
Three-dimensional forces exerted by leukocytes
and vascular endothelial cells dynamically
facilitate diapedesis
Yi-Ting Yeha,b,c,1, Ricardo Serranoa,1, Joshua Françoisb, Jeng-Jiann Chiud, Yi-Shuan Julie Lib,c, Juan C. del Álamoa,2,
Shu Chienb,c,2, and Juan C. Lasherasa,b,c,2

aDepartment of Mechanical and Aerospace Engineering, University of California, San Diego, La Jolla, CA 92093; bDepartment of Bioengineering, University
of California, San Diego, La Jolla, CA 92093; cInstitute of Engineering in Medicine, University of California, San Diego, La Jolla, CA 92093; and dInstitute of
Cellular and System Medicine, National Health Research Institutes, Zhunan, Miaoli County 35053, Taiwan

Contributed by Shu Chien, November 22, 2017 (sent for review October 6, 2017; reviewed by James P. Butler and Ning Wang)

Leukocyte transmigration across vessel walls is a critical step in the
innate immune response. Upon their activation and firm adhesion to
vascular endothelial cells (VECs), leukocytes preferentially extrava-
sate across junctional gaps in the endothelial monolayer (paracellular
diapedesis). It has been hypothesized that VECs facilitate paracellular
diapedesis by opening their cell–cell junctions in response to the
presence of an adhering leukocyte. However, it is unclear how leu-
kocytes interact mechanically with VECs to open the VEC junctions
and migrate across the endothelium. In this study, we measured the
spatial and temporal evolution of the 3D traction stresses generated
by the leukocytes and VECs to elucidate the sequence of mechanical
events involved in paracellular diapedesis. Our measurements sug-
gest that the contractile stresses exerted by the leukocytes and the
VECs can separately perturb the junctional tensions of VECs to result
in the opening of gaps before the initiation of leukocyte transmigra-
tion. Decoupling the stresses exerted by the transmigrating leuko-
cytes and the VECs reveals that the leukocytes actively contract the
VECs to open a junctional gap and then push themselves across the
gap by generating strong stresses that push into the matrix. In ad-
dition, we found that diapedesis is facilitated when the tension fluc-
tuations in the VEC monolayer were increased by proinflammatory
thrombin treatment. Our findings demonstrate that diapedesis can
be mechanically regulated by the transmigrating leukocytes and by
proinflammatory signals that increase VEC contractility.
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The innate immune response involves the extravasation of
leukocytes from blood vessels to sites of tissue damage, in-

fection, or inflammation, a process known as diapedesis (1–3).
This complex process is regulated spatiotemporally by many re-
ceptor molecules in both leukocytes and vascular endothelial
cells (VECs). Diapedesis is initiated by the chemotactic activa-
tion of leukocytes and VECs in response to cytokines (IL-1 and
TNF-α) and chemokines (CXC and IL-8) (4–6). Upon activation,
leukocytes bind to the selectin molecules on VECs that facilitate
rolling on and adhesion to VEC membranes. The expression of
intercellular adhesion molecule-1 (ICAM-1) and VEC adhesion
molecule (VCAM-1) on the surface of VECs then triggers the
firm adhesion of leukocytes to the VECs via integrins and other
transmembrane receptors (1–3). Firm adhesion is followed by
transmigration across the VEC monolayer, a process that takes
place mainly in postcapillary venules, where the shear stresses
due to blood flow are small enough to be withstood by the ad-
hesions between leukocytes and the VECs (7).
Leukocyte transmigration across the vascular endothelium can

occur either at VEC junctions (paracellular migration) or
through individual VECs (transcellular migration) (3, 8). While
the specific factors determining the selection of these routes are
not fully understood, in vitro and in vivo experiments have shown
that paracellular migration is the preferred route for leukocyte
diapedesis, occurring over 90% of the time (9). It has also been

