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Mechanosensitive Rap1 activation promotes 
barrier function of lung vascular endothelium 
under cyclic stretch

ABSTRACT Mechanical ventilation remains an imperative treatment for the patients with 
acute respiratory distress syndrome, but can also exacerbate lung injury. We have previously 
described a key role of RhoA GTPase in high cyclic stretch (CS)–induced endothelial cell (EC) 
barrier dysfunction. However, cellular mechanotransduction complexes remain to be charac-
terized. This study tested a hypothesis that recovery of a vascular EC barrier after pathologic 
mechanical stress may be accelerated by cell exposure to physiologic CS levels and involves 
Rap1-dependent rearrangement of endothelial cell junctions. Using biochemical, molecular, 
and imaging approaches we found that EC pre- or postconditioning at physiologically relevant 
low-magnitude CS promotes resealing of cell junctions disrupted by pathologic, high-magni-
tude CS. Cytoskeletal remodeling induced by low CS was dependent on small GTPase Rap1. 
Protective effects of EC preconditioning at low CS were abolished by pharmacological or 
molecular inhibition of Rap1 activity. In vivo, using mice exposed to mechanical ventilation, we 
found that the protective effect of low tidal volume ventilation against lung injury caused by 
lipopolysaccharides and ventilation at high tidal volume was suppressed in Rap1 knockout 
mice. Taken together, our results demonstrate a prominent role of Rap1-mediated signaling 
mechanisms activated by low CS in acceleration of lung vascular EC barrier restoration.

INTRODUCTION
Cells and tissues within the living organism are subjected to mechan-
ical forces in the form of shear stress (vascular endothelium), tension/
compression (bone tissue), cyclic stretch (vasculature, lungs), or vari-
ous grades of surrounding extracellular matrix stiffness. Mechanical 
forces are an indispensable part of a cell’s natural microenvironment 

that dictate unique morphological features of the organ, organiza-
tion of the cell cytoskeleton, and cell contacts with the extracellular 
matrix and other cells. Therefore, sensing physical forces under phys-
iologic and pathologic conditions is a fundamental feature of living 
cells. Small GTPases RhoA, Rac1, and Rap1 play a key role in dynamic 
remodeling of the cell cytoskeleton, regulation of cellular contractil-
ity, cell responses to inflammatory insults, and control of endothelial 
cell (EC) permeability. Activation of RhoA stimulates EC permeability 
via activation of Rho-associated kinase known to directly catalyze 
myosin light chain (MLC) phosphorylation, or act indirectly by inacti-
vating myosin light chain phosphatase. As a result, phosphorylation 
of MLC triggers actomyosin contraction, cell retraction, formation of 
intercellular gaps, and EC barrier compromise (Birukova et al., 2004). 
Activation of RhoA may also positively regulate p38 MAPK and NFkB 
inflammatory cascades (Garcia et al., 2009; Matoba et al., 2010).

Emerging evidence suggests that RhoA activation may be 
counteracted by activation of small GTPases Rac1 and Rap1 
(Birukova et al., 2011a, 2013b; Tian et al., 2015a). Rap1 is a member 
of the Ras GTPase family. Rap1 activation directly stimulates 
adhesion of endothelial and epithelial cells to underlying substrate 
and enhances cell–cell junction complexes via the Rap1 effector 
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protein afadin. Upon interaction with activated Rap1, afadin triggers 
the assembly of tight junctions (TJs) and adherens junctions (AJs; 
Boettner and Van Aelst, 2009), as well as physically linking TJs and 
AJ complexes resulting in the formation of an enhanced EC barrier 
(Birukova et al., 2012). Rap1 may be activated by guanine nucleo-
tide exchange factors localized at focal adhesions and cell junctions 
(Bos, 2005; Boettner and Van Aelst, 2009), the cell compartments 
known to bear mechanosensing function.

Studies testing a role of small GTPases in cell mechanosensing 
have been largely focused on RhoA and Rac1. It was found that in 
contrast to monophasic activation of Rac1 by laminar flow, regula-
tion of Rac1 and RhoA by cyclic stretch (CS) was time and amplitude 
dependent. High-magnitude CS (18% CS) caused time-dependent 
activation of RhoA, reduction of basal Rac activity, and inhibition of 
lamellipodia formation (Katsumi et al., 2002; Birukova et al., 2006). 
In contrast, RhoA in endothelial cells (ECs) was not activated by 
physiologically relevant 5% CS (Katsumi et al., 2002; Birukova et al., 
2006). Rap1 also participates in mechanotransduction and can be 
activated in ECs by shear stress leading to formation of the endo-
thelial mechanosensing complex containing cell–cell adhesion mol-
ecules PECAM-1 and VE-cadherin associated with activated VEGFR2 
(Lakshmikanthan et al., 2015). A recent report demonstrated pro-
nounced activation of Rap1 and Rap1-mediated enlargement of 
focal adhesions in fibroblasts exposed to a physiologically relevant 
magnitude of CS (Freeman et al., 2017).

Vascular ECs lining the blood vessels form a semiselective barrier 
for macromolecules and circulating cells that is regulated by dynamic 
interactions between cytoskeletal elements and cell adhesion com-
plexes. A unique feature of vascular endothelium is constant expo-
sure to mechanical forces of various natures: shear stress by blood 
flow or rolling blood cells, and circumferential CS caused by heart 
propulsions or CS of varying amplitudes experienced by lung micro-
vascular endothelium during physiologic lung respiratory cycles or 
during mechanical ventilation administered to critically ill patients. 
Exposure of vascular ECs to high-magnitude CS in experimental 
in vitro models augmented agonist-induced EC permeability 
(Birukov et al., 2003) and activated inflammatory cytokine production 
(Jafari et al., 2004; Yang et al., 2005) and apoptosis (Pimentel et al., 
2001; Sanchez-Esteban et al., 2002; Hammerschmidt et al., 2004).

Pathologic reactions of cells and organs to excessive mechanical 
stimulation represent a significant clinical problem that can be best 
exemplified by acute respiratory distress syndrome (ARDS) affecting 
>200,000 patients per year in the U.S., associated with a mortality rate 
of 30–50% (Ware and Matthay, 2000; Rubenfeld et al., 2005) and de-
veloping in critically ill patients undergoing mechanical ventilation. 
Mechanical ventilation of these patients is a lifesaving option; how-
ever, without precise control of ventilation volumes it can worsen or 
even cause de novo lung injury (Tremblay et al., 1997; Ranieri et al., 
1999; Villar et al., 2003). The landmark ARDSnet trial demonstrated a 
22% decrease in ARDS mortality with the use of low tidal volume (LTV) 
mechanical ventilation (Goodman et al., 2003). It remains unclear 
whether beneficial effects of LTV ventilation are due to a reduction of 
volutrauma caused by high tidal volume (HTV) ventilation, or whether 
low-magnitude mechanical strain during LTV stimulates repair mecha-
nisms. To date, protective mechanisms activated by physiologically 
relevant magnitudes of mechanical strain remain virtually unexplored. 
Thus, mechanosensitive regulation of small GTPases and their down-
stream cytoskeletal targets may have important clinical implications 
and lead to a better understanding of the mechanisms triggering 
lung injury and repair in settings of mechanical ventilation.

This study tested the hypothesis that beneficial effects of LTV 
mechanical ventilation may be associated with stimulation of Rap1 

signaling in lung vascular ECs by physiologically relevant levels of me-
chanical stretch. Using a cell model of human pulmonary ECs exposed 
to controlled levels of CS, a mouse model of lipopolysaccharide (LPS)-
induced acute lung injury (ALI) with mechanical ventilation at low and 
high magnitudes, and a genetic model of Rap1 knockout mice, we 
investigated the effects of changing amplitudes of mechanical stimu-
lation on inflammatory and permeability responses by pulmonary ECs 
and evaluated a role of Rap1 in cell and lung protective effects caused 
by application of physiologically relevant mechanical strain.

