barrier-protective activity 
at the cell margins, which is involved in maintenance of endothelial barrier 
function, suggesting distinct Rho kinase activities.8  
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Rho kinases are widespread downstream effectors of the Rho GTPases 
RhoA, RhoB and RhoC. Two isoforms of Rho kinase, ROCK-I and ROCK-II, 
encoded by two different genes have been identified.10 ROCK-I and II are 
highly homologous except for their PH domains. Human ROCK-I and II 
share 64% sequence identity with 89% identity in the catalytic domain.11 
In fibroblasts, Yoneda et al. provided evidence that ROCK-I activity is higher 
then ROCK-II activity, although ROCK-II was more abundant.12 In contrast, 
in lung endothelial cells (ECs) Mong and Wang recently showed that ROCK-
II activity is greater then ROCK-I activity, suggesting large regional 
differences in relative ROCK activities.13 ROCK-I is diffusely located in the 
cell, and occasionally observed at F-actin SFs, whereas ROCK-II mainly is 
present at the cell membrane and particularly at ruffles, and is also present 
in perinuclear areas. Rho kinase knockouts have developmental defects; 
ROCK-II-/- mice show a high fetal death rate14, 15 and ROCK-I-/- die early after 
birth,16 but animals that survive develop normally. The developmental effects 
associated with ROCK-I and ROCK-II deficiency have limited the use of 
these animals to evaluate the functions of these molecules in physiology and 
disease in an isoform-specific manner. Also, most pharmacological inhibitors 
lack isoform specificity.  
Analysis of Rho kinase knockout-mice suggested that there is no 
compensation for the loss of either isoform by the other. However, targeting 
Rho kinase isoforms by siRNAs revealed that each isoform was dispensible 
for forming a proper endothelial barrier, whereas targeting both isoforms 
severely disrupted barrier integrity in vitro.8, 13 This suggests that ROCK-I 
and ROCK-II can functionally replace each other mutually. Remarkably, 
single targeting of ROCK-II even improved barrier function.8 This suggests 
that ROCK-II is the isoform that is mainly responsible for the barrier 
disruptive effects of Rho kinase activation. Whether ROCK-I and ROCK-II 
are redundant isoforms in mediating endothelial hyperpermeability 
responses remains to be investigated, but an initial study suggests that this 
might not be the case.13  
Here, we aimed to elucidate which Rho kinase isoforms are involved in 
thrombin-induced endothelial hyperpermeability and whether the distinct 
activities of these isoforms could explain the dual role of Rho kinase in the 
regulation of endothelial barrier function. 
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Materials & Methods 
 
All animal studies (C57/Bl6 mice) were approved by the Institutional Animal 

Care Committee of the University of Illinois.  
 
Materials 
Medium 199 supplemented with 20 mmol/L HEPES, L-glutamine and 
penicillin/streptomycin were obtained from Lonza (Basel, Switzerland); 
newborn calf serum (NBCS) was obtained from Gibco (Grand Island, NY). 
Tissue culture plastics were from Costar (Cambridge, MA). A crude 
preparation of endothelial cell growth factor (ECGF) was prepared from 
bovine hypothalamus as described by Maciag et al.17 Human serum albumin 
(HSA) and human serum were obtained from Sanquin CLB (Amsterdam, 
The Netherlands). Serum was prepared from 10 to 20 healthy donors, 
pooled, heat-inactivated and stored at 4°C. Trypsin was purchased from 
Gibco/Invitrogen (Grand Island, NY), heparin from Leo Pharmaceutical 
Products (Weesp, The Netherlands) Thrombin from Sigma (Missouri, USA). 
Ac-TFLLRNPNDK-NH2 was from Biosource/Invitrogen (Carlsbad, CA). FITC- 
and HRP-labeled secondary antibodies were from Dako (Ostrup, Denmark). 
Rhodamine phalloidin was from Molecular Probes (Eugene, Oregon). 
Antibodies against ROCK-I and ROCK-II were from Santa Cruz 
Biotechnology Inc. (Santa Cruz, CA). Phospho-Ezrin (Thr567)/Radixin 
(Thr564)/Moesin (Thr558)-antibody and pan-Ezrin/Radixin/Moesin (ERM) 
antibodies were from Cell Signaling (Danvers, MA). Slx-2119 and Slx-3242 
were a kind gift from Dr. J. Ellis (Surface Logic, Brighton, MA). Y-27632 was 
obtained from Calbiochem (Amsterdam, The Netherlands). 
 