shown that diapedesis takes place preferentially at tricellular
junctions in vivo or across VEC junctions that have been loos-
ened by chemical or inflammatory mediators (10, 11). Upon firm
adhesion, the cross-linking of VEC’s ICAM-1 with leukocyte
integrins activates endothelial myosin light chain kinase, leading
to actin–myosin fiber contraction in VECs, and the opening of
the intercellular junctions (3). These findings suggest that para-
cellular migration could be the preferred diapedesis route be-
cause of the active loosening of the cell–cell junctions in VECs in
response to the presence of an adhering leukocyte. However, we
cannot rule out the alternative explanation that VEC cell–cell
junctions passively provide the locations of reduced mechanical
resistance for leukocytes to burrow through. In vitro studies have
shown that in both paracellular and transcellular diapedesis
clusters of VEC ICAM-1 accumulate around adherent leuko-
cytes, forming specific endothelial “docking structures” which
anchor and embrace the leukocytes. These ICAM-1 projections
are actin-rich and have been associated with the opening and
resealing of junctional gaps that control endothelial permeability
during leukocyte diapedesis (12–16). It has also been speculated
that these docking structures may facilitate diapedesis by gen-
erating 3D contractile stresses that pull the leukocytes into and
across the endothelial monolayer (13, 14). These findings have
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given rise to the hypothesis that diapedesis is initiated by the 3D
invasive mechanical forces generated by leukocytes but is mainly
driven by the 3D contractile stresses exerted by VECs in re-
sponse to the presence of adhering leukocytes (10–16).
The above-mentioned studies clarified some aspects of the

mechanics of diapedesis, but the specific manner in which leuko-
cytes and VECs interact mechanistically during this process re-
mains largely unknown. There is a paucity of experimental and
analytical tools to precisely determine the spatiotemporal evolu-
tion of the 3D forces transmitted between leukocytes and VECs
during extravasation. Existing measurements of leukocyte traction
forces are scarce, and most of them are 2D measurements on flat
hydrogels (17–19). So far, the mechanical forces involved in di-
apedesis have been characterized using endothelial monolayers
cultured on micropost arrays (17, 18). These studies revealed that
large variations in traction stresses occur immediately underneath
the diapedesis site. However, the micropost arrays could not
measure the component of force in the direction normal to the
VEC monolayer, which is essential in driving the cell invasion (20).
In the present study, we used 3D traction force microscopy

(3DTFM) (21) to investigate the role that VECs play in the process
of leukocyte diapedesis. We decoupled the forces exerted by leu-
kocytes and VECs by performing experiments where VECs engulf
and transport inert particles across the VEC monolayer and by
performing experiments where leukocytes invade a substrate in the
absence of VECs. Additionally, we manipulate the VEC perme-
ability by using the acute inflammatory mediator thrombin and by
activating the endothelial Rho kinase pathway to investigate how
inflammatory processes modify the 3D traction stresses needed for
leukocyte diapedesis. Our results suggest that upon the firm adhe-
sion of leukocytes to the endothelium, leukocytes generate 3D forces
on VECs to first perturb junctional tensions to cause the opening of
a gap between adjacent VECs, thus facilitating the subsequent
squeezing and invasion through VECs. We show that the 3D traction
stresses required for producing this tension-driven opening of VEC’s
junctional gaps are highly reduced during inflammation, demon-
strating that inflammation effectively softens the physical barrier to
leukocyte transmigration, thus facilitating diapedesis.

Materials and Methods
Cell Culture.Human vascular umbilical endothelial vein cells (VECs) (purchased
from Cell Application) were cultured in medium M199 supplemented with
10% (vol/vol) endothelial cell growth medium (Cell Application), 10% (vol/vol)
FBS (Lonza), 1% sodium pyruvate, 1% L-glutamine, and 1% penicillin–
streptomycin (Gibco) until they formed a confluent monolayer. HL-60 cells
(ATCC) were cultured in RPMI-1640 medium supplemented with 10% FBS and
1% penicillin-streptomycin. See SI Materials andMethods for additional details
on materials and methods.

Results
Dynamics of the Opening of VEC Junctional Gaps in Paracellular
Diapedesis. Paracellular diapedesis involves the formation of
VEC’s junctional gaps (3). To examine the dynamic interaction of
the VEC and the extravasating leukocyte we imaged the VEC
junctions and fluorescently labeled leukocytes during diapedesis
(Fig. 1 A and B). We analyzed these image sequences by splitting
the process into four main sequential stages: (i) crawling, (ii) firm
adhesion, (iii) transmigration, and (iv) release. During the crawling
stage, the leukocyte adheres to and migrates over the surface of
VECs. We used this initial stage as a reference to analyze the
mechanical changes taking place during diapedesis. The crawling
stage concludes when the leukocyte becomes firmly adhered to a
VEC junction. Once the leukocyte positions itself in between two
adjacent VECs, the size of the junctional gap increases and the cell
begins to transmigrate. The transmigration stage lasts until the
leukocyte has completely crossed the monolayer, and this is ensued
by a release stage in which the VEC intercellular gap recedes.
We imaged the transition between the firm adhesion and

