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Leukocyte transendothelial migration (TEM) requires two major events: local dissociation of adherens
junctions manifested as gaps in vascular endothelial (VE)-cadherin staining at the site of TEM and
targeted trafficking of the lateral border recycling compartment (LBRC) to the site of TEM. However,
the association between LBRC recycling and VE-cadherin gaps remains unknown. We found that when
targeting of the LBRC is selectively inhibited using established methods, such as a function blocking
antieplatelet endothelial cell adhesion molecule 1 antibody, depolymerizing microtubules, or
microinjection of an antibody that inhibits kinesin, VE-cadherin gaps do not form around the blocked
leukocyte. This is the first time that the LBRC has been implicated in this process. We obtained similar
results for neutrophils and monocytes and in studies using live cell imaging microscopy conducted
under fluid shear conditions. Depolymerizing microtubules did not affect the ability of leukocytes to
induce tyrosine phosphorylation of VE-cadherin. A VE-cadherin double mutant (Y658F, Y731F)
expressed in endothelial cells acted as a dominant negative and inhibited VE-cadherin gap formation
and TEM, yet targeting of the LBRC still occurred. These data suggest that targeting of the LBRC to the
site of TEM precedes VE-cadherin clearance. Recruitment of the LBRC may play a role in clearing
VE-cadherin from the site of TEM. (Am J Pathol 2016, 186: 1387e1402; http://dx.doi.org/10.1016/
j.ajpath.2016.01.010)
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Leukocytes attach to vascular endothelial cells at the site of
inflammation via a series of adhesive steps that involve
tethering, rolling, adhesion, and locomotion.1e4 Although a
lot is known about these earlier steps leading to diapedesis
or transendothelial migration (TEM), the molecular mech-
anisms regulating TEM have not been fully elucidated.
Here, we examined the relationship between two major
events required for diapedesis: dissociation of adherens
junctions at, and lateral border recycling compartment
(LBRC) trafficking to, the site of TEM. These two processes
have been previously demonstrated to be required for effi-
cient leukocyte TEM, but the association between these two
events has not been reported.5e10

Vascular endothelial (VE)-cadherin (cadherin-5, CD144) is
a type 1 transmembrane protein that is exclusively expressed
in endothelial cells. It is concentrated at adherens junctions,
where it forms calcium-dependent homophilic interactions
and participates in barrier function and TEM.11e13 Not
stigative Pathology. Published by Elsevier Inc
surprisingly, VE-cadherin is a tightly regulated protein. Its
surface expression is stabilized by its association with the
cytoplasmic protein p120 catenin, and it can link to the actin
cytoskeleton via its interaction with b-catenin and plakoglobin,
members of the armadillo gene family.7,14e16 Adhesion of
leukocytes to the endothelial cell activates downstream
signaling pathways that induce VE-cadherin to be cleared
from the site of transmigration to produce what appears as a
gap in VE-cadherin staining along the junction.5,6 However,
VE-cadherin may not be internalized but rather pushed aside
along the plane of the junction and diffused back to refill the
junction once transmigration is complete.6,7 The mechanism(s)
by which this occurs is not clear.
. All rights reserved.
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Platelet endothelial cell adhesion molecule (PECAM,
CD31) is a-130 kDa type 1 transmembrane glycoprotein
expressed by platelets, leukocytes, and endothelial cells. In
endothelial cells, PECAM is almost exclusively concen-
trated at cell-cell borders.17,18 Homophilic interaction
between PECAM on the leukocyte and endothelial cells
induces downstream signaling pathways in each of these
cell types that are required for TEM.17e21 Indeed, disrupting
homophilic interactions between these two cell types by the
addition of blocking antibodies against extracellular domain
1 of PECAM or by addition of soluble recombinant
PECAM-Fc protein inhibits TEM in vitro and inflammation
in vivo22e25 in all mouse strains except C57Bl/6.25e28

The lateral border recycling compartment (LBRC) is a
unique reticulum of interconnecting vesicle-like structures
along the lateral borders of endothelial cells at cell-cell
contacts.8,9 The LBRC traffics to the site of TEM to sur-
round the transmigrating leukocyte. Approximately one-third
of total PECAM is in the LBRC, as are other molecules
important for TEM, such as JAM-A, poliovirus receptor, and
CD99.10,29,30 Even though VE-cadherin is present at cell-cell
junctions, it is excluded from the LBRC.10,30,31

Homophilic interactions between PECAM on the leukocyte
and at the endothelial cell border initiate signals that recruit the
LBRC.8 Trafficking of the LBRC requires an intact microtubule
cytoskeleton and kinesin, a plus endmolecular motor. Anything
that prevents targeted trafficking of the LBRC inhibits
TEM.8e10 Thus, twomajor events occur during diapedesis. The
LBRC is recruited to the site of TEM, and VE-cadherin moves
out of the way. Despite the requirement for these two events for
efficient paracellular transmigration, the association between
them has not been characterized.