Cell Culture 
Human umbilical vein endothelial cells (HUVECs) were isolated, cultured, 
and characterized as previously described.18 ECs were cultured on 
fibronectin- or gelatin-coated dishes in Medium 199 supplemented with 
20 mmol/L HEPES (pH 7.3), 10% heat-inactivated human serum, 10% heat-
inactivated NBCS, 40 μg/ml crude ECGF, 2 mmol/L L-glutamine, 5 U/ml 
heparin, 100 IU/ml penicillin, and 100 μg/ml streptomycin at 37°C under 5% 
CO2 /95% air atmosphere. Before all experiments cells were washed once 
with Medium 199 and preincubated for 1 hr in Medium 199 + 1% HSA. 
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HUVEC transfections 
For in vitro studies of RNA interference, transfections were performed with 
ROCK-I– and ROCK-II–validated short interfering (si) RNA duplexes (50 nM) 
or a scrambled non-silencing siRNA as negative control (Santa Cruz 
Biotechnology, Santa Cruz, CA). HUVECs were transfected using Amaxa 
nucleofection according to the manufacturer’s protocol (www.amaxa.com).8 
At 48 hrs after siRNA transfection endothelial barrier function was evaluated 
or cells were harvested to determine the level of ROCK-I and ROCK-II 
proteins by immunoblotting. 
 
Western blotting 
Proteins were separated by gel electrophoresis, blotted onto a nitrocellulose 
membrane, and stained with the indicated primary antibodies. Proteins were 
detected by chemiluminescence according to the manufacturer’s protocol 
(Amersham), and images were obtained using a charge-couple device 
camera (Fuji Science Imaging Systems). Signals were quantified with AIDA 
Image Analyzer software (Isotopenmessgeräte; Staubenhardt, Germany). 
 
Evaluation of the barrier function 
For the evaluation of the barrier function, confluent monolayers of HUVEC 
(first and second passage) were released with trypsin-EDTA and seeded in 
high density on polycarbonate filters of the TranswellTM system coated with 
fibronectin and gelatin, and cultured. Medium was renewed every other day. 
Monolayers were used between 4 and 6 days after seeding. Passage of 
macromolecules across the endothelial monolayers during a one hour-period 
was investigated by assay of the transfer of HRP and was performed as 
described previously.19 Preceding the HRP passage, monolayers were 
preincubated with the Rho kinase inhibitors (10 microM/L) Y-27632, Slx-
2119, Slx-3242 for 30 minutes.  
 
Electrical cell substrate impedance sensing (ECIS) 
ECISTM Model 1600R (Applied BioPhysics, Troy, NY, USA) was used to 
measure transendothelial electrical resistance (TEER) in confluent 
monolayers according to Tiruppathi et al.20 In short, 250 µl of cell suspension 
(8x105 cells per ml) was seeded to each well of an 8W1 ECIS array 

equilibrated with cysteine solution according to the manufacturer’s protocol 
and coated with gelatin. When monolayers reached maximum resistance 
endothelial integrity was measured in real-time as described.  
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3D Digital imaging microscopy 
EC were fixed with 2% formaldehyde in PBS for 10 minutes at room 
temperature, and stained for F-actin with rhodamine-phalloidin. Stained cells 
were washed in PBS and mounted in Vectashield® Mounting medium for 
fluorescence with DAPI from Vector Laboratories, Inc. (Burlingame, 
California, USA). Digital imaging microscopy was performed essentially as 
described before.8 In short, HUVECs were examined with a ZEISS Axiovert 
200 Marianas inverted microscope, equipped with a motorized stage 
(stepper-motor z-axis increments: 0.1 micron). A cooled CCD camera 
[Cooke Sensicam (Cooke, Tonawanda, NY), 1280x1024 pixels] recorded 
images with true 16-bit capability. The camera is linear over its full dynamic 
range (up to intensities of over 4000) while dark/background currents 
(estimated by the intensity outside the cells) are typically <100. Exposures, 
objective, montage, and pixel binning were automatically recorded with each 
image stored in memory. The microscope, camera, data viewing/processing 
were conducted/controled by SlidebookTM software (Intelligent Imaging 
Innovations, Denver, CO). Images were taken with a custom 40x air and 63X 
oil lens (ZEISS).  
 