transmigration stages using 3D confocal microscopy in fixed
immunostained cells (Fig. 1C). These data suggest that there may
be appreciable 3D deformations of the endothelium underneath the

leukocyte during the firm adhesion stage, even before the
VEC–VEC junctional gap is formed. Specifically, VE-Cadherin
staining was intact at this site but it shows bending in the cross-
sectional plane (Fig. 1C, Left). After the VEC–VEC gap is formed
the leukocyte begins to transmigrate while the gap size keeps in-
creasing (Fig. 1 A and C, Right).
We further investigated the dynamics of diapedesis by con-

currently measuring the evolution of the projected areas of the
leukocyte and the size of the VEC junctional gap (Fig. 1D).
These measurements show that the size of the junctional gap
increases significantly during the firm adhesion phase, before the
leukocyte begins to transmigrate. To better analyze the trans-
migration phase, we further divided the transmigration phase
into early, mid, and late stages, based on the evolution of the
projected area of the leukocyte. The early stage was defined as
when the leukocyte begins to pass through the VEC’s junctional
gap and less than 25% of its body is located below the VECs. The
mid and late stages were defined as when ∼50% and 75% of the
leukocyte body is below the VECs, respectively. We found that
the junctional gap size keeps increasing during early diapedesis,
peaks at mid diapedesis, and decreases during late diapedesis.
We also observed that the gap remains open from few seconds
up to 1 min during the release phase, after the leukocyte has fully
transmigrated under the VECs (Fig. 1A). These results suggest
the existence of a time lag between the opening of endothelial
junctional gaps and the initiation of leukocyte transmigration,

Fig. 1. Three-dimensional endothelial deformation is associated with the
remodeling of VEC junctional gaps during leukocyte paracellular diapedesis.
(A) Epifluorescent live-cell imaging of VEC junctions stained by the CY5 cell
membrane dye and a leukocyte stained by the FITC dye. The yellow arrow
indicates the location where an intercellular gap is formed during diapedesis.
Merged-color images show the diapedesis stages: crawling, firm adhesion,
transmigration, and final release. (Scale bar, 10 μm.) (B) The experimental
setup for 3DTFM during leukocyte diapedesis. (C) Three-dimensional confocal
images of leukocytes fixed during diapedesis as described in Materials and
Methods. Orthogonal (XZ) projection demonstrates a leukocyte is crossing the
VEC border. White arrows indicate that a VE-Cadherin gap associated with the
extravasating leukocyte. (Scale bar, 10 μm.) (D) Time evolution of the area
projection (XY plane) of a leukocyte and VEC junctional gap during di-
apedesis. Data are representative of three independent experiments with two
to three fields in each experiment group. Data are expressed as mean ± SEM.
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and also between the closing of endothelial junctional gaps and
the termination of leukocyte transmigration. Importantly, our
findings indicate that diapedesis involves 3D contractile traction
stresses exerted by both leukocytes and VECs.

Traction Stress Patterns During Leukocyte Diapedesis. Leukocyte
motility during diapedesis involves firm adhesion to the endothe-
lium and the generation of contractile forces that are transmitted
to the endothelium and the underlying substrate. These forces
together with the contractile forces generated by VECs modify the
distribution of intracellular tension in the endothelium, which is
associated with endothelial junction integrity and permeability (22,
23). We mapped the traction stresses generated by the VECs and
leukocyte on the substrate during the different phases of di-
apedesis. To study the dynamics of diapedesis we tracked the
variations in these stresses and compared them with the corre-
sponding values measured during the crawling stage. The results
show that both the in-plane (parallel to the plane of the mono-
layer) and the out-of-plane (perpendicular to the monolayer)
traction stresses changed markedly during diapedesis (Fig. 2A),
whereas they remained relatively unaltered during crawling (Fig.
S3). The change in in-plane stress vectors during diapedesis
showed an inward pattern that colocalized with the transmigrating
leukocyte and converged toward the invasion site. The pattern
formed by the out-of-plane stresses was colocalized underneath the
invading leukocyte and consisted of a central rounded region of
downward pushing surrounded by a weaker rim of upward pulling.
The temporal evolutions of the in-plane and out-of-plane

traction stresses were statistically different (Fig. 2B). Specifically,
the in-plane traction stresses (τxz and τyz) increased significantly
during the firm adhesion stage and did not vary significantly
afterward. However, the out-of-plane stresses (τzz) varied little
during the firm adhesion phase but raised significantly during

transmigration and remained elevated after the leukocyte com-
pletely crossed the monolayer.