We used a pharmacologic and genetic approach to delin-
eate the spatial and temporal association between the LBRC
and VE-cadherin gap formation. We have two experimental
systems in which to study the association of these phenom-
ena. In one we block movement of the LBRC to the site of
TEM; in the other we block the ability of VE-cadherin to
leave the site of leukocyte adhesion. The analysis of both
systems will be compatible with only one answer to this
question.We found that the LBRC is recruited at an early step
during TEM and can occur in the absence of formation of
VE-cadherin gaps. The LBRC may have a dual function, not
only to provide a gateway for the leukocyte across the
endothelial cell barrier but also to help clear VE-cadherin
specifically from sites of TEM.

Materials and Methods

Reagents

Monoclonal antibodies against domain 4 of human VE-
cadherin (clone hec1) or the N-terminal domain of human
PECAM (clone hec7) were prepared as previously
described.17,32 P1.1 mouse monoclonal IgG ascites was a kind
gift from Dr. Peter Newman (Blood Center of Wisconsin,
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Milwaukee, WI). P1.1 is a nonblocking antibody against
PECAM domain 5. Fab fragments were prepared from purified
IgG as previously described.8 Polyclonal antibody HD against
Drosophila kinesin-1 was a kind gift from Dr. Geri Kreitzer
(Weill Cornell Medical Center, New York, NY).9 Goat poly-
clonal anti-mouse F(ab’)2 IgG was purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA). The goat
polyclonal anti-mouse F(ab’)2 IgG Alexa568 and the anti-
phosphorylated Y731 VE-cadherin antibody were purchased
from Invitrogen (Carlsbad, CA). IB4 mouse monoclonal IgG
recognizing anti-human CD18was used to label leukocytes and
was prepared as previously described.33 Monoclonal anti-
tubulin antibodywas purchased from Sigma-Aldrich (St. Louis,
MO). Demecolcine (DCN) was obtained from Calbiochem
(Billerica, MA). 4G10 Platinum (an antiphosphotyrosine
mouse monoclonal cocktail IgG2b) was purchased from
Millipore (Billerica, MA).

Cell Culture

Human umbilical endothelial cells (HUVECs) were isolated
and cultured as previously described17,34 on plastic or hydrated
collagen gels and were used at passage 2. 293A cells were
cultured in Dulbecco’s modified Eagle medium (Gibco/Life
Technologies, Carlsbad, CA) that contained 10% fetal bovine
serum (FBS) and supplemented with 10 mmol/L modified
Eagle medium nonessential amino acids, L-glutamine, and
100 U/mL of penicillin and streptomycin. Human poly-
morphonuclear (PMN) cells (>95% pure) were isolated from
whole blood obtained from healthy volunteers using a Histo-
paque 1119 (Sigma-Aldrich): Ficoll-Paque gradient (GE
Healthcare, Atlanta, GA). Contaminating red blood cells were
lyzed at 4�C for 10 minutes with ice-cold ammonium chloride
(STEMCELL Technologies, Vancouver, BC, Canada) by
diluting 1 mL of ammonium chloride stock (0.8%) with 4 mL
of 1�Dulbecco’s phosphate-buffered saline (PBS) (Mediatech,
Inc., Corning, Manassas, VA). Peripheral blood mononuclear
cells (PBMCs) were isolated by density gradient centrifugation
onFicoll-PaquePlus (GEHealthcare) as previously described.35

All experimental protocols were approved by the Northwestern
University Institutional Review Board.

Quantitative End Point TEM Assay

Quantitative end point TEM assay was performed and
quantified as previously described.19 Briefly, HUVECs were
cultured on hydrated collagen gels on a 96-well plate until
confluent. In some experiments with monocytes and all
experiments with PMN cells, endothelial cells were first
activated by co-culture in 10 ng/mL of tumor necrosis factor
(TNF)-a for 4 hours. To assess the role of the VE-cadherin
wild-type (WT) and mutant green fluorescent protein (GFP)
adenoviral constructs, HUVECs were washed several times
with M199 without human serum and transduced with virus
expressing GFP-tagged VE-cadherin WT or double mutant
(DMT) overnight in the presence of 50 mL of M199 and 2%
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LBRC in VE-Cadherin Gap Formation
FBS. Media was removed and replaced with complete
M199 medium that contained 20% human serum. Mono-
layers were used for TEM assays 24, 48, or 72 hours after
transduction as indicated. Greater than 95% transduction
rates were obtained in each of our studies.