RESULTS
Effects of CS patterns on pulmonary EC cytoskeletal 
remodeling and activation of RhoA pathway
To investigate mechanisms of magnitude-dependent modulation of 
pulmonary vascular endothelial barrier function and permeability 
response to circulating bioactive agonists, we exposed pulmonary 
ECs to physiologically relevant 4% CS, high-magnitude 18% CS 
relevant to settings of suboptimal mechanical ventilation, or 4% CS 
followed by a switch to 18% CS. Human pulmonary ECs exposed to 
6 h of 4% CS or 18% CS revealed similar patterns of actin cytoskel-
eton arrangement characterized by a circumferential F-actin rim and 
a few central stress fibers oriented in a perpendicular direction to 
the main distension vector (Figure 1A, top panels). However, immu-
nofluorescence staining of VE-cadherin reflecting arrangement and 
continuity of AJs demonstrated differential effects of CS magni-
tudes. ECs conditioned at 4% CS demonstrated robust peripheral 
VE-cadherin immunoreactivity suggesting well-established, continu-
ous AJs between neighboring ECs. In contrast, exposure to 18% CS 
resulted in markedly reduced VE-cadherin immunopreactivity at 
cell–cell junctions suggesting weakening of the EC monolayer 
barrier (Figure 1A, bottom panels).

Previous reports by ours and other groups showed magnitude-
dependent activation of RhoA signaling in ECs exposed to CS 
(Kawamura et al., 2003; Birukova et al., 2006; Guilluy et al., 2011). In 
agreement with published studies, 18% CS activated RhoA pathway 
indicated by a pronounced time-dependent increase in the levels of 
phosphorylated MYPT and MLC. ECs exposed to 4% CS had lower 
levels of phosphorylated MYPT and MLC (Figure 1B). Interestingly, 
ECs preconditioned at 4% CS and then exposed to 18% CS also 
revealed much lower levels of phosphorylated MLC than unstimu-
lated or thrombin-stimulated cells exposed to 18% CS only 
(Figure 1C). These results suggest that preconditioning at physio-
logically relevant CS increases cell resistance to RhoA activation 
caused by high-magnitude CS.

EC exposure to continuous high-magnitude CS (18% CS) causes 
a dramatic increase in the level of thrombin-induced paracellular 
gap formation, as compared with thrombin-challenged ECs ex-
posed to physiologically relevant CS magnitude (Birukov et al., 
2003). To investigate thrombin responses in pulmonary ECs exposed 
to different patterns of CS, we compared F-actin, VE-cadherin re-
modeling, and MLC phosphorylation in human pulmonary ECs 
exposed to 18% CS, 4% CS, and 4% CS followed by 18% CS and 
18% CS followed by 4% CS. Because high-magnitude CS augments 
EC barrier-disruptive response to thrombin, in the next experiments 
we used thrombin at a concentration (0.05 U/ml) that causes mini-
mal effect under static conditions. ECs continuously exposed to 
18% CS developed the most robust barrier-disruptive response to 
thrombin challenge characterized by pronounced stress fiber forma-
tion, the appearance of paracellular gaps (Figure 2A, marked by ar-
rows), and disruption of a continuous line of VE-cadherin immuno-
staining at cell junctions (Figure 2B). Interestingly, both EC 
preconditioning at 4% CS before the switch to 18% CS, and the 
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switch from 18% CS to 4% CS caused a less expressed barrier-
disruptive response upon thrombin challenge, as compared with 
ECs constantly exposed to 18% CS (Figure 2, A and B).

We next used Western blot analysis of phosphorylated MLC as a 
reliable measure of EC contractile activation and EC barrier compro-
mise (Birukova et al., 2004). The results showed that phospho-MLC 
levels in thrombin-stimulated ECs subjected to CS magnitude switch 
were lower than in ECs exposed to continuous 18% CS (Figure 2C). 
Of note, the inhibitory effect of 4% CS on thrombin-induced MLC 

phosphorylation was less expressed in ECs subjected to an 18–4% 
CS switch, than in cells subjected to a 4–18% CS switch. A potential 
signaling mechanism associated with barrier-protective effects of 
low-magnitude CS was evaluated in the next experiments.

Role of Rap1 in EC AJ enhancement by low-magnitude CS
Previous studies by our group revealed a role for small GTPase Rap1 
in protection against EC inflammation caused by bacterial patho-
gens (Birukova et al., 2015) and recovery of EC barrier disruption 

FIGURE 1: Effects of different regimens of CS on human pulmonary EC cytoskeletal remodeling and activation of RhoA 
pathway. (A) Effects of 4 and 18% CS on actin cytoskeleton and adherens junctions. After 6-h CS stimulation, pulmonary 
EC monolayers were fixed and used for immunofluorescence staining for F-actin using Texas Red phalloidin (red, top 
panels) and VE-cadherin antibody (green, bottom panels). Bar = 10 µm. Bar graphs represent quantitative analysis 
of F-actin and VE-cadherin signal intensity. Data are expressed as mean ± SD of three independent experiments, five 
fields per condition; *, p < 0.05. (B) Time course of MYPT and MLC phosphorylation in pulmonary ECs exposed to 4 and 
18% CS. After CS stimulation for indicated periods of time, cells were lysed, and phosphorylation of corresponding 
proteins was detected by Western blot with p-MYPT1 (Thr850) and pp-MLC antibodies. Equal protein loading was 
confirmed by membrane reprobing with α-tubulin and pan-MYPT antibodies. Bar graphs depict quantitative 
densitometry analysis of Western blot data; n = 4; *, p < 0.05 vs. corresponding time points from 4% CS group. 
(C) Time course of MLC phosphorylation in pulmonary ECs exposed to 4% CS, 18% CS, or 4–18% CS switch. Cells were 
exposed to 6-h 4% CS, 6-h 18% CS, or 3-h 4% CS followed by 3-h 18% CS. Thrombin stimulation was performed in the 
last 5–15 min of CS exposure. MLC phopshorylation was detected by Western blot with pp-MLC antibodies. Equal 
protein loading was confirmed by membrane reprobing with α-tubulin antibody. Bar graphs represent analysis of 
Western blot data; n = 5; *, p < 0.05 vs. 4% or 4–18% CS.
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caused by activation of intracellular contractile forces (Birukova 
et al., 2013b). Rap1-facilitated recovery of EC monolayers integrity 
developed 30–60 min after activation of contractile response and 
resulted in the reestablishment and further enhancement of cell–cell 
junctions (Birukova et al., 2013b). Rap1 inhibition weakened AJs and 
TJs in endothelial monolayers under basal conditions (Birukova 
et al., 2009, 2012, 2013b). In the next experiments we investigated 
the role of Rap1 signaling in barrier-protective effects of low-magni-
tude CS. Analysis of Rap1 activity in EC monolayers exposed to 4% 
CS or 18% CS showed significant Rap1 activation in ECs exposed to 
4% CS, whereas in ECs exposed to 18% CS, Rap1 activation was 
negligible (Figure 3A). Of note, Rap1 activation developed after 
30–45 min of 4% CS stimulation suggesting a potential role of cell 
junction remodeling and Rap1 regulation by cell junction–associ-
ated signaling complexes.

In line with increased Rap1 activation, exposure to low-magni-
tude CS increased the accumulation of AJ proteins VE-cadherin and 
p120-catenin in the cell membrane/cytoskeletal fraction, as com-
pared with ECs exposed to 18% CS (Figure 3B, left panels). This 
accumulation reflects thr increased assembly of AJprotein com-
plexes essential for EC barrier enhancement. Remarkably, 4-h EC 
preconditioning at 4% CS before a switch to 18% CS increased 
membrane/cytoskeletal levels of VE-cadherin and p120-catenin, as 
compared with cells exposed to 18% CS alone. Involvement of Rap1 
in 4% CS-induced membrane recruitment of VE-cadherin and 
p120-catenin was further evaluated using the pharmacological 
inhibitor of Rap1 processing, GGTI-298. Increased membrane 

accumulation of both AJ proteins in pulmonary ECs exposed to 
4–18% CS switch, as compared with EC under 18% CS, was attenu-
ated by pretreatment with Rap1 inhibitor (Figure 3B, right panels).