Decoupling the Forces Generated by the Transmigrating Leukocytes
and the Endothelial Cells During Diapedesis. The traction stress
patterns observed during diapedesis are similar to those observed
in isolated leukocytes invading into 3D matrices without endo-
thelial cells (Fig. S4). This similarity suggests that leukocytes ac-
tively contract on the VECs to squeeze through junctional gaps.
However, this does not rule out that the measured traction
stresses could also be at least in part generated by the VECs. To
shed light on this question, we prepared 20-μm-diameter anti-
ICAM-coated inert microspheres (SI Materials and Methods)
and deposited them onto inflamed VEC monolayers. Remarkably,
a substantial fraction (60%) of the coated microspheres became
engulfed into the monolayer through openings in VEC junctions
(Fig. S5). Given that the microspheres were inert, the engulfment
process must have been driven by VEC-generated forces. How-
ever, the 3D traction stresses generated by the VECs during mi-
crosphere engulfment (Fig. 3A) differ from those observed during
leukocyte diapedesis (Fig. 2A). In particular, the stresses are less
focused and generate lower substrate compression at the site of
the microsphere inclusion. These data confirm that leukocytes do
exert significant additional contractile stresses on the VEC
monolayer to migrate through it. Consistent with this notion, the
in-plane traction stresses increase gradually during microsphere
inclusion (Fig. 3B), whereas they increase early and remain ele-
vated during leukocyte diapedesis (Fig. 2B, Lower). The patterns
formed by the out-of-plane stresses were similar with those from
the leukocyte invasion and diapedesis, where they colocalized
underneath the microsphere and consisted of a central rounded
region of downward pushing surrounded by a weaker rim of up-
ward pulling (Fig. 3A). Furthermore, the endothelial engulfment

Fig. 2. Spatiotemporal evolution of the 3D stresses during leukocyte crawling, firm adhesion, and diapedesis. (A) Live-cell imaging of a leukocyte trans-
migrating across VECs at indicated time points. The stress magnitude is represented by pseudocolor maps according to the color bars (pascals). (Scale bar,
10 μm.) The first row shows the in-plane traction stress (τxz   and  τyz) overlaid on the bright-field cell image, with the green arrows indicating the orientation of
the in-plane stress vector. The second row shows the lateral tension (τxx + τyy) in an XZ plane section of the matrix that intersects the endothelial monolayer
along the yellow dashed line shown in the first row (blue represents lateral compression and red, lateral extension). The third row shows the out-of-plane (τzz)
traction stresses overlaid on the bright-field cell image (blue represents downward pushing and red, upward pulling). The fourth row shows the vertical stress
(τzz) in an XZ plane section of the matrix that intersects the endothelial monolayer along the yellow dashed line shown in the third row (blue represents
downward pushing and red, upward pulling). In the second and fourth rows the vertical deflection of the substrate has been scaled up by a factor of 4 to aid
visualization. The leftmost panel shows the absolute values of stresses and tensions at the end of the crawling stage, and it is used as the reference state for
calculating the temporal changes of 3D stresses. (B) Quantification of the relative changes of local 3D stresses in the process of crawling (Upper) and di-
apedesis (Lower). Data are mean ± SEM of local absolute values of the stresses (blue tangential in-plan; black normal out-of-plane) normalized with the
corresponding values measured at the crawling stage. Data are expressed as mean ± SEM. *P < 0.05. Data are representative of six independent experiments.
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of passive microspheres takes significantly longer time than the
diapedesis of contractile leukocytes (Fig. 3C).