Targeted Recycling Assay

Targeted recycling experiments were performed as pre-
viously described.8,9 In brief, HUVEC monolayers grown
on hydrated collagen on 96-well plates were incubated
with P1.1 Fab fragment, a nonefunction-blocking
monoclonal antibody against PECAM, at 37�C. Move-
ment of PECAM serves as a surrogate marker for the
LBRC. Cells were washed several times with ice-cold
M199 medium that contained 0.1% human serum albu-
min to remove any unbound antibody. An excess of goat
anti-mouse F(ab’)2 fragment was premixed in incubation
medium to mask all exposed P1.1 Fab. In studies in
which pharmacologic agents were included [eg, dimethyl
sulfoxide (DMSO) or 1 mmol/L of DCN], drugs were
included in the premix. After 1 hour of incubation on ice,
unbound antibody and drugs were washed away. In
experiments where PBMCs were used, a cell suspension
of 2 � 106 cells/mL was mixed with 20 mg/mL Alexa
568econjugated goat anti-mouse Fab2 fragment and
100 mL of this was added per well on ice. For studies that
involved PMN cells, the cell suspension was adjusted to
5.0 � 105 cells/mL.

Leukocytes were allowed to settle on the HUVEC
monolayer on ice, followed by a short (9-minute) incuba-
tion at 37�C to catch the leukocytes in the process of TEM.
The 96-well plates were washed several times on ice with
ice-cold M199 medium that contained 0.1% human serum
albumin to remove any unbound leukocyte and secondary
antibodies. Cells were fixed for 10 minutes at room
temperature and processed for immunofluorescence as
described in this section.

VE-Cadherin GFP Constructs

A plasmid that expressed full-length GFP-tagged VE-
cadherin cDNA (pCad5(s) cDNA1neo) was used as a
template to generate VE-cadherin WT adenoviral vector.
The adenoviral vector, pAD-CMV-V5 Destination Vector,
was from Gateway Technology, Invitrogen. Mutations at
positions tyrosine 658 and tyrosine 731 in VE-cadherin
cDNA were generated using the QuikChange II XL Site-
Directed Mutagenesis Kit from Agilent Technologies
(Santa Clara, CA) after the procedure of the manufacturer.
Plasmids were used to transform XL10-Gold ultracompe-
tent cells and were plated in selective media. Plasmids from
positive clones were isolated using QIAprep Spin Miniprep
Kit (Qiagen, Valencia, CA) and sequenced on an ABI 3730
DNA automated sequencer (Applied Biosystems, Core
Sequencing Facility, Northwestern University, Chicago,
The American Journal of Pathology - ajp.amjpathol.org
IL) to confirm the presence of the appropriate point muta-
tions. Plasmid DNA was purified using the GenEluteHP
Plasmid MidiPrep Kit (Sigma-Aldrich). The 293A cells
were transfected with adenoviral vector according to the
manufacturer’s protocol (Gateway Technology, Invi-
trogen). Approximately 7 days after transfection, the
adenovirus-containing 293A cells were harvested and
lyzed to prepare a crude viral stock. The resultant viral
stock was amplified.

Gel Electrophoresis and Immunoblotting

To detect phosphotyrosine proteins, endothelial cells were
rinsed with ice-cold PBS and lyzed in ice-cold cell lysis
buffer: 10 mmol/L Tris, pH 7.4, 100mmol/L NaCl, 1 mmol/L
EGTA, 1 mmol/L EDTA, 0.5% sodium deoxycholate, 0.1%
SDS, 1% Triton X-100, and 10% glycerol. Cell lysis buffer
was supplemented with 1 tablet of protease inhibitor and
PhosPhoStop (Roche, Basel, Switzerland) per 10 mL of lysis
buffer before use. Lysates were diluted in a 1:1 ratio with 2�
Laemmli Sample Prep Buffer (213 mmol/L Tris, pH 6.8, 34%
glycerol, 3.41% SDS). For immunoprecipitation studies,
lysates were incubated with the indicated antibodies for 3
hours at 4�C followed by 1 hour with protein G beads.
Samples were heated at 95�C for 5 minutes, and proteins
were separated on 8% to 10% SDS-PAGE after standard
procedures and subsequently processed for Western blot
analysis.

Microinjection

HUVECs were grown on 35-mm glass bottom dishes
(MatTek Corporation, Ashland, MA) coated with fibro-
nectin until confluent and were treated with 10 ng/mL of
TNF-a for 4 hours. Microinjection was performed using an
Olympus Disk Scanning Unit confocal microscope, under
20� phase, along with an Eppendorf FemtoJet Micro-
injector and micromanipulator. Cells were microinjected
with polyclonal antikinesin IgG (HD) antibody or an
isotype-matched control IgG antibody that were diluted in
1� PBS to a concentration of 5 mg/mL. To identify injected
cells, 1 mg/mL of dextraneAlexa 488 was included with
each of the antibodies. Approximately 100 contiguous
endothelial cells were microinjected per field per condition.
After microinjection, endothelial cells were allowed to
recover for 2 hours in the presence of 10 ng/mL of TNF-a at
37�C. Freshly isolated PBMCs from healthy volunteers
were resuspended to 4 � 106 cells/mL in ice-cold M199
medium that contained 0.1% human serum albumin. One
hundred microliters of the leukocyte cell suspension was
added to the HUVEC monolayers and allowed to settle for
15 minutes. Plates were placed at 37�C for 10 minutes to
allow leukocytes to transmigrate across the endothelial
layer. Cells were fixed with 2% paraformaldehyde in
Dulbecco’s PBS (Cellgro) with CaþþMgþþ and prepared
for immunofluorescence microscopy as described below.
1389
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Figure 1 Outline of logic for determining the association of vascular
endothelial (VE)-cadherin gap formation and targeted recycling (TR) of the
lateral border recycling compartment (LBRC). Transmigration assays are
performed under conditions in which one or the other of the processes is
inhibited. A: Two complementary approaches are taken to block trafficking
(TR) of the LBRC to the site of TEM. B: TEM experiments are performed
under conditions where formation of VE-cadherin gaps is inhibited. The
successful completion of both arms of this study is compatible with only
one of the four conclusions.