Liposomal delivery of siRNA in the mouse lung  
Cationic liposomes were made using a mixture of dimethyldioctadecyl-
ammonium bromide (DDAB) and cholesterol in chloroform, as described 
previously.21 Control, ROCK-I or ROCK-II siRNA (75 µg) or ROCK-I + 
ROCK-II (32.5 µg each siRNA) were mixed with 100 µL of liposomes. As the 
ROCK-I and ROCK-II that were used for in vitro studies with human ECs 
were less effective in cultured mouse NIH3T3 cells, we designed new 
siRNAs (siRNA ROCK-I: CUACCACUUUCCUGCCAAUUU and siRNA 
ROCK-II: UGAAGAAAGUCAAGAGAU (Dharmacon, Herlev, Denmark)), that 
resulted in a >90% downregulation of ROCK-I and ROCK-II in vitro. The 
mixture of liposomes and siRNA were injected intravenously (via retro-orbital 
injection) into C57/Bl6 mice. After 48 hrs mouse lungs were used for 
determining lung microvascular permeability or were used for 
immunoblotting and immunohistochemistry analysis.  
 
Assessment of lung capillary leakage  
Evans blue conjugated albumin (EBA) (20 mg/kg) was injected retro-orbitally 
30 minutes before sacrifice to assess vascular leakage as described.22, 23 
Blood was collected from the right ventricle into heparinized syringes and 
plasma was separated by centrifugation at 1,300 x g for 10 minutes. Lung 
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homogenates were prepared as described.23 Lung homogenates and plasma 
were incubated with 2 volumes of formamide (18 hrs, 60ºC), centrifuged at 
5,000 x g for 30 minutes, and the optical density of the supernatant was 
determined spectrophotometrically at 620 nm and at 740 nm (to correct for 
hemoglobin). EBA extravasation is given as lung-plasma ratio.  
 
Lung weight determination  
Left lungs from the same mice used for Evans blue albumin extravasation 
were excised and completely dried in the oven at 60°C overnight for 
calculation of lung wet-dry ratio.24 
 
Statistical analysis 
Comparisons between experimental groups were made by one-way ANOVA 
and student t-test. Differences in mean values were considered significant at 
p <0.05.  
 
Results 
 
Downregulation of ROCK-II, but not ROCK-I attenuates thrombin-enhanced 
endothelial permeability 
 
To downregulate the expression of the Rho kinase isoforms ROCK-I and 
ROCK-II, siRNAs were transfected in HUVECs using Amaxa technology as 
described in Materials & Methods. The efficiency of the transfection was 
monitored by immunoblotting 48 hrs after transfection. A net decrease in 
ROCK protein expression of >90% was observed in ROCK-I-silenced ECs 
and of ~75% in ROCK-II-silenced HUVECs (Figure 1A).  
Phosphorylation of ERM proteins previously has been used as a surrogate 
marker of cellular Rho kinase activity.25, 26 Thrombin enhanced ERM 
phosphorylation by about 2.5-fold (Figure 1B+C). Silencing of ROCK-I had 
no effect on thrombin-induced ERM phosphorylation, whereas ROCK-II 
silencing almost completely prevented the increase in ERM phosphorylation, 
indicating that ROCK-II is the main Rho kinase activated by thrombin in ECs. 
Silencing of both ROCK-I and ROCK-II unexpectedly reduced thrombin-
induced ERM phosphorylation to a lesser extent than silencing of ROCK-II 
alone. 
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Figure 1. Downregulation of ROCK-II, but not ROCK-I attenuates thrombin-enhanced ERM 
phosphorylation. 
  