Leukocyte Diapedesis Through VEC Monolayers with Altered Contractility
and Internal Tension. To further investigate the role of VEC me-
chanical tension in the dynamics of leukocyte diapedesis we per-
formed experiments with VEC monolayers that had been treated
with thrombin 1 h before the experiment. Thrombin is known to
promote Rho-mediated cell contractility, leading to VEC junction
remodeling and increased endothelial permeability (24). Consistent
with previously reported data, we observed that thrombin induced
formation of thicker stress fibers, temporally localized increases of
contractile forces, and permeable intercellular junctions (Fig. 4 A
and B and Figs. S6 and S7). Of note, the thrombin-pretreated VECs
exerted significantly higher traction stresses than controls, leading to
a distribution of monolayer tension that exhibited significantly more
pronounced fluctuations (Fig. 4C). Rho kinase inhibitor can repress
thrombin-induced cell contractility (24). These changes were re-
versed after 30 min when the Rho kinase inhibitor Y-27632 treat-
ment was followed by the treatment with thrombin. In addition, the
rates of leukocyte diapedesis were significantly higher in thrombin-
treated VEC monolayers than in thrombin+Y-27632–treated
monolayers and in untreated monolayers (Fig. 4D).
Overall, our data suggest that endothelial monolayer perme-

ability is enhanced by localized transient changes in the in-
tracellular tension of the VEC, and that these changes can be
elicited by both the contractility of VECs and the external forces
applied by the transmigrating leukocytes. The dynamics of the 3D
traction stresses measured during transmigration of leukocytes
through VECs pretreated with thrombin and with thrombin+Y-
27632 agree with this notion. In thrombin-treated endothelia with
enhanced VEC contractility, the interaction between the trans-
migrating leukocytes and VECs caused small changes in the in-
plane traction stresses and the lateral axial stress of the substrate,
compared with the already elevated values of these variables be-
fore diapedesis (Fig. 5). Furthermore, the stress vectors did not
form an inward pattern convergent toward the center of the in-
vading leukocyte as observed in control conditions (Fig. 2A).

Instead, the pattern formed by these vectors was similar to that
measured around monolayer gaps in thrombin-treated VEC
monolayers without invading leukocytes (Fig. S6D). However, in
the thrombin+Y-27632–treated endothelium (Fig. 5A), the vari-
ations of the in-plane stresses during diapedesis exhibited a trac-
tion stress vector pattern more similar to that found in untreated
endothelium, although it occurred at a later stage (Fig. 5B). These
results suggest that VEC contractility played a less important role
in opening gaps in these monolayers. The out-of-plane stresses
measured on the substrate increased during diapedesis and
showed approximately the same pattern for all cases studied. The
results indicate that these stresses originated mainly by the sub-
strate indentation caused by the invading leukocyte. Consistent
with this notion, these stresses underwent earlier and larger rel-
ative changes for leukocytes invading through thrombin+Y-
27632–treated monolayers, whereas the opposite occurred for
leukocytes invading through thrombin-treated monolayers.

Discussion
In vitro and in vivo studies have shown that paracellular diapedesis
is the predominant extravasation route for leukocytes (10). Para-
cellular diapedesis requires the generation of a junctional gap be-
tween neighboring VECs to open up a passage through which
leukocytes can transmigrate. Adhesion of leukocytes to VECs
triggers the activation of signaling molecules that mediate the dis-
assembly of cadherin/catenin complexes at the VEC junctions (3).
Endothelial ICAM-1 triggers the formation of an actin-rich docking
structure, and subsequently the migrating leukocyte inserts a
pseudopod through the junctional gap, which allows transmigration
while minimizing plasma leakage (25–27). Previous 2D TFM
studies have suggested that acto-myosin contractile forces could
play an important role in leukocyte diapedesis (13, 14). However,
little is known about how these forces physically pull the cell
junctions apart and drive the transmigration of the leukocyte.
Particularly, it is unclear whether junctional gaps are mediated by
VEC contraction or by the invading protrusions from leukocytes.
Inhibition of leukocyte contractility has been shown to decrease
diapedesis efficiency; however, leukocytes are still able to invade