Gonzalez et al
Immunofluorescence Microscopy

Single- and double-label immunofluorescence was per-
formed as detailed previously.9 Collagen gels in 96-well
plates were transferred onto 35-mm glass bottom dishes
and viewed on a PerkinElmer UltraVIEW VoX Confocal
Spinning Disk Microscope (Duluth, GA), fitted with
appropriate filters for visualization of GFP, as well as Alexa
568 (Invitrogen), Dylight 488, and Dylight 650 conjugated
probes (Thermo Fisher Scientific, Waltham, MA). Images
were acquired with a UPlanApo 40� oil immersion objec-
tive using Volocity software version 6.3 (PerkinElmer).
Recorded images were analyzed offline with ImageJ version
1.45s (NIH, Bethesda, MD; http://imagej.nih.gov/ij) and
Volocity software version 6.3 (PerkinElmer).

Live Cell Imaging Microscopy

Endothelial cells were grown to confluence on 35-mm glass
bottom dishes (MatTek Corporation) or Ibidi chambers (Ibidi
USA Inc., Madison, WI) coated with fibronectin. Cells were
treated with 10 ng/mL of TNF-a for 4 hours before an
experiment and treated with 0.1% DMSO or 1 mmol/L of
DCN (Calbiochem) for 10 minutes at 37�C. Cells were rinsed
several times after drug treatment before leukocytes were
added. Cells were imaged in a heated closed chamber. Images
were captured using a Leica 40� HCX PL APO 40X/0.85
lens, a Leica inverted microscope, a Hamamatsu ORCA-ER
digital camera, and Simple PCI 6 software version 6.6.0.14
(W. Nuhsbaum Inc, McHenry, IL).

For experiments that involved DCN treatment, endothelial
cells were fixed and processed for immunofluorescence at the
end of each recording to confirm that microtubules in the
DCN-treated group remained depolymerized.

Statiscal Analysis

All experiments with quantification are expressed as
means � SEM. Each condition was conducted in triplicate
and represent data from three separate experiments and
>100 leukocyte/endothelial cell interactions. Differences
between two groups were analyzed with the t-test. P � 0.05
was considered statistically significant. Statistical analysis
was performed using GraphPad Prism software version 5
(GraphPad, San Diego, CA).

Results

A Function Blocking Antibody against PECAM Inhibits
Leukocyte-Induced VE-Cadherin Gaps

A major event controlling diapedesis is the loosening of
adherens junctions at the site of transmigration.5,14,36e39

This produces what appears as a gap in VE-cadherin
staining.6 Because VE-cadherin gaps are required for effi-
cient TEM, lower TEM is associated with reduced gaps.
1390
However, the mechanism(s) by which this occurs is not
clear. There is evidence that intercellular adhesion molecule
1 (ICAM-1) clustering can increase phosphorylation of
VE-cadherin tyrosine residues and regulate VE-cadherin
gap formation.40 Locomotion on the endothelial surface
involves adhesive interactions between b2-integrins on the
leukocyte and ICAM-1 on the endothelial cell.41,42 This has
been found to cluster ICAM-1 on endothelial cells. How-
ever, VE-cadherin gap formation may require additional
signals that are downstream of ICAM-1 signaling.7,40 For
example, in a study conducted by Allport et al,5 a function-
blocking antibody directed against the extracellular domain
of PECAM inhibited VE-cadherin gap formation and TEM.
In addition, we previously found that inhibiting homophilic
interactions between PECAM in leukocytes and endothelial
cells inhibited recruitment of the LBRC and TEM.8 On the
basis of these data, we wanted to characterize the associa-
tion between LBRC recruitment and VE-cadherin gap for-
mation in endothelial cells during TEM. Figure 1 is a
schematic of the experimental approach that would allow us
to determine the association between these two critical
events: LBRC recruitment and VE-cadherin gap formation.
We first determined whether we would obtain similar