The effects of CS patterns on VE-cadherin surface expression 
were evaluated using a surface protein biotinylation assay as de-
scribed in the Materials and Methods section. After in situ biotinyl-
ation of cell surface proteins in CS-stimulated cells, the level of bio-
tinylated VE-cadherin was assessed by Western blot. We observed 
higher levels of biotinylated VE-cadherin in ECs subjected to 4–18% 
CS switch (Figure 3C). This effect was abolished in ECs pretreated 
with Rap1 inhibitor (Figure 3C, right panels). Molecular inhibition 
of Rap1 using small interfering RNA (siRNA)-induced knockdown 
showed similar results. Rap1 knockdown dramatically reduced the 
pool of biotinylated VE-cadherin in ECs exposed to 4% CS and in 
ECs exposed to 4% CS or to 4–18% CS switch (Figure 3D).

The results of p120-catenin VE-cadherin coimmunoprecipitation 
assays using p120-catenin antibody as bait were consistent with VE-
cadherin surface biotinylation data and showed an increased p120-
catenin–VE-cadherin association in ECs exposed to 4% CS or 4–18% 
CS patterns (Figure 3E, left panels). These effects were abolished by 
the EC pretreatment with Rap1 inhibitor (Figure 3E, right panels). 
Taken together, these findings are consistent with differential effects 
of high- and low-magnitude CS on EC monolayer barrier function.

Peripheral distribution of VE-cadherin in control and Rap1 
knockdown ECs exposed to 4% CS and 18% CS was examined us-
ing immunofluorescence staining of CS-stimulated EC monolayers 
with VE-cadherin antibody (Figure 3F). The robust peripheral 

FIGURE 2: Effects of different patterns of applied CS on thrombin-induced cytoskeletal remodeling and MLC 
phosphorylation in human pulmonary ECs. Pulmonary ECs were treated by 18% CS or 4% CS for 6 h; alternatively, 
3-h 4% CS was introduced either before or after 3-h 18% CS. Thrombin (0.05 U/ml) was added in the last 10 min of CS 
stimulation. (A) Visualization of F-actin using immunofluorescence staining with Texas Red phalloidin. Paracellular gaps 
are marked by arrows. Bar = 10 µm. Bar graphs represent quantitative analysis of gap formation. Data are expressed as 
mean ± SD; n = 3; *, p < 0.05. (B) Visualization of cell junctions using immunofluorescence staining with VE-cadherin 
antibody. Bar = 10 µm. (C) Thrombin-induced MLC phosphorylation in pulmonary ECs exposed to different patterns 
of CS was evaluated by Western blot with pp-MLC antibodies. Equal protein loading was confirmed by membrane 
reprobing with β-actin antibody. Bar graphs represent analysis of Western blot data; n = 4; *, p < 0.05.
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VE-cadherin immunoreactivity in ECs exposed to 4% CS was signifi-
cantly decreased by Rap1 depletion. In ECs exposed to 18% CS, 
Rap1 depletion caused a further disappearance of junctional VE-
cadherin immunoreactivity reflecting weakening of cell junctions 
and more pronounced barrier failure.

The effects of Rap1 knockdown on EC barrier properties under 
4% CS and 18% CS were directly tested by the permeability visual-
ization assay previously developed in our group (Dubrovskyi et al., 
2013) and described in Materials and Methods. EC monolayers 
exposed to 4% CS revealed minor accumulation of fluorescein 
isothiocyanate (FITC)-labeled tracer at sites underlying the cell–cell 
junction area. Exposure to 18% CS significantly increased the EC 
monolayer permeability for FITC-labeled avidin (Figure 3G). Rap1 
knockdown further increased EC permeability for FITC-labeled 
tracer in cells exposed to both 5% CS and 18% CS. The bar graph 
represents a quantitative analysis of EC permeability changes by 
measurements of the fluorescence of accumulated FITC-avidin.

Role of Rap1 mechanism in protective effects by 4% CS 
on thrombin-induced RhoA signaling and EC permeability
The effects of various CS patterns on thrombin-induced EC 
permeability were directly tested by the permeability visualization 
assay previously developed in our group (Dubrovskyi et al., 2013) 
and described in Materials and Methods. The permeability re-
sponse of EC monolayers to different CS regimens was monitored 
by increased accumulation of FITC-avidin on the bottoms of the 
biotinylated gelatin-coated wells covered by CS-stimulated EC 
monolayers. Exposure to 18% CS caused a significant EC perme-
ability increase that was reflected by increased FITC-avidin accu-
mulation underneath EC monolayers, as compared with EC 
exposed to more physiologically relevant 4% CS (Figure 4A, upper 
panels). Exposure to the 4–18% CS pattern significantly decreased 
permeability response by pulmonary ECs to a submaximal dose of 
thrombin, as compared with 18% CS conditions. This protective 
effect was abolished by cell pretreatment with Rap1 inhibitor 
GGTI-298. Visualization of FITC-avidin attached to the bottoms of 
the plates, and the results of quantitative analysis are presented in 
Figure 4A. Permeability effects were directly linked to CS effects 
on thrombin-induced activation of RhoA and RhoA-dependent 
phosphorylation of MYPT and MLC (Figure 4BC). Suppression of 
thrombin-induced RhoA activation, MYPT and MLC phosphoryla-
tion observed in ECs exposed to the 4–18% CS pattern was abol-
ished by GGTI-298. Alternative inhibition of Rap1 function using 
siRNA-specific Rap1 protein depletion revealed similar results and 
showed attenuation of 4% CS and 4–18% CS protective effects 
against a thrombin-induced increase in MYPT and MLC phosphor-
ylation (Figure 4D).

Attenuation of barrier-disruptive effects of 18% CS 
by pharmacologic stimulation of Rap1
Opposite to Rap1 inhibition, pharmacologic stimulation of 
Rap1 activity using a specific activator of Rap1 function, 
8-(4-chlorophenylthio)-2′-O-methyl-adenosine-3′,5′-cyclic mono-
phosphate (8CPT), rescued EC hyperpermeability caused by 18% 
CS and thrombin stimulation. Treatment with 8CPT increased pe-
ripheral VE-cadherin immunoreactivity reflecting cell junction res-
toration (Figure 5A) and inhibited exacerbation of thrombin-in-
duced MYPT and MLC phosphorylation in ECs exposed to 18% CS 
(Figure 5B). Direct analysis of EC monolayer permeability using 
FITC-avidin as tracer demonstrated that EC barrier failure caused 
by 18% CS and thrombin was mitigated by pretreatment with 
8CPT (Figure 5C). Our previous study showed an increased asso-

ciation of Rap1 effector, afadin, with AJ protein p120-catenin and 
TJ protein ZO-1, upon Rap1 activation, which resulted in a barrier-
protective response by pulmonary endothelium (Birukova et al., 
2012). To further delineate the role of afadin in the mediation of 
barrier-protective effects by low-magnitude CS, we performed ec-
topic expression of wild-type afadin. Increased afadin expression 
further attenuated thrombin-induced MLC phosphorylation in 
ECs exposed to both high-magnitude and low-magnitude CS 
(Figure 5D). These results suggest a role for Rap1-dependent en-
hancement of cell junction integrity, which is essential for immedi-
ate barrier maintenance, as well as for down-regulation of barrier-
disruptive RhoA signaling by cell junction signaling complexes.

Effects of CS magnitude switch on LPS-induced EC 
inflammation
Critically ill patients, including those with sepsis, depend on me-
chanical ventilation. To recapitulate this clinically relevant scenario 
of ALI in vitro, we exposed human pulmonary ECs primed with 
submaximal (50 ng/ml; 15 min) and maximal (200 ng/ml; 15 min) 
LPS doses to different patterns of CS stimulation. Exposure to 6 h 
of 18% CS markedly augmented EC inflammatory response to LPS 
reflected by increased levels of phosphorylated NFκB and 
increased expression of inflammatory adhesion molecules ICAM1, 
VCAM1, and E-selectin. Remarkably, this synergistic effect of 18% 
CS was abrogated in LPS-primed ECs pretreated with 4% CS (3 h) 
before exposure to 18% for an additional 3 h (Figure 6A). The 
effects of different CS patterns on LPS-induced inflammatory sig-
naling were further evaluated by immunoflorescence analysis of 
NFκB nuclear translocation, an essential step for triggering inflam-
matory gene expression. Evident NFκB nuclear accumulation was 
observed in LPS-treated ECs exposed to 18% CS. In contrast, 
exposure to 4% CS or switch from 4% CS to 18% CS caused a 
marked reduction of NFκB nuclear staining caused by LPS stimula-
tion (Figure 6B). Protective effects of 4% CS were also observed 
when LPS-stimulated ECs were first exposed to 18% CS, although 
the attenuating effect of 18–4% CS switch was less expressed. 
Western blot analysis of ICAM1 protein expression confirmed the 
immunofluorescence data and showed attenuated LPS-induced 
ICAM1 expression in ECs exposed to 4–18% CS switch, as com-
pared with cells permanently exposed to 18% CS (Figure 6C). In 
turn, if LPS-primed ECs were first exposed to 18% CS followed by 
a 4% CS switch, ICAM1 expression was reduced by 18–4% 
CS switch in cells challenged with a submaximal LPS dose, whereas 
a difference in ICAM1 expression levels caused by maximal LPS 
concentration was negligible.