 
A) Representative Western blot showing changes in the expression of ROCK-I and ROCK-II 48 
hrs after transfection of ECs with ROCK-I or ROCK-II siRNA(s). The blot was probed with 
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ROCK-I (upper panel) or ROCK-II (lower panel) antibodies to verify reduced ROCK expression 
upon siRNA transfection. Each sample was loaded in duplicate. Similar results were obtained in 
8 independent experiments. B) Representative Western blot showing attenuation of thrombin-
induced ERM phosphorylation after silencing of ROCK-II, but not ROCK-I. 48 Hours after 
transfection with the indicated siRNAs ECs were stimulated with thrombin (1 U/ml) for 10 
minutes after which cells were lysed. The blot was probed with a phospho-site specific ERM 
antibody (upper panel) and reprobed with a pan-ERM antibody (lower panel) to verify equal 
loading. C) Quantitative analysis of ERM phosphorylation. Data were corrected for loading 
differences and expressed as a percentage of thrombin-induced ERM phosphorylation. Data are 
the mean + SD of 3 independent experiments. 
 
To evaluate the effects of ROCK silencing on endothelial permeability, ECs 
were grown on porous filters and passage of the tracer molecule HRP was 
assessed (see Figure 2 for a representative experiment). Silencing of 
ROCK-I slightly induced the baseline flux of HRP across endothelial 
monolayers (1.27 ±0.6-fold increase compared to control; 12 filters from 4 
different donors), silencing of ROCK-II reduced basal permeability (0.7 ±0.2-
fold), whereas silencing of both ROCK-I and ROCK-II sharply induced HRP 
flux (2.0 ±0.6-fold).  
 
Figure 2. Downregulation of ROCK-II, but not ROCK-I attenuates thrombin-enhanced 
endothelial permeability. 
 

 
Representative graph showing the effects of ROCK silencing on the passage of HRP across 
HUVEC monolayers under basal conditions and 30 minutes after exposure to 1 U/ml thrombin. 
48 Hours after transfection with the indicated siRNAs, cells were preincubated for 1 hr in 
medium 199 + 1% HSA and cumulative HRP passage over the 30 minutes period in the 
presence or absence of thrombin was measured subsequently as described in Materials and 
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Methods. Values are the mean + SD of 3 filters. Similar results were obtained in 4 independent 
experiments performed in triplicate, see Results section. 
 
The hyperpermeability-inducer thrombin elicited a 7.2 ±0.7-fold increase in 
HRP passage. Silencing of ROCK-I did not affect thrombin-induced 
permeability (103 ±27% of thrombin-induced HRP flux in the absence of 
inhibitors), whereas silencing of ROCK 2 reduced thrombin-induced 
permeability (77 ±15%). Silencing of ROCK-I and ROCK-II further reduced 
thrombin-induced permeability (66 ±16%), and showed an almost similar 
effect as the pharmacological pan-Rho kinase inhibitor Y-27632 (62 ±12%, 
see also figure 3A).  
Taken together, these data indicate that ROCK-I is dispensible for basal 
barrier integrity as well as for thrombin-induced hyperpermeability and that 
activity of ROCK-II contributes to disruption of endothelial barrier integrity.  
 