Fig. 3. Spatiotemporal evolution of 3D stresses during the engulfment of an anti-ICAM-coated microsphere by an endothelial monolayer. (A) Live imaging of
a 20-μm anti-ICAM-coated inert microsphere firmly attached to and engulfed by VECs at indicated time points. Maps showing representative spatial distri-
butions of in-plane stress, out-of-plane stress, and local endothelial tension as describe in Fig. 2A. (Scale bar, 10 μm.) (B) Quantification of the relative changes
of the local 3D stresses during the process of endothelial engulfment of anti-ICAM-coated microspheres into the endothelium. (C) The time taken for leu-
kocyte diapedesis and for endothelial engulfment of the inert microspheres. The data are plotted as mean ± SEM of local absolute stress values normalized
with the corresponding values measured at the stage of firm attachment. *P < 0.05; **P < 0.01; ***P < 0.001. The data are representative of at least three
independent experiments in each case.
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between neighboring VECs with deficiencies only in the retraction
of their tails for completing diapedesis (28). Furthermore, di-
apedesis is inherently dynamical and 3D, and there is a scarcity of
3D time-resolved data about the mechanics of this process.
Using 3DTFM (21) in a realistic in vitro setup, we simultaneously

quantified the evolution of the 3D mechanical forces, cell position,
and cell shape during leukocyte diapedesis. These data showed that
a junctional gap was formed before the formation of an invading
leukocyte protrusion (Fig. 1 A and D). Also before transmigration,
the in-plane traction stresses under the VEC monolayer increased
significantly at the invasion site, showing a vector pattern that was
directed inward toward the junction and locally compressed the
endothelium (Fig. 2). We posit that this transient change in endo-
thelial mechanical loading could induce a local perturbation of
intracellular tensions (29) to cause a rearrangement of F-actin at
cell–cell junctions that promotes the disruption of the junctional
linkage (30). In comparison, we did not observe dynamical changes
in traction stresses when a leukocyte was crawling over the endo-
thelium without initiating the invasion process (Fig. 2B and Fig. S3).
In the later stages of diapedesis the traction stress pattern

became more 3D with a large out-of-plane component. The
stresses pulled away from the matrix at several locations along
the periphery of the leukocyte, while pushing downward into the
matrix at one single location under its center. Given that all of
the forces must be in equilibrium, this stress pattern considerably
amplifies the magnitude of the downward-pushing stresses, a
mechanism that had been previously observed for invasive cancer
cells and named “stress focusing” (20). We also found that the
monolayer gaps resealed by contractile VEC stresses after the
leukocyte completely passed through the gap and became posi-
tioned underneath the VEC monolayer (Fig. 1 A and D). Similar
outward traction stresses have been previously reported for

closing gaps by other investigators (31). The observation of
inward-directed cell motion and outward-directed traction sug-
gests that these stresses are not caused by the relative sliding
motion between the monolayer and the substrate. We note that
this traction stress distribution is associated with positive hoop
(purse string) tension inside the monolayer, which could provide
a mechanism for gap closure. These data are consistent with
previous speculations that the generation of VEC contractile
forces and VEC membrane mobility are not only necessary for
the formation of junctional gaps (the firm adhesion stage) but
also for the maintenance of the barrier integrity during leukocyte
diapedesis (the transmigration stage) (26, 32).
The dynamical changes in 3D stresses we observed during di-

apedesis had the same pattern we measured for leukocytes invading
into ECM, suggesting that the leukocytes actively generate me-
chanical forces to open junctional gaps and transmigrate across the
endothelium. Consistent with this idea, we observed that the en-
dothelial engulfment of micrometer-sized, anti-ICAM-coated inert
particles required significantly longer times than leukocyte di-
apedesis (Fig. 3C). Engagement of ICAM-1 clusters has been
shown to trigger VEC Rho signaling and induce traction stress
generation (14, 25, 33), and we did measure a significant increase in
traction stress during endothelial engulfment of anti-ICAM-coated
particles (Fig. 3). Altogether, these findings point to the importance
of both leukocyte contraction and VEC contraction as regulators of
endothelial permeability during diapedesis. Applying mechanical
forces on ICAM-1 clusters has been shown to enhance VEC Rho
activation and MLC phosphorylation (33), which suggests that the
contractile forces exerted by VECs and leukocytes could be or-
chestrated to facilitate diapedesis using ICAM-1 as a force sensor.
Leukocytes migrate through VECs at sites where endothelial

junctions are looser, suggesting that the biomechanical properties

Fig. 5. Spatiotemporal evolution of the 3D stresses during diapedesis across
thrombin-treated VEC monolayers, and across monolayers treated with
thrombin plus Rho kinase inhibitor. Live-cell images and stress maps of a
leukocyte crawling and firmly adhered on VEC monolayers pretreated with
thrombin and thrombin+Y-27632 (A). (Scale bar, 10 μm.) (B) Quantification
of the relative changes of local 3D stresses in the process diapedesis of the
control, thrombin, and Y/T groups. The data are plotted as mean ± SEM of
local absolute stress values normalized to the crawling stage. Each data
point is representative of at least five independent experiments.