findings with freshly isolated monocytes instead of the
monocyte cell line that was used in the Allport study. We
compared the extent of TEM and adherens junction
disruption between control and anti-PECAMetreated
endothelial cells by performing three-dimensional confocal
imaging of monocytes fixed in the act of TEM. Under the
monocyte/endothelial cell ratios used in these experiments,
there is no change in junctional permeability or trans-
endothelial electrical resistance during TEM,43 so we used
the appearance of a gap in VE-cadherin staining5,6 or VE-
cadherin gap as a surrogate marker for junction disruption.
As expected, under control conditions, a VE-cadherin gap
formed (there was an absence of VE-cadherin staining) at
cell-cell junctions where monocytes were in the act of
transmigrating (Figure 2A). In the presence of hec7, a
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 A function-blocking antibody against
platelet endothelial cell adhesionmolecule 1 (PECAM)
inhibits vascular endothelial (VE)-cadherin gaps. A:
In control (CTL) there is a VE-cadherin gap (green
arrows) where a monocyte transmigrates (merge and
XZ view orthogonal). In the presence of anti-PECAM
antibody, VE-cadherin staining is not cleared at the
site where a monocyte is on an adherens junction
(green arrows, merge) and there is no transmigration
(XZ view orthogonal). The dotted lines in the merged
view represent the plane of the orthogonal image,
and the dotted lines in the XZ view indicate the plane
of the endothelial monolayer. B: Quantification
shows that hec7 treatment inhibits VE-cadherin gaps
and transendothelial migration (TEM) (1 hour)
compared with CTL. Data are expressed as the
means � SEM percentage of monocytes at the junc-
tion that underwent TEM or had VE-cadherin gaps.
Each condition was conducted in triplicate and rep-
resents data from three separate experiments and
over 100 leukocyte/endothelial cell interactions. The
horizontal dotted line in the merged view represents
the plane of the orthogonal image, and the dotted
line in the XZ view indicates the plane of the endo-
thelial monolayer. **P < 0.01, t-test. Scale
bars Z 10 mm. XZ, orthogonal view displays the XZ
plane of a three-dimensional image at a given point.

LBRC in VE-Cadherin Gap Formation
function-blocking anti-PECAM monoclonal antibody,
monocytes positioned over a cell-cell junction did not
induce a VE-cadherin gap (VE-cadherin staining was intact
at this site) and failed to transmigrate (orthogonal XZ
view). There was no difference in adhesion or locomotion
of monocytes to cell-cell junctions between the hec7-
treated group compared with control19 (data not shown).
Quantification of these results indicated that under control
conditions after 1 hour approximately 80% of the mono-
cytes initiated TEM and had a VE-cadherin gap associated
with them (Figure 2B). In contrast, anti-PECAM treatment
significantly inhibited TEM and VE-cadherin gaps
(Figure 2B). Only 20% of monocytes transmigrated and
had VE-cadherin gaps associated with them. TEM was
essentially always associated with a VE-cadherin gap.
Because ICAM-1 function was intact in these cells, these
results suggest that ICAM-1 signaling is not sufficient to
induce VE-cadherin gap formation and requires additional
signal(s). One consequence of PECAM clustering is
recruitment of the LBRC to the site of TEM.8e10

VE-cadherin Gaps Do Not Form when Trafficking of the
LBRC Is Inhibited

To test the association of the LBRC in VE-cadherin gap
formation, we first used a pharmacologic approach to
inhibit the movement of the LBRC and examined the
ability of VE-cadherin gaps to form. We have previously
found that in the brief absence of polymerized microtu-
bules, targeting of the LBRC does not occur.9 Leukocytes
can still adhere tightly to the apical surface of the endo-
thelial borders and migrate to cell-cell junctions but do not
The American Journal of Pathology - ajp.amjpathol.org
initiate transmigration.9 Under these experimental condi-
tions, homophilic interactions between PECAM in endo-
thelial cells and leukocytes are left intact because no
function-blocking antibodies are included.