Pharmacological inhibition of ROCK-II improves endothelial barrier function 
 
To further evaluate the role of ROCK-II in regulation of the endothelial barrier 
function we used a novel ROCK-II-selective inhibitor, Slx-2119, and 
compared the effects of Slx-2119 to the effects of the pan-ROCK inhibitors 
Y-27632 and Slx-3242.27 Slx-2119 was synthesized at Surface Logix 
(Brighton, MA) and dissolved in DMSO to obtain a 20 mmol/L stock solution. 
Slx-2119 and Slx-3242 prevented thrombin-induced ERM phosphorylation to 
a similar extent as Y-27632 (data not shown), indicating that these Slx-
compounds indeed inhibited cellular Rho kinase activity.  
Pretreatment with Slx-2119 reduced thrombin-induced HRP passage to a 
similar extent as silencing of ROCK-II (Figure 3A; 74±12% of thrombin-
induced HRP flux in the absence of inhibitors. 12 filters from 4 different 
donors). Y-27632 and Slx-3242 slightly further inhibited thrombin-induced 
HRP passage (to 62 ±6% and 66 ±12% respectively). 
Alternatively, endothelial integrity was evaluated by measurement of 
transendothelial electrical resistance (TEER) using an electrical cell 
substrate impedance-sensing (ECIS) assay. Incubation for 30 minutes with 
Slx-2119 improved basal barrier integrity as evidenced by an increase in 
baseline resistance (8838 ±604Ω vs 10286 ±905Ω; n=8), whereas the pan-
Rho kinase inhibitors deteriorated endothelial barrier function (6395 ±916Ω 
and 7817 ±632Ω for Y-27632 and Slx-3242 respectively). Pretreatment with 
Slx-2119 attenuated the thrombin-induced drop in TEER. Pretreatment with 
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either Y-27632 or Slx-3242 almost completely prevented the thrombin-
induced decrease in TEER (Figure 3B). 
Thus, specific pharmacological inhibition of ROCK-II has barrier-protective 
effects, further reinforcing the notion that ROCK-II activity deteriorates 
endothelial barrier function. 
 
Figure 3. Pharmacological inhibition of ROCK-II improves endothelial barrier function. 
 

 
A) Effect of Rho kinase inhibitors on the passage of HRP across HUVEC monolayers under 
basal conditions and 30 minutes after exposure to 1 U/ml thrombin. Confluent monolayers were 
preincubated for 1 hr in medium 199 + 1% HSA, pretreated with 10 μM of the indicated Rho 
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kinase inhibitors for 30 minutes. Subsequently, the cumulative HRP passage over a 30 minutes 
period in the presence or absence of thrombin was measured as described in Materials and 
Methods. Values are the mean + SD of 12 filters from 4 independent experiments. B) Effect of 
Rho kinase inhibitors on transendothelial electrical resistance of HUVEC monolayers as 
measured by the ECIS method, see Materials and Methods section. Data are presented as 
normalized values for resistances of each individual well measured at t=0 minutes. Values are 
the mean ± SD of 8 cultures in 2 experiments.  
 
Cytoskeletal effects of ROCK inhibitors 
 
To evaluate the role of ROCK-II in the F-actin cytoskeletal changes 
accompanying endothelial barrier dysfunction, HUVECs were grown to 
confluence on glass cover slips, pretreated with Rho kinase inhibitors for 
30 minutes and subsequently stimulated with thrombin for 30 minutes, 
fixated and stained for F-actin with rhodamine-phalloidin.  
ECs formed a continuous monolayer of closely attached cells. ECs were 
characterized by a cortical F-actin band and the presence of some 
cytoplasmic F-actin fibers (Figure 4). Stimulation with thrombin induced a 
loss of the peripheral F-actin rim, but an overall increase in F-actin staining, 
specifically of F-actin SFs. Pretreatment with Slx-2119 had no obvious effect 
on F-actin organization, both under basal and under thrombin-stimulated 
conditions. Pretreatment with either Y-27632 or Slx-3242 prevented the loss 
of the cortical F-actin band and the formation of F-actin SFs. Thus, ROCK-II 
is dispensible for the formation of F-actin SFs. 
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Figure 4. Effect of Rho kinase inhibitors on thrombin-induced changes in the F-actin 
cytoskeleton. 
 

 
 
Slx-3242 and Y-27632, but not Slx-2119 prevented thrombin-induced cytoskeletal 
reorganization. F-actin staining of HUVECs grown on glass cover slips; cells were countered 
with DAPI (nuclear staining). ECs were preincubated for 1 hr in medium 199 + 1% HSA in the 
absence or the presence of 10 μM of the Rho kinase inhibitors Slx-2119, Slx-3242 and Y-27632 
where indicated and stimulated for 30 minutes with 1 U/ml thrombin or sham-treated. 
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ROCK-II is an important mediator of PAR1-mediated vascular leakage 
 