Role of Rap1 in protective effects of switch to 4% CS 
in two-hit model of EC inflammation
The data described above showed the role of Rap1 signaling in pro-
tective effects of 4% CS against thrombin-induced EC permeability. 
We next tested whether this mechanism is involved in suppression 
of LPS-induced inflammation caused by 4% CS switch. As shown 
above, high levels of ICAM1 expression in LPS-primed EC exposed 
to 18% CS were diminished in EC subjected to 4% CS or 4-18% CS 
switch. However, pretreatment with Rap1 inhibitor for 15 min before 
CS stimulation markedly attenuated the suppressive effects of 4% 
CS and abolished the effects of 4–18% CS switch on ICAM1 expres-
sion caused by a submaximal dose of LPS (Figure 7A). An alternative 
approach to knock down Rap1 using gene-specific siRNA showed 
similar results: attenuation of ICAM1 expression by 4–18% CS switch 
was abolished by molecular inhibition of Rap1 (Figure 7B). Con-
versely, activation of Rap1 signaling by small molecular activator 
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8CPT in EC exposed to 18% CS reduced the phospho-NFκB and 
ICAM1 expression to the levels comparable to LPS-treated ECs 
exposed to 4–18% CS switch (Figure 7C).

We next examined the effects of the CS regimen on EC cyto-
skeletal remodeling and barrier compromise caused by LPS. 
Human pulmonary ECs grown to confluence on Flexcell plates 
were treated with LPS (50 ng/ml) for 30 min followed by exposure 
to 18% CS (6 h) or 4–18% CS switch (3 h/3 h). Cytoskeletal remod-
eling was monitored by immunofluorescence staining for F-actin. 
Consistent with the protective effects described above, 4–18% CS 
switch induced a much lower level of EC monolayer disruption 
caused by LPS, manifested by a reduced number of paracellular 
gaps, as compared with monolayers exposed to 18% CS (Figure 7D, 
top panels). Importantly, siRNA-induced Rap1 knockdown further 
enhanced paracellular gap formation in LPS-treated ECs under 
18% CS and alleviated the barrier-protective effects of 4–18% CS 
switch (Figure 7D, bottom panels).

The integrity of cell junctions was further monitored by double 
immunofluorescence staining for transmembrane AJ protein VE-

cadherin. Disruption of the continuous pattern of VE-cadherin 
observed in LPS-primed ECs exposed to 18% CS was markedly 
attenuated by 4–18% CS switch (Figure 6E, top panels). This cell 
junction protective effect of 4–18% CS switch was abolished by 
Rap1 knockdown (Figure 7E, bottom panels).

Role of Rap1 mechanism in beneficial effects by LTV 
mechanical ventilation in the models of acute lung injury
Thrombin-receptor activating peptide (TRAP6) is a thrombin-derived 
nonthrombogenic peptide that serves as a PAR1 receptor ligand 
(Storck and Zimmermann, 1996). At submaximal dose, TRAP6 aug-
ments Rho-pathway–dependent elevation of lung vascular permea-
bility caused by HTV mechanical ventilation without substantial acti-
vation of lung inflammation (Birukova et al., 2010a; Meliton et al., 
2015). We used TRAP6 at submaximal dose to evaluate the effects of 
HTV/LTV switch on lung barrier function. Lung vascular leak in mice 
exposed to 4-h TRAP6/HTV or in mice exposed to 3-h TRAP6/HTV 
followed by switch to 1-h LTV was monitored at the end of the experi-
ment. An Angiosense 680 EX tracer was injected intravenously, and 

FIGURE 3: Continues.
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tracer accumulation in the lungs reflecting lung vascular barrier dys-
function and lung injury was performed in anesthetized animals using 
the noninvasive fluorescence optical imaging approach described in 
Materials and Methods. Exposure to TRAP6/HTV caused a much 
higher accumulation of the fluorescent tracer in the lungs reflecting 
lung vascular barrier compromise, as compared with lungs exposed 
to 3-h TRAP6/HTV followed by switch to 1-h LTV (Figure 8A).

We further investigated modulation of inflammatory response to 
bacterial compounds (endotoxin) in the in vivo experiments reflecting 
clinical settings of patients with ALI receiving ventilation support. 
Exposure of mice primed with submaximal doses of LPS (0.4 mg/kg; 
16 h) to 4-h HTV caused more severe lung barrier dysfunction than 
exposure of a similar LPS-primed group to 3-h HTV followed by 1-h 
LTV (Figure 8B). The results of live imaging studies were supported by 

FIGURE 3: Effects of pulmonary EC exposure to different CS patterns on Rap1 activation and association between 
VE-cadherin and p120-catenin. (A) Time course of Rap1 activation in pulmonary ECs exposed to 18% CS or 4% CS. Pull 
down of GTP-bound Rap1 reflecting Rap1 activation levels was performed as described in Materials and Methods. Rap1 
content in total cell lysates was used as a normalization control. Bar graphs represent analysis of Western blot data; n = 
4; *, p < 0.05 vs. 4% CS. (B) Western blot analysis of p120-catenin and VE-cadherin content in the membrane/
cytoskeletal fractions of EC exposed to 6-h 18% CS, 3-h 4% CS switched to 3-h 18% CS, or 6-h 4% CS. The content of 
p120-catenin and VE-cadherin in the total cell lysates was used as a normalization control. Bar graphs represent analysis 
of Western blot data; n = 5; *, p < 0.05. (C) HPAECs were exposed to 6-h 18% CS or 3-h 4% CS switched to 3-h 18% CS 
with or without pretreatment with GGTI-298 (15 µm, 30 min) before CS stimulation, and surface protein biotinylation 
assay was performed for VE-cadherin. VE-cadherin content in total cell lysate is presented as input. Bar graphs represent 
analysis of Western blot data; n = 3; *, p < 0.05. (D) HPAECs treated with nonspecific or Rap1-specific siRNA 48 h before 
CS stimulation were exposed to 6-h 18% CS or 3-h 4% CS switched to 3-h 18% CS. Surface protein biotinylation assay 
was performed for VE-cadherin. Inset demonstrates efficiency of siRNA-induced Rap1 protein depletion. Bar graphs 
represent analysis of Western blot data; n = 3; *, p < 0.05. (E) Coimmunoprecipitation of VE-cadherin and p120-catenin 
from cell lysates of ECs exposed to 6-h 18%CS, 3-h 4% CS switched to 3-h 18% CS, or 6-h 4% CS (left panel) or ECs 
pretreated with GGTI-298 before CS stimulation (right panel). Antibody to p120-catenin was used for 
immunoprecipitation. Membrane reprobing for p120-catenin was used as a normalization control. Inset shows Western 
blot analysis of siRNA-induced Rap1 depletion. Bar graph depicts quantitative analysis of immunoprecipitated protein 
complexes; n = 4; *, p < 0.05. (F) Rap1 knockdown attenuates VE-cadherin immunofluorescence at cell junctions of ECs 
exposed to 4% CS and promotes further disruption of VE-cadherin positive cell contacts in ECs exposed to 18%CS. Bar 
= 5 µm. Insets depict higher magnification images of cell junction areas. (G) Rap1 knockdown increases accumulation of 
FITC-avidin tracer on the substrate underlying EC monolayers. Bar = 10 µm. Bar graphs depict quantitative analysis of 
FITC signal expressed as mean ± SD of four independent experiments, five fields per condition; *, p < 0.05.
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FIGURE 4: Effects of pharmacologic and molecular inhibition of Rap1 on down-regulation of Rho signaling caused by 
thrombin and high-magnitude CS in ECs preconditioned at 4% CS. Pulmonary ECs were exposed to 4% CS or 18% CS 
for 6 h, or to 3-h 4% CS switched to 3-h 18% CS. Thrombin (0.05 U/ml) was added for the last 10 min of CS experiment. 
Rap1 inhibitor (GGT-298, 15 µM) was added for 30 min before the 18% CS or before switching to 18% CS. 
(A) Visualization and quantitative analysis of FITC-avidin binding to the bottoms of the plates with CS-stimulated EC 
monolayers. Rap1 inhibitor attenuated 4% CS-induced protection of EC barrier integrity as detected by XPerT 
permeability assay. Bar = 20 µm. (B) Inhibition of Rap1 by pretreatment with GGTI-298 abolished down-regulation of 
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conventional analysis of protein content and cell counts in bronchoal-
veolar lavage (BAL) fluid. BAL protein content and total cell count 
were significantly increased in LPS-primed mice exposed to 4-h HTV, 
as compared with 4-h LTV, but were lower in the HTV/LTV group as 
compared with the HTV group (Figure 8, C and D). Consistent with 