We exposed HUVEC monolayers grown on hydrated
collagen gels to DCN under conditions that we have previ-
ously found to selectively induce microtubule depolymer-
ization without perturbing the structure or function of the
endothelial cell junction.9 Under control conditions, the
LBRC surrounded the transmigrating monocyte (Figure 3A).
We quantified enrichment of the LBRC at sites of monocyte-
endothelial cell interaction and found that there was a mean
threefold enrichment along the cell border at this site. As
expected, there was a corresponding VE-cadherin gap at this
site. An orthogonal XZ view reveals that the monocyte was in
the act of TEM (Figure 3A). In contrast, in endothelial cells
treated with DCN, the monocyte was arrested at the apical
surface of the endothelial monolayer on an adherens junction
unable to transmigrate. There was no corresponding enrich-
ment of immunofluorescence around the monocyte, indi-
cating that trafficking of the LBRC was inhibited by DCN. A
VE-cadherin gap did not form (Figure 3A). Importantly,
pretreatment of the endothelial cell monolayer with DCN did
not impair monocyte adhesion or locomotion to cell-cell
junctions (data not shown). We included eluate controls in
our studies, as shown in the study by Mamdouh et al,9 to rule
out the possibility that residual DCN in the media was
inhibiting monocytes directly (data not shown). Quantifica-
tion of the targeted recycling experiment revealed that LBRC
enrichment correlated tightly with VE-cadherin gap forma-
tion (Figure 3B). In control samples, 80% of the monocytes at
the junctions were in the process of transmigration and
1391
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Figure 3 VE-cadherin gaps do not form when targeting of the lateral border recycling compartment (LBRC) is inhibited. Targeted recycling assay was
performed as in Materials and Methods. A: Under control (CTL) conditions, recycled LBRC are enriched around the transmigrating monocyte (red arrows). There
is a corresponding VE-cadherin gap at this site (green arrows). The merged image indicates a monocyte is transmigrating at this site (blue color; XZ view
orthogonal). In contrast, in the demecolcine (DCN)etreated group, recycled LBRC is not enriched around the monocyte (red arrows), and a VE-cadherin gap
does not form (green arrows). The merged image indicates that a monocyte is present at this site (blue color) that was unable to transmigrate (XZ view
orthogonal). The dotted lines in the merge view represent the plane of the orthogonal image, and the dotted lines in the XZ view indicate the plane of the
endothelial monolayer. B: Quantification of monocytes in CTL and DCN-treated cells that were at cell-cell junctions that had enriched LBRC staining around the
monocyte and were associated with a VE-cadherin gap. C: Human umbilical endothelial cell (HUVEC) monolayers treated as above were processed for
immunofluorescence microscopy and labeled with antibodies against antitubulin to reveal that microtubules were still largely depolymerized the end of the
assay. D and E: HUVEC monolayers were treated with Dulbecco’s modified Eagle medium or DCN and transendothelial migration (TEM) assay was conducted for
8.5 minutes (the time of the targeted recycling assay, D) or 1 hour at 37�C (E). The percentage of TEM in CTL and after DCN treatment was quantitated. Data in
B, D, and E are expressed as means � SEM and represent >100 endothelial/monocyte interactions from at least three independent experiments; each
condition repeated in triplicates. **P < 0.01, ***P < 0.001, t-test. Scale bars: 10 mm (A and C). XZ, orthogonal view displays the XZ plane of a three-
dimensional image at a given point.

Gonzalez et al
associated with a rim of recycling LBRC and a gap in VE-
cadherin staining. In DCN-treated cells, LBRC targeted
recycling was inhibited. Less than 10% of monocytes were
associated with recycled LBRC and a VE-cadherin gap. We
did not observe a full block because it is likely that the
dissociation of microtubules was not complete at the low
concentration of DCN that were used in the assay. When
targeting of the LBRC was inhibited, VE-cadherin gaps did
not form around the 90% of monocytes that were arrested at
cell-cell contact sites. Endothelial cells were fixed immedi-
ately after the experiment to confirm that microtubules
remained depolymerized during the experiment (Figure 3C).
As previously reported, the number of monocytes at the
junctions was similar in both the control and DCN-treated
1392
group (data not shown).9 Moreover, the overall intensity of
VE-cadherin at the junctions was unaffected by DCN treatment
(means � SEM intensity Z 1709 � 188 for controls versus
1705 � 159 for DCN treated). The targeted recycling assay
focuses on monocytes caught in the act of TEM; it does not
measure total TEM of the population. In parallel, we confirmed
that under the conditions used in the targeted recycling assay,
TEM of monocytes was inhibited by DCN treatment
(Figure 3D). We observed a similar level of inhibition in longer
TEM assays (Figure 3E) in which 80% of control cells trans-
migrated. These results suggest that VE-cadherin gap formation
may be downstream of LBRC recruitment.
We repeated the experiments using PMN cells and obtained

similar results. Under control conditions, the LBRC was
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 4 Polymorphonuclear (PMN) cell transmigration and vascular endothelial (VE)-cadherin gap formation require lateral border recycling compartment
(LBRC) trafficking. Targeted recycling assay was performed on cytokine-activated human umbilical endothelial cell (HUVEC) monolayers using PMN cells. A:
Under control (CTL) conditions, LBRCs are enriched around a PMN cell (red arrows). There is a corresponding VE-cadherin gap at this site (green arrows). The
merged image indicates a transmigrating PMN cell is present at this site (blue color; XZ view orthogonal). In contrast, in endothelial cells that were pretreated
with 1 mmol/L of demecolcine (DCN) (right panels), PMN cells do not transmigrate (orthogonal), there is no enriched LBRC immunofluorescence at this site
(red arrows), and there is no VE-cadherin gap (green arrows). The horizontal dotted lines in the merged view represent the plane of the orthogonal image,
and the dotted lines in the XZ view indicate the plane of the endothelial monolayer. B: Quantification of the targeted recycling assay illustrates that under
control conditions, targeted recycling occurs and is associated with VE-cadherin gaps, whereas in HUVECs treated with DCN, targeted recycling is markedly
inhibited and is associated with absence of VE-cadherin gaps. C: HUVECs were treated with pharmacologic agents as above. PMN cells were allowed to
transmigrate for 20 minutes at 37�C. Data in B and C are expressed as means � SEM and represent data from three independent experiments from >100 PMN/
endothelial interactions; each condition repeated in triplicates. ***P < 0.001, ****P < 0.0001, t-test. Scale bars Z 10 mm. XZ, orthogonal view displays the
XZ plane of a three-dimensional image at a given point.