To evaluate the role of ROCK-I and ROCK-II in thrombin-receptor mediated 
vascular hyperpermeability in vivo, mice were stimulated with the PAR1 
peptide TFLLRN 48 hrs after injection of liposome-conjugated ROCK 
siRNAs. 30 minutes after stimulation with the PAR1 peptide, pulmonary 
microvascular permeability was measured as lung weight/dry ratios and 
Evans-bound albumin extravasation.  
None of the siRNA treatments affected baseline permeability (Figure 5A). 
PAR1 peptide evoked a 2-fold increase in Evans blue extravasation. 
Silencing of ROCK-I had no effect on PAR1-mediated Evans leakage. 
Silencing of ROCK-II halved the permeability response to PAR1 peptide and 
silencing of both ROCK-I and ROCK-II almost completely prevented the 
increase in Evans blue extravasation upon treatment with a PAR1 peptide. 
The pharmacological inhibitor Y-27632 had a similar effect as silencing of 
both ROCK-I and ROCK-II. Lung wet-dry weight ratios showed a similar 
pattern as Evans blue extravasation (Figure 5B).  
In conclusion, these data indicate that ROCK-II is the primary Rho kinase 
involved in the thrombin receptor-mediated vascular hyperpermeability 
response in vivo. ROCK-I, but not ROCK-II is dispensible for this response. 
However, silencing of ROCK-I does enforce the attenuating effect of 
silencing of ROCK-II on the vascular hyperpermeability response. Finally, 
pharmacological inhibition of both Rho kinase isoforms is an efficient means 
to fully prevent PAR1-mediated vascular leakage in vivo. 
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Figure 5. Effect of PAR-1 activating peptide on lung microvascular permeability.  
 

 
PAR-1 peptide (TFLLRN) 1 mg/kg or control peptide (FTLLRN) was injected together with 
Evans blue albumin retro-orbitally into C57/Bl6 mice, 48 hrs after injection of liposomes 
conjugated with indicated siRNA. After 30 minutes, Evans blue-albumin extravasation (EBAE) 
from lungs or plasma (A) and lung wet-dry weight ratio (B) was determined as described in 
Materials and Methods to quantify lung microvascular protein permeability and lung edema 
formation, respectively. Data represent mean ± SD of n=4 mice per group. *Indicates 
significance from appropriate control peptide group (p < 0.05); #indicates significance from mice 
injected with control siRNA after PAR1 challenge (p < 0.05). 
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Discussion 
 