cell culture studies, exposure of LPS-primed mice to HTV caused 
higher level lung inflammatory response reflected by increased levels 
of inflammatory cytokines KC and MIP2, as compared with mice ex-
posed to LTV. In turn, HTV/LTV switch attenuated KC and MIP2 pro-
duction caused by priming with low dose LPS (Figure 8E).

FIGURE 5: Effects of pharmacologic Rap1 activation on EC permeability in pulmonary ECs exposed to 18% CS and 
thrombin. (A) Pulmonary ECs were exposed to 18% CS for 6 h with or without 8CPT pretreatment (75 µM, 30 min 
before 18% CS) followed by thrombin stimulation (10 min). EC monolayers were then fixed and used for 
immunofluorescence staining with VE-cadherin antibody. Bar = 5 µm. Bar graph represents quantitative analysis 
of peripheral VE-cadherin signal intensity expressed as mean ± SD; n = 4 independent experiments; *, p < 0.05. 
(B) 18% CS-induced increase of pMYPT and pMLC levels was inhibited by 8CPT pretreatment. Bar graphs represent 
analysis of Western blot data; n = 3; *, p < 0.05 vs. 18% CS. (C) 18% CS-induced increase in EC permeability was 
inhibited by 8CPT pretreatment as detected by XPerT permeability assay; n = 4 independent experiments; *, p < 0.05. 
Bar = 10 µm. (D) Ectopic expression of afadin attenuated thrombin-induced MLC phosphorylation in ECs exposed 
to 4 and 18% CS. The ECs were transfected with empty vector or afadin plasmid (WT) 48 h before the CS stimulation. 
Right panel depicts protein expression of recombinant GFP-tagged afadin in pulmonary ECs. Membrane reprobing for 
α-tubulin was used as a normalization control. Bar graphs represent analysis of Western blot data; n = 3; *, p < 0.05.

RhoA activity caused by EC exposure to 4% CS. (C) Rap1 inhibitor attenuated suppression of RhoA-dependent 
phosphorylation of MYPT and MLC caused by 4% CS preconditioning. (D) Effect of siRNA-induced Rap1 knockdown on 
4% CS-induced suppression of MYPT and MLC phosphorylation caused by thrombin. Right panel shows efficiency of 
siRNA-induced Rap1 protein depletion. Membrane reprobing for α-tubulin was used as a normalization control. Bar 
graphs represent analysis of Western blot data; n = 3; *, p < 0.05 vs. nonspecific RNA.
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RAP1 knockout attenuates protective effects of HTV/LTV 
switch on LPS-induced lung injury
The role of Rap1 pathway in the protective effects of HTV/LTV switch 
on LPS-induced lung barrier dysfunction was further investigated 
using a genetic model of Rap1a−/− mice described previously 
(Yan et al., 2008; Birukova et al., 2015). Rap1a−/− mice and match-
ing controls were primed with LPS 16 h before exposure to LTV, HTV, 
or HTV/LTV switch. Although both the BAL protein levels and cell 
counts were reduced in wild-type mice exposed to HTV/LTV switch 
in comparison to HTV alone, this effect was abolished in Rap1a−/− 
mice (Figure 9, A and B).

The effects of Rap1a ablation on attenuation of lung injury by 
HTV/LTV switch were further evaluated by measurements of Evans 
blue extravasation into the lung tissue. Evans blue accumulation in 
the lung parenchyma in LPS-primed wild-type mice caused by expo-
sure to HTV was significantly reduced by HTV/LTV switch. However, 
this protective effect of HTV/LTV switch was suppressed in Rap1a−/− 
mice (Figure 8C). Taken together, these results strongly suggest the 
role of the Rap1 mechanism in protection of lung function by HTV/
LTV switch.

DISCUSSION
This study investigated the molecular mechanisms behind the 
differential effects of CS at physiologic and pathologic (high) magni-
tudes on lung endothelial barrier properties and inflammatory 
response by employing cellular and rodent models of varying 
mechanical stimulation. These in vitro and in vivo models mimic clini-
cal settings of mechanical ventilation. The main finding of this study 
is a novel role of small GTPase Rap1 as a signaling hub mediating 

endothelial barrier-protective and anti-inflammatory effects pro-
moted by physiologic CS levels. Our results show that, while 
enhanced endothelial permeability and inflammation associated 
with EC exposure to pathologic high-magnitude CS is driven by the 
activation of Rho pathway, the stimulation of Rap1 in lung vascular 
ECs by physiologic CS levels relevant to LTV mechanical ventilation 
in clinical settings counteracts Rho-mediated EC barrier disruption 
and inflammation. These findings posit low-magnitude ventilation as 
an active therapeutic strategy promoting vascular EC barrier restora-
tion and anti-inflammatory mechanisms, rather than passive avoid-
ance of injurious effects caused by HTV mechanical ventilation.

EC preconditioning at 4% CS caused significantly reduced Rho 
pathway activation and EC barrier disruption in response to throm-
bin, as compared with EC preconditioned at 18% CS. Moreover, 
thrombin-induced activation of Rho pathway, disassembly of cell 
junctions and gap formation was suppressed in cells preexposed to 
4% CS before 18% CS and also in cells exposed to 4% CS after 18%, 
although to a lesser extent. Because 4% CS not only prevented 18% 
CS-caused endothelial disruption but also accelerated EC barrier 
recovery after exposure to high CS and thrombin, we further eluci-
dated these protective mechanisms of low CS. Our previous report 
demonstrated that activation of Rap1 mediates the recovery of en-
dothelial barrier function during thrombin-induced acute hyperper-
meability by neutralizing barrier-disruptive effects of RhoA activation 
(Birukova et al., 2013b). The current results show that 4% CS caused 
marked activation of Rap1 in a time-dependent manner. Rap1-medi-
ated endothelial barrier recovery is facilitated by the maintenance of 
stable pools of AJ proteins VE-cadherin and p120-catenin in plasma 
membrane (Birukova et al., 2007b, 2013b). In contrast, 18% CS did 

FIGURE 6: Low-magnitude CS switch attenuates inflammatory signaling activated by LPS and high-magnitude CS. 
Pulmonary ECs were primed by LPS for 15 min before exposure to 6-h 18% CS or 3-h 4% CS followed by 3-h 18% CS. 
(A) 18% CS-stimulated phosphorylation of p-NFκB and expression of ICAM1, VCAM1, and E-selectin. These effects 
were reduced in ECs preconditioned at 4% CS before 18% CS. (B) Intracellular localization of NFκB was detected by 
immunofluorescence imaging. ECs were exposed to 4% CS or to 4% CS before or after 18% CS. Bar = 10 µm. 
(C) Western blot analysis of ICAM1 expression. Inclusion of 4% CS before or after 18% CS reduced ICAM1 expression in 
pulmonary ECs activated by LPS and 18% CS. Membrane reprobing for α-tubulin was used as a normalization control. 
Bar graphs represent analysis of Western blot data; *, p < 0.05 vs. 18% CS.
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not activate Rap1, but caused the loss of VE-cadherin and p120-
catenin from membrane fractions. These results show that high CS 
disrupts this interaction that may lead to decreased endothelial bar-
rier function. All of these AJ-disruptive events induced by 18% CS 
were largely repressed when 4% CS was applied to cells before un-
dergoing 18% CS, and these protective effects were dependent on 
Rap1, because cells failed to show endothelial barrier recovery in 
the presence of pharmacological inhibitor of Rap1.