LBRC in VE-Cadherin Gap Formation
recruited to the transmigrating PMN shown as an enhanced
immunofluorescence ring (Figure 4A). A corresponding VE-
cadherin gap formed at this site. When DCN inhibited target-
ing of the LBRC, there was no increase in immunofluorescence
around the PMN cells (Figure 4A), and no gap in VE-cadherin
staining formed. Figure 4B quantifies these results and indicates
that VE-cadherin gaps did not form when targeting of the
LBRC was inhibited. Under these conditions, TEM is inhibited
by DCN (Figure 4C).

The conditions used to depolymerize microtubules have
no effect on junctional permeability or VE-cadherin distri-
bution.9 However, pharmacologic agents can have off target
effects, and disrupting the microtubule network could have
blocked VE-cadherin gap formation independently of
LBRC. Therefore, we took a complementary approach to
inhibit targeting of the LBRC during TEM while keeping
the microtubule network intact. Previously, we found that
we could inhibit targeting of the LBRC by microinjecting
endothelial cells with a function blocking antibody (HD)
that was raised against a highly conserved motor domain of
Drosophila kinesin heavy chain.9

We used the HD antibody in a TEM assay to assess VE-
cadherin gap formation in endothelial cells in which kinesin
motor activity was inhibited (Figure 5A). VE-cadherin
staining was intact at cell-cell junctions under the condi-
tions used in this assay. However, because dextran-488 was
mixed in with the IgG or the HD antibody to identify the
The American Journal of Pathology - ajp.amjpathol.org
injected endothelial cells, the gain in the green channel had
to be turned down to avoid saturating the channel in the
images presented. VE-cadherin gaps and recycling LBRC
were measured as in previous figures. In cells injected with
control antibody, a monocyte that was in the process of
TEM recruited the LBRC, and a VE-cadherin gap formed at
this site (Figure 5A). However, in the presence of the HD
antibody, most monocytes were arrested at cell borders
unable to transmigrate. There was no LBRC recruitment to
this site and no clearance of VE-cadherin from this site
(Figure 5A). HD antibody microinjection did not inhibit the
ability of monocytes to adhere to the endothelial monolayer
or locomote to the adherens junctions (data not shown). For
microinjection, endothelial monolayers are grown on
coverslip bottom dishes. The rate and extent of TEM are
lower under these conditions compared with cells grown on
collagen gels in the previous figures. Nevertheless, quanti-
fication revealed that HD treatment significantly inhibited
recruitment of the LBRC and inhibited VE-cadherin gap
formation compared with control IgG (Figure 5B). In the
short time for TEM in the targeted recycling assay,
approximately half of the adherent control monocytes had
transmigrated, associated with targeted recycling and VE-
cadherin gaps. In three independent experiments, each
with triplicate samples and a total of �100 monocytes
counted at the junctions, we did not observe LBRC
recruitment around the monocyte, VE-cadherin gap
1393
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Figure 5 Microinjection of antikinesin antibody inhibits transendothelial migration (TEM), lateral border recycling compartment (LBRC) trafficking, and
vascular endothelial (VE)-cadherin gaps. Cytokine-activated endothelial cells were microinjected with control IgG antibody or with HD antibody, directed
against the kinesin motor domain. To identify injected cells, 1 mg/mL of dextran-Alexa 488 was included with each of the antibodies. A: Under control IgG
conditions, a monocyte at a cell-cell junction (merge) that is in the process of transmigration (XZ view orthogonal) has a corresponding VE-cadherin gap
(green arrows). In the HD microinjected cells, VE-cadherin staining is intact at a site where a monocyte is on a cell-cell junction (merge). This monocyte fails
to transmigrate (XZ view orthogonal), and a VE-cadherin gap does not form at this site (green arrows). Red arrows denote recycled LBRC. The horizontal
dotted lines in the merge view represent the plane of the orthogonal image, and the dotted lines in the XZ view indicate the plane of the endothelial
monolayer. B: Quantification of the microinjection studies. C: In a TEM assay run for the time of the targeted recycling assay (9 minutes), HD inhibits TEM of
monocytes compared to control IgG. Data are expressed as means � SEM and represent three independent experiments; each condition repeated in triplicate.
**P < 0.01, t-test. Scale bars Z 10 mm. XZ, orthogonal view displays the XZ plane of a three-dimensional image at a given point.