The main finding of the present study is that ROCK-II is the primary Rho 
kinase involved in thrombin-induced endothelial hyperpermeability both in 
vitro as well as in vivo. Specifically, ROCK-I is dispensible for the thrombin-
response as long as ROCK-II is present. A novel inhibitor of ROCK-II 
improved basal barrier integrity and inhibited thrombin-induced permeability 
in vitro, albeit to a slightly lesser extent than non-isoform specific inhibitors. 
In vivo, silencing of both Rho kinase isoforms as well as treatment with a 
pan-Rho kinase inhibitor completely prevented PAR1-mediated vascular 
permeability, thus providing an attractive putative approach for treatment of 
vascular leakage.  
Rho kinase is involved in many basic vascular activities such as cellular 
migration, angiogenesis, and development of tone. Evidence has 
accumulated over the past decade that enhanced activity of Rho kinase 
plays an important role in many vascular pathologies including (pulmonary) 
hypertension, atherosclerosis, diabetes, and vascular leakage. We argued 
that specific targeting of a single Rho kinase isoform in anti-vascular leakage 
therapy would leave other vascular activities such as tone regulation 
unaltered. Therefore, we investigated the individual contributions of ROCK-I 
and ROCK-II to regulation of endothelial barrier integrity as well as barrier 
dysfunction.  
Both silencing as well as specific inhibition of ROCK-II reduced thrombin-
induced endothelial hyperpermeability, indicating the importance of ROCK-II 
in mediating these effects of thrombin on endothelial barrier function. These 
findings are in line with our previous study in which it was shown that 
suppressing the activity of ROCK-II, but not ROCK-I improved basal barrier 
integrity, suggesting that activation of ROCK-II could mediate 
hyperpermeability responses. Similarly, in epithelial cells, ROCK-II, but not 
ROCK-I mediated disassembly of the junctions.28, 29 However, a recent report 
indicated that ROCK-I mediated the early, but not late effects of TNFα on 
endothelial permeability, a finding hard to reconcile with the observation in 
the same report that ROCK-II was the primary Rho kinase activated in lungs 
of LPS-treated mice.13 Unfortunately, the authors did not evaluate vascular 
permeability in these mice. In this experimental context it is of interest to 
note that stimulation with thrombin not only activates ROCK-II, but also 
upregulates ROCK-II, but not ROCK-I protein expression.30 Furthermore, 
ROCK-II has been demonstrated to be upregulated in endotoxemia.31 
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A finding of special interest in the current study was that the ROCK-II-
specific inhibitor did not prevent the formation of F-actin SFs, whereas the 
thrombin-induced hyperpermeability was largely reduced. Stress fibers are 
considered as contractile F-actin filaments.32, 33 As SFs are a characteristic 
feature accompanying in vitro hyperpermeability responses by many 
mediators, they were thought to mediate the cellular contractile response 
leading to gap formation between ECs.34 Indeed, in intact microvessels in 
situ thrombin-induced F-actin fibers are smaller in size and in number,35 and 
in vivo a PAR1-peptide hardly induced the formation of SFs (data not 
shown), whereas both stimuli resulted in enhanced vascular permeability. An 
alternative explanation that requires further investigation is that the 
composition of the SFs formed in the absence of ROCK-II has been 
changed. For example, these SFs might have a lower level of MLC2 
phosphorylation (both ROCK-I and ROCK-II are able to phosphorylate MLC2 
and MYPT1 in in vitro kinase assays12, 13, 36) which would explain reduced 
contractility of these bundles, or lower ERM phosphorylation resulting in 
weaker anchoring of the SFs to the plasma membrane. It would therefore be 
interesting to investigate whether ECs treated with a ROCK-II inhibitor are 
able to generate sufficient tension to open the cell-to-cell junctions. Data 
obtained from vascular smooth muscle cells (vSMCs) suggests that this 
might not be the case, as lyso-phosphatidic-acid-induced force generation 
was largely inhibited in ROCK-II- but not ROCK-I-silenced vSMCs.36 
Notwithstanding many data pointing to a role of actin-myosin interaction in 
the regulation of endothelial permeability, these data argue for a minor role 
of SFs in hyperpermeability.  
In the present study we did not find evidence for a role of ROCK-I in 
thrombin-induced endothelial hyperpermeability as long as ROCK-II is 
present in the ECs. This might indicate that ROCK-II can compensate for the 
loss of ROCK-I in ROCK-I-silenced ECs. Quenching of shared (inhibitory) 
factors by ROCK-I and ROCK-II provides an alternative explanation of the 
additive effects of silencing of ROCK-I in ROCK-II-silenced ECs. In such a 
case the effects of ROCK-I are secondary and do not require direct 
involvement of ROCK-I in regulation of endothelial barrier integrity. Also a 
minimal increase in ROCK-I activity during sepsis has been reported.13 
These effects of ROCK-I require further investigation. The future 
development of ROCK-I-specific inhibitors would provide a valuable tool to 
further investigate the role of ROCK-I.  
Finally, Rho kinase inhibitors were more effective in counteracting 
endothelial hyperpermeability in vivo than in vitro, in line with other in vivo 
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observations.4-6 Our previous findings obtained in isolated intact 
microvessels, where Rho kinase inhibitors performed better than in cultured 
ECs in preventing thrombin-induced endothelial barrier dysfunction, already 
pointed into this direction,35 but exceptions have also been reported.37-39 
Future classification of hyperpermeability inducers and vascular leakage 
syndromes based on their mode of action and underlying mechanisms 
should guide development of targeted therapy.  
In conclusion, this is the first report addressing the individual contributions of 
ROCK-I and ROCK-II to in vivo vascular leakage. It points to a major role of 
ROCK-II in vascular hyperpermeability responses and reinforces the notion 
that Rho kinase is an attractive target in future anti-vascular leakage therapy. 
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