The results of this study suggest that an active cross-talk be-
tween Rap1 and Rho underlies respective barrier-protective and 
barrier-disruptive actions of low and high CS (Figure 4). Inhibition of 
Rap1 with GGTI caused a pronounced increase in thrombin-induced 
Rho activation even at 4% CS and abolished the Rho-inhibiting ef-
fect of 4% CS preconditioning. These observations underscore an 
essential role of Rap1 activation during low CS-induced endothelial 
barrier protection. Furthermore, the loss of protective effects of low 
CS preconditioning with endogenous depletion of Rap1 by siRNA 
and restoration with Rap1 activator 8-CPT clearly demonstrates that 
Rap1 is indispensable for endothelial protection by low CS precon-
ditioning against barrier-disruptive effects of pathologically relevant 
high CS combined barrier-disruptive agonists.

Rap1 effector afadin plays a major role in Rap1-mediated 
strengthening of epithelial and endothelial AJs and TJs and EC bar-
rier enhancement (Kooistra et al., 2007; Severson and Parkos, 2009; 
Birukova et al., 2011b; Ando et al., 2013). These effects are due to 
structural enhancement of cell junctions via afadin-mediated inte-
gration of AJs and TJs and establishment of direct interactions be-
tween AJ and TJ proteins (Takai and Nakanishi, 2003; Ooshio et al., 
2010; Birukova et al., 2012), as well as due to attenuation of agonist-
induced RhoA pathway by the Rap1-afadin signaling axis (Birukova 
et al., 2013b). This study shows that ectopic expression of afadin 
attenuated MLC phosphorylation caused by 18% CS and further 
augmented protective effects of 4% CS against RhoA signaling and 
barrier dysfunction caused by stimulation with thrombin and 18% 
CS. Taken together, these results suggest that EC preconditioning at 
low CS remodels EC monolayers, enhances monolayer integrity, 
and renders EC monolayer more resistant to high-magnitude CS.

In addition to thrombin that represents an acute model of en-
dothelial dysfunction, we also took advantage of the LPS model of 
chronic endothelial disruption associated with inflammation to in-
vestigate whether Rap1-mediated protective effects of low CS 
remain functional in these settings. NFκB pathway is one of the 
major signaling cascades to induce inflammation in pulmonary en-
dothelium. EC conditioning at 4% CS caused much lower levels of 
LPS-induced NFκB activation and expression of NFκB target 
genes: endothelial cell adhesion molecules ICAM1, VCAM1, and 
E-selectin, as compared with the cells exposed to 18% CS without 
low CS preconditioning. Interestingly, 18% CS-induced expression 
of adhesion molecules was markedly attenuated by 4% CS precon-
ditioning. These anti-inflammatory effects of low CS precondition-
ing were abolished by pharmacologic or genetic inhibition of Rap1 
and conversely restored with Rap1 activator, highlighting the 
central role of Rap1. Consistent with effects on inflammation, de-
pletion of endogenous Rap1 augmented the LPS-induced stress 
fibers formation and loss of VE-cadherin at cell junctions in cells 
exposed to 18% CS and abolished the protective effects of 4% CS 
preconditioning.

Our hypothesis of protective effects of low mechanical stretch 
was also valid in vivo in two different models of lung injury in me-
chanically ventilated mice treated with TRAP6 or LPS. Both of these 
injurious insults led to the development of prominent lung vascular 
leak and inflammation in mice challenged with HTV. Introduction of 

LTV after HTV markedly reduced vascular leak and inflammation as 
evidenced by lower total inflammatory cells count, lower protein 
content, and reduced levels of proinflammatory cytokines KC and 
MIP2. LTV-induced reduction of vascular leak and inflammation was 
mediated by Rap1 because these protective effects were absent in 
Rap1 KO mice. These results strongly suggest that Rap1-mediated 
inhibition of inflammatory cascades and maintenance of endothelial 
barrier integrity played a critical role in LTV-induced protection dur-
ing agonists/HTV two-hit model of lung injury; however, further 
studies are required to elucidate precise mechanisms of these pro-
tective effects in vivo.

How does low- and high-magnitude CS cause differential activa-
tion of RhoA- and Rap1/Rac1-mediated signaling and cell 
responses? This is a standing question that requires further clarifica-
tion. High-magnitude CS associated with activation of RhoA path-
way causes partial disassembly of peripheral microtubules and re-
lease of RhoA-specific guanine nucleotide exchange factor GEF-H1, 
which becomes activated in microtubule-unbound state (Birukova et 
al., 2010b). In addition, enlargement of focal adhesion size, and 
activation of focal adhesion signaling by 18% CS induces 
MAPK-dependent targeting of GEF-H1 to paxillin and additional 
MAPK-dependent GEF-H1 activation at focal adhesions leading to 
RhoA activation, focal adhesions reinforcement, actomyosin con-
tractility, and breach of EC barrier (Gawlak et al., 2014). On the other 
hand, EC stimulation with low-magnitude CS caused peripheral 
paxillin distribution reminiscent of effects by barrier-protective ago-
nists acting via stimulation of Rap1/Rac1 pathways (Birukova et al., 
2007a, 2008a,b). Indeed, EC exposed to physiologically relevant 
4% CS showed increased Rap1 activity. Studies of fibroblasts ex-
posed to unibiaxial 10% CS also showed pronounced activation of 
Rap1 without considerable activation of RhoA activity (Freeman et 
al., 2017). Our experiments with ectopic expression of afadin known 
to integrate cell monolayers by promoting AJ and TJ interactions 
(Takai and Nakanishi, 2003) show attenuated MLC phosphorylation 
in response to thrombin in ECs exposed to 18% CS. Given the nega-
tive cross-talk relationships between RhoA and Rap1/Rac1 signal-
ing, these results indicate that preserved cell junction integrity in EC 
under 4% CS may favor Rap1 activation by putative guanine nucleo-
tide exchange factor(s) associated with cell junctions. Interestingly, 
applying mechanical tension to demembranized fibroblast cytoskel-
eton preparations caused phosphorylation of adaptor protein 
p130Cas and recruitment of a complex consisting of the Crk adap-
tor protein and Rap1-specific GEF, C3G, suggesting additional 
focal-adhesion–dependent mechanism of Rap1 activation by 
mechanical strain (Tamada et al., 2004). How mechanosensitive acti-
vation of Rap1 and RhoA in these models is reciprocally regulated 
by CS magnitude remains to be investigated.