Fig. 4. Thrombin treatment increases heterogeneity in the distribution of
mechanical tension within the VEC monolayer and facilitates leukocyte di-
apedesis through Rho kinase pathway. (A) F-actin (red) and VE-Cadherin
(green) staining of VECs. VECs were preincubated for 30 min in the absence
or the presence of 30 μM of Y-27632 and followed for 1 h with the thrombin
stimulation. (Scale bar, 50 μm.) (B) Permeability response after the junctional
recovery is given as 1 h after thrombin treatment. T, thrombin; Y/T, Y-27632/
thrombin. (C) Three-dimensional traction stresses and mechanical tension
within the monolayer. (i) Maps showing representative spatial distributions
of monolayer tension. (Scale bar, 50 μm.) (ii) Quantification of 3D stresses.
(iii) Quantification of monolayer tensions. (D) Quantification of leukocyte
diapedesis rates at the end point of the diapedesis assay. Bars represent
average fraction of transmigrated cells. The data are expressed as mean ±
SEM. *P < 0.05; **P < 0.01; ***P < 0.001. The data are representative of four
independent experiments with more than 100 cells per group.
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of the VEC monolayer are a crucial determinant for diapedesis
(10, 11). In vivo, leukocyte transmigration increases significantly at
converging venular regions, where VECs morphologically differ
from straight regions and form more tricellular junctions. These
observations have been the basis for the hypothesis that leukocytes
follow the path of least resistance during diapedesis. Motivated by
this hypothesis, we conducted a series of experiments with VECs
treated with thrombin to alter their junctional integrity. Thrombin
causes endothelial barrier disruption by inducing fast acto-myosin
contractility and large paracellular gaps (34). The endothelial
junctions remained unstable and loose even after these gaps were
resealed, causing a prolonged increase in endothelial permeability
and leukocyte diapedesis rate (Fig. 4 B and D and Figs. S6 and
S7). This state was associated with higher traction stresses and
more fluctuations in the intracellular mechanical tensions of the
VECs, consistent with previous findings (35–37). Reducing acto-
myosin contractility by Rho kinase inhibition reversed the
thrombin-induced increases in endothelial tension fluctua-
tions, endothelial permeability, and leukocyte diapedesis rate (Fig. 4).
When leukocytes were transmigrating through thrombin-

treated VECs there were no appreciable dynamical changes of
the in-plane traction stresses (Fig. 5 and Fig. S8), suggesting that
unstable VEC junctions permit leukocytes to traverse the en-
dothelium without exerting contractile forces on the endothe-
lium to modulate its mechanical tension. In addition, the out-of-
plane stress increased significantly only after diapedesis (Fig. 5
and Fig. S8), presumably when the leukocyte was directly in
contact with the matrix and possibly being pushed down by the
endothelial monolayer, which was resealing above it. Conso-
nantly, inhibition of Rho kinase in the VECs restored the dy-
namics of the process and the 3D stress patterns measured in

control conditions (Fig. 5 and Fig. S8). Overall, the behaviors
observed in different conditions of endothelial permeability
provide evidence that leukocytes may choose the path of least
physical resistance when crossing the VEC monolayer.
In summary, applying 3DTFM in an in vitro model of leuko-

cyte transendothelial migration, we have decoupled the forces
exerted by the transmigrating leukocytes and the VECs during
diapedesis. We have demonstrated that the 3D contractile
stresses exerted by the orchestrated interaction between leuko-
cyte and VEC causes the disassembly of cell–cell junctions be-
fore the initiation of leukocyte invasion into the endothelium.
We have shown that after their firm adhesion to VEC the leu-
kocytes actively contract before the opening VEC’s junctional
gaps and subsequently thrust themselves through by generating a
pattern of contraction that amplifies the magnitude of the
stresses that push into the matrix at the invasion site. Further-
more, we found that diapedesis can be separately facilitated
when the tension fluctuations in the VEC monolayer were in-
creased by thrombin treatment. These findings provide evidence
for the complementary interplay between transmigrating leuko-
cytes and VECs in the well-orchestrated process of trans-
endothelial migration. The leukocytes play an initiating role in
starting the diapedesis, while the VECs play a concluding role in
closing the junctional gaps.
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