In summary, this is the first study describing a mechanism of 
low-CS-mediated protective effects in the models of pulmonary EC 
dysfunction in vitro and acute lung injury in vivo. On the basis of our 
data, we propose the following model. Exposure of pulmonary vas-
cular endothelium to physiologically relevant CS stimulates the 
basal Rap1 signaling axis, which maintains the integrity of cell junc-
tions and down-regulates barrier-disruptive and proinflammatory 
RhoA-NFκB signaling. Such new homeostatic state suppresses lung 
barrier-disruptive and inflammatory effects caused by pathologic 
factors such as thrombin and LPS and counteracts the augmenting 
effects of HTV mechanical ventilation or EC culture exposure to 
high-magnitude CS. These results demonstrate a role for physiolog-
ically relevant mechanical forces as an active barrier-protective and 
anti-inflammatory regulator of cellular signaling, rather than passive 
bystander, and suggest a key role for the Rap1 axis stimulated in the 
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FIGURE 7: Testing protective role of Rap1 in clinically relevant cell models of ALI: inflammatory stimulation combined 
with exposure to CS. Pulmonary ECs were primed by LPS for 15 min followed by exposure to 4% CS, 18% CS, or 4–18% 
CS switch. ICAM1 expression monitored by Western blot analysis of cell lysates was used as a marker of EC 
inflammatory activation. (A) 4% CS attenuated ICAM1 expression caused by LPS priming and initial exposure to 18% 
CS, as determined by Western blot. Preincubation with Rap1 inhibitor abolished inhibitory effects of 4% CS on ICAM1 
expression. (B) Knockdown of Rap1 using gene-specific siRNA attenuated the inhibitory effect of 4% CS preconditioning 
on expression of ICAM stimulated by LPS and 18% CS, as determined by Western blot. (C) EC primed with LPS for 15 
min were treated with vehicle or Rap1 activator 8CPT (75 µM, 30 min) followed by exposure to 18% CS. Phospho-NFκB 
and ICAM1 levels were analyzed by Western blot as parameters of EC inflammation. For all experiments, membrane 
reprobing for α-tubulin was used as a normalization control. Bar graphs represent analysis of Western blot data; n = 3; 
*, p < 0.05 vs. 18% CS. (D) Immunofluorescence analysis of effects of 18% CS and switch from 4% CS to 18% CS on actin 
cytoskeleton, adherens junctions, and EC barrier disruption in LPS-primed ECs. F-actin remodeling was evaluated by 
immunofluorescence staining with Texas Red phalloidin. Formation of paracellular gaps (marked by arrows) was 
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FIGURE 8: Effect of switch from HTV to LTV on parameters of LPS-induced lung injury. C57B6 
WT mice were subjected to 4-h HTV, 4-h LTV, or a switch of 1-h HTV to 3-h LTV in the presence 
or absence of concurrent administration of TRAP6 or in the presence or absence of 18-h LPS 
treatment by intratracheal infusion before ventilation procedures. (A) Live imaging analysis of 
lung vascular leak after intravenous injection of TRAP6 and different ventilation schemes. 
TRAP6-induced accumulation of fluorescent Angiosense 680 EX imaging agent in the lungs was 
detected by a Xenogen IVIS 200 Spectrum imaging system after termination of mechanical 
ventilation as described in Materials and Methods and presented in arbitrary colors. (B) Live 
imaging analysis of lung vascular leak after intratracheal injection of LPS and different ventilation 
schemes. (C, D) Mice exposure to LTV (4 h), HTV (4 h), or HTV (1 h)-LTV (3 h) switch was 
performed 18 h after LPS administration (intratracheal). At the end of experiment, BAL 
collection was performed, and measurements of total cell count (C) and protein concentration 
(D) were performed in BAL samples. (E) The BAL levels of the mouse KC and MIP2 were 
evaluated using ELISA. Data are expressed as mean ± SD of four independent experiments; 
*, p < 0.05 vs. LPS alone.

lung by physiologic mechanical stretch in propagation of ALI recov-
ery and restoration of lung endothelial barrier.

MATERIALS AND METHODS
Cell culture and reagents
Human pulmonary artery endothelial cells (HPAECs) were obtained 
from Lonza (Allendale, NJ) and used at passages 5–8. All experi-
ments were performed in EGM growth medium (Lonza) containing 
2% fetal bovine serum (FBS) unless otherwise specified.  Texas Red–
conjugated phalloidin and Alexa Fluor 488–labeled secondary anti-
bodies were purchased form Molecular Probes (Eugene, OR). TRAP6 
was obtained from AnaSpec (San Jose, CA). 8CPT was obtained 
from Calbiochem (La Jolla, CA). GGTI-298 and thrombin were ob-

tained from Millipore-Sigma. Antibodies 
to diphospho–myosin light chain (MLC), 
pan-MLC, MYPT, pMYPT, p120-catenin, 
phospho-NFκB, β-actin, and tubulin anti-
bodies were obtained from Cell Signaling 
(Beverly, MA); Rap1, VE-cadherin, ICAM1, 
VCAM1, and E-selectin antibodies were 
from Santa Cruz Biotechnology (Santa Cruz, 
CA). HRP-linked anti-mouse and anti-rabbit 
IgG were obtained from Cell Signaling (Bev-
erly, MA). Unless otherwise specified, all 
biochemical reagents were obtained from 
Sigma (St. Louis, MO).

Cell culture under CS
CS experiments were performed according 
to the previously described protocol (Biru-
kov et al., 2003; Shikata et al., 2005) using 
the FX-4000T Flexcell Tension Plus system 
(Flexcell; McKeesport, PA) equipped with a 
25-mm BioFlex Loading station. Experi-
ments were performed in the presence of 
culture medium containing 2% FBS. HPAEC 
were seeded at standard densities (8 × 105 
cells/well) onto collagen I–coated flexible 
bottom BioFlex plates. Both static HPAEC 
cultures and cells exposed to CS were 
seeded onto identical plates to ensure stan-
dard culture conditions. After 48 h of cul-
ture, cells were exposed to desired periods 
of high-magnitude (18% linear elongation, 
sinusoidal wave, 25 cycles/min) or low- 
magnitude (4% linear elongation, sinusoidal 
wave, 25 cycles/min) CS, or CS magnitude 
was switched during experiment. Control 
BioFlex plates with static EC culture were 
placed in the same cell culture incubator 
and processed similarly to CS-precondi-
tioned cells. At the end of experiments, cell 

lysates were collected for RhoA activation assays, Western blot anal-
ysis, or CS-exposed endothelial monolayers were fixed and used for 
immunofluorescence staining.

Immunofluorescence staining and image analysis
Following CS exposure and agonist stimulation, ECs were fixed in 
3.7% formaldehyde solution in phosphate-buffered saline (PBS) for 
10 min at 4°C, washed with PBS, permeabilized with 0.1% Triton 
X-100 in PBS for 30 min at room temperature, and blocked with 2% 
bovine serum albumin (BSA) in PBS for 30 min. Incubation with an 
antibody of interest was performed in blocking solution (2% BSA in 
PBS) for 1 h at room temperature followed by staining with Alexa 
488–conjugated secondary antibodies. Actin filaments were stained 

observed in LPS-primed ECs exposed to 18% CS (6 h). Disruption of EC monolayers was attenuated in LPS-primed ECs 
preconditioned at 4% CS (3 h) before 18% CS switch (3 h). Bar graph depicts quantitative analysis of gap formation; n = 
3; *, p < 0.05. Knockdown of Rap1 using gene-specific siRNA attenuated the protective effect of 4% CS preconditioning 
on monolayer integrity. Bar = 10 µm. (E) Immunofluorescence analysis of VE-cadherin at the cell junctions in pulmonary 
ECs primed with LPS. Left two panels: 18% CS; right two panels: switch from 4% CS to 18% CS. Bar = 10 µm. Bar 
graphs show quantitative analysis of VE-cadherin signal intensity. Data are expressed as mean ± SD of three 
independent experiments, five fields per condition; *, p < 0.05.
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with Texas Red–conjugated phalloidin diluted in the blocking solu-
tion. After immunostaining, the elastic membranes with cells were 
excised from the BioFlex plates and placed on large coverslips, and 
immunofluorescence imaging was performed using an inverted mi-
croscope Nikon Eclipse TE300 connected to a SPOT RT monochrome 
digital camera and image processor (Diagnostic Instruments, 
Sterling Heights, MI). The images were processed with Adobe Pho-
toshop 7.0 (Adobe Systems, San Jose, CA).

Coimmunoprecipitation, differential protein fractionation, 
and immunoblotting
After agonist stimulation, cells were harvested and lysed with cold 
TBS-NP40 lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% NP40) 
supplemented with protease and phosphatase inhibitor cocktails 
(Roche, Indianapolis, IN). Clarified lysates were then incubated with 
antibodies to VE-cadherin overnight at 4°C, washed three to four 
times with TBS-NP40 lysis buffer, and the complexes were analyzed 
by Western blotting using appropriate antibodies (Tian et al., 
2015b). In fractionation studies, cytosolic (soluble) and membrane/
cytoskeletal (particulate) fractions were isolated as described previ-
ously (Birukova et al., 2007b). Protein extracts were separated by 
SDS–PAGE, transferred to polyvinylidene fluoride (PVDF) mem-
brane, and probed with specific antibodies. Equal protein loading 
was verified by reprobing membranes with antibody to β-actin or a 
specific protein of interest.

FIGURE 9: Role or Rap1 in the protective effect of HTV-LTV switch on LPS-induced lung injury. 
LPS administration (intratracheal) of Rap1−/− mice and matched wild-type controls was 
performed 18 h before exposure to different regimens of mechanical ventilation. The 
experiment was terminated after 4 h of mechanical ventilation. (A) BAL cell count 
measurements. (B) BAL protein content measurements. Data are expressed as mean ± SD of 
four independent experiments; *, p < 0.05. (C) Evans blue dye (30 ml/kg, i/v) was injected 30 min 
before termination of the experiment. Photographs depict lung vascular permeability assessed 
by Evans blue accumulation in the lung tissue.

Surface protein biotinylation was per-
formed as previously described (Birukova 
et al., 2013a) with some modifications. 
Briefly, after exposure to CS and/or agonist 
stimulation, cells were washed with PBS at 
37°C and incubated for 10 min with 5 mM 
sulfo-NHS-SS-biotin (Pierce Biotechnology, 
Rockford, IL) at RT. Subsequently, cells 
were washed two times with ice-cold PBS 
with 100 mM glycine, lysed for 30 min on 
ice in 1% Triton-100 PBS, and cell lysate 
centrifuged at 10,000 × g for 10 min at 4°C. 
Equal amounts of cell lysates were incu-
bated with 60 µl of streptavidin-agarose 
(Pierce Biotechnology, Rockford, IL) for 1 h 
at 4°C. Beads were washed three times 
with ice-cold PBS and boiled in SDS 
sample buffer with 5% 2-mercaptoethanol. 
Samples were centrifuged for 1 min at 
1000 × g, and supernatants were subjected 
to Western blot analysis with VE-cadherin 
antibody.

DNA and siRNA transfections
Predesigned Rap1A-specific human Stealth 
Select siRNA set of standard purity was or-
dered from Invitrogen (Carlsbad, CA). Trans-
fection of ECs with siRNA was performed as 
previously described (Singleton et al., 2009). 
Nonspecific, nontargeting siRNA was used 
as a control treatment. After 48 h of trans-
fection, cells were used for experiments or 
harvested for Western blot verification of 
specific protein depletion. Plasmid encod-
ing wild-type afadin bearing GFP tag was 
kindly provided by Y. Takai (Kobe University, 
Japan) and used for transient transfections 

according to protocol described previously (Birukova et al., 2010b). 
Control transfections were performed with empty vectors. After 
24–48 h of transfection, cells were treated with an agonist of interest 
and used for permeability measurements or subjected to immuno-
fluorescence analysis.

Rap1 activation assay was performed using commercially avail-
able assay kits purchased from Upstate Biotechnology (Lake Placid, 
NY). In brief, cells after exposure to different CS conditions for vari-
ous periods of time were lysed on ice, and GTP-bound Rap1 was 
captured using pull-down assays with Ral GDS-RBD agarose, accord-
ing to the manufacturer’s protocols. The levels of activated GTP-
Rap1 as well as total Rap1 were evaluated by Western blot analysis.

Permeability measurements in CS-conditioned 
EC monolayers
Endothelial permeability to macromolecules was monitored by ex-
press permeability testing assay (XPerT; Dubrovskyi et al., 2013) avail-
able from Millipore (cat. #17-10398). For the permeability assay, cells 
were seeded on biotinylated gelatin-coated BioFlex plates and grown 
for 48–72 h before exposure to desired CS conditions and agonist 
stimulation. FITC-avidin solution was added directly to the culture me-
dium at the final concentration 25 µg/ml for 3 min before termination 
of the experiment unless otherwise specified. Unbound FITC-avidin 
was washed out with 200 µl PBS, pH 7.4, 37°C (two cycles, 10 s each). 
Then, elastic bottoms were excised from of BioFlex plates and placed 
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in cuvettes containing 200 µl PBS. The fluorescence of matrix-bound 
FITC-avidin was measured on a Victor X5 Multilabel Plate Reader (Per-
kin Elmer, Waltham, MA) using an excitation wavelength of 485 nm 
and emission wavelength of 535 nm.

Animal studies and mechanical ventilation protocol
All animal care and treatment procedures were approved by the 
University of Maryland and University of Chicago Institutional 
Animal Care and Use Committees. C57Bl/6j mice (8–10 wk old) 
were purchased from Jackson Laboratories (Bar Harbor, ME). Ani-
mals were handled according to the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals. Rap1a−/− mice 
have been described elsewhere (Yan et al., 2008; Birukova et al., 
2015). C57BL/6J mice were purchased from Jackson Laboratories 
(Bar Harbor, ME). Male and female mice, 8–10 wk old, with an aver-
age weight 20–25 g (Jackson Laboratories, Bar Harbor, ME) were 
anesthetized with an intraperitoneal injection of ketamine (75 mg/
kg) and acepromazine (1.5 mg/kg). A tracheotomy was performed 
and the trachea was cannulated with a 20-gauge 1-inch catheter, 
which was tied into place to prevent air leakage. The animals were 
placed on a mechanical ventilator (Harvard Apparatus, Boston, 
MA). Mice were randomized to concurrently receive a single dose 
of TRAP6 (1.5 × 10−5 mol/kg; intratracheal instillation) or LPS 
(0.75 mg/kg body wt; Escherichia coli O55:B5) followed by 4 h of 
mechanical ventilation with HTV (30 ml/kg, 75 breaths per minute 
and 0 PEEP, HTV), LTV (7 ml/kg, 100 breaths per minute and 
0 PEEP, HTV), or their combination. Control animals were anesthe-
tized and allowed to breathe spontaneously. At killing, BAL of both 
lungs was performed with 1 ml of sterile Hanks’ balanced salt solu-
tion for measurement of inflammatory cells and protein.

Evaluation of lung injury parameters
At killing, collection of BAL fluid was performed using 1 ml of sterile 
Hanks’ balanced saline buffer. The BAL protein concentration was 
determined by a BCATM Protein Assay kit (Thermo Scientific, Pitts-
burg, PA). BAL inflammatory cell counting was performed using a 
standard hemacytometer technique (Fu et al., 2009). As an addi-
tional parameter reflecting increased lung vascular leakiness, Evans 
blue accumulation in the lung tissue was evaluated as described 
elsewhere (Fu et al., 2009). At the end of the experiment, a thora-
cotomy was performed, and the lungs were perfused in situ via the 
left atrium with PBS containing 5 mM EDTA to flush the blood off 
the lungs. The left lung and right lung were excised and imaged by 
a Kodak digital camera.

Optical imaging of lung vascular leak in vivo
Mice were injected via tail vein with 100 µl of 2 nM Angiosense 680 
EX (a vascular fluorescent blood pool imaging agent; PerkinElmer, 
Inc., Boston, MA; cat# NEV10054EX). After 24 h, fluorescent optical 
imaging was performed using Xenogen IVIS 200 Spectrum (Caliper 
Life Sciences. Alameda, CA). Mice were exposed to isoflurane anes-
thesia with O2 through the gas anesthesia manifold and placed on 
the imaging stage. Acquisition and image analysis were performed 
with Living Image 4.3.1 software as we have previously described 
(Birukova et al., 2015).

Measurement of cytokines
The concentrations of KC and MIP2 in mouse BAL fluid samples 
were measured using mouse-specific enzyme-linked immunosor-
bent assay (ELISA) kits available from R&D Systems (Minneapolis, 
MN) according to manufacturer’s instructions. Absorbance was 
read at 450 nm within 30 min in a Victor X5 Multilabel Plate 

Reader (Perkin Elmer, Waltham, MA). Standard curves were gen-
erated with an expected minimum detectable concentration of 8 
pg/ml.

Statistical analysis
Results are expressed as means ± SD of three to five independent 
experiments. Stimulated samples were compared with controls by 
unpaired Student’s t test. For multiple-group comparisons, one-way 
analysis of variance (ANOVA) followed by the post hoc Fisher’s test 
were used. p < 0.05 was considered statistically significant.
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