Gonzalez et al
formation, or TEM of monocytes in HD-treated samples.
Together these findings are consistent with our earlier re-
sults and suggest that VE-cadherin gap formation may be
downstream of LBRC recruitment and implicates the LBRC
in de novo VE-cadherin gap formation associated with
transmigrating leukocytes.

We occasionally observed that at cell borders over which
PMN cells were arrested in the targeted recycling assay, VE-
cadherin staining appeared less intense than elsewhere around
the cell or had small (<1-mm) interruptions in VE-cadherin
staining (Figure 4A). Adherens junctions on endothelial cells
are dynamic. Previous studies have found that PMN cells tend
to seek out sites for TEM where VE-cadherin expression is
low.6 Thus, it was possible that the differences in VE-cadherin
expression that we observed were present before the PMN
arrived rather than due to PMN celleendothelial cell in-
teractions. However, it is impossible to determine this using a
one-time point assay. Therefore, we observed VE-cadherin gap
formation associated with TEM events in real time using
immunofluorescence microscopy. This also allowed us to
verify that treatment of endothelial cells with DCN did not
inhibit the ability of PMN cells to migrate to the cell borders.
We used a monoclonal antibody against VE-cadherin that does
not inhibit VE-cadherin function38 or TEM19,44 to label the
adherens junctions in endothelial cells (Figure 6A and
Supplemental Video S1). Under control conditions, PMN
cells migrated along cell borders on endothelial cells and
underwent paracellular transmigration in approximately 35% of
the interactions observed during 20 minutes. As with the
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microinjection experiments, TEM is considerably less robust
when endothelial cells are plated on coverslip dishes
(Figure 6B) than on collagen gels (Figures 2, 3, and 4).
Nonetheless, even under these conditions, PMN cells trans-
migrated and formed de novoVE-cadherin gaps (Figure 6A and
Supplemental Video S1), apparently ignoring preexisting VE-
cadherin gaps (Figure 6A). In contrast, PMN TEM was
greatly inhibited after DCN treatment; only 5% of cells trans-
migrated despite the ability of PMN cells to adhere and loco-
mote along adherens junctions (Figure 6B). Notably, even if
preexisting VE-cadherin gaps were present in the monolayer,
the PMN cells did not migrate across these areas under condi-
tions in which the LBRC could not undergo targeted recycling
(Figure 6A and Supplemental Video S2), even when observed
for prolonged periods. We repeated these studies in endothelial
cells that expressed VE-cadherin GFP and obtained similar
results (data not shown). At the end of each recording, endo-
thelial cells were fixed and stained for tubulin to confirm that
microtubules remained depolymerized during the duration of
the recording (Figure 6C). Under control conditions, the mi-
crotubules in endothelial cells extended to the periphery at sites
of cell-cell contact (Figure 6, C and D). Treatment of endo-
thelial cells withDCN clearly depolymerizedmicrotubules. The
images in Figure 6, C and D, were taken at the end of the
experiment to reveal that microtubules were still depoly-
merized. At this time, the junctions might not have been as
intact as at the start of the recording. Nevertheless, these studies
indicate that PMN TEM requires intact microtubules. PMN
cells fail to transmigrate even when adherens junctions were
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Time-lapse immunofluorescence microscopy of vascular endothelial (VE)-cadherin gaps in human umbilical endothelial cells (HUVECs). VE-
cadherin in endothelial cells was labeled with nonblocking antieVE-cadherin antibody conjugated with Dylight 488 and cells were treated with control
(CTL) (Dulbecco’s modified Eagle medium) or 1 mmol/L demecolcine (DCN). Transendothelial migration (TEM) of PMN cells were captured using time-lapse
immunofluorescence microscopy in CTL and DCN-treated endothelial cells. A: Time lapse of VE-cadherin Dylight 488 (top rows) and merged differential
interference contrast (DIC) and VE-cadherin Dylight 488 images (bottom rows) of PMN cells in the process of transmigration. Images were captured every 10
seconds. Numbers indicated in each still image are elapsed minutes and seconds. Under control conditions, the still images reveal a de novo gap associated
with a PMN TEM event (white arrows) close to a preexisting VE-cadherin gap (yellow arrows). In contrast, in the DCN-treated samples, leukocytes adhered,
spread, and migrated to a cell-cell junction with preformed VE-cadherin gap (yellow arrows) or without (white arrows) but failed to transmigrate. These
images are representative of 100 PMN/endothelial interactions observed in at least three different experiments. B: Quantification of TEM events from three
independent experiments with each condition conducted in triplicate and >100 endothelial/PMN interactions. C: At the end of each experiment, samples were
fixed and processed for immunofluorescence. D: Insets from representative merged images in C (marked with the dashed box) revealing that microtubules
extend to the periphery of the cell in control samples and are still disrupted in DCN-treated endothelial cells. White arrows denote periphery of the cell. Data
are expressed as means � SEM. **P < 0.01 (t-test). Scale bars: 10 mm (C and D).

LBRC in VE-Cadherin Gap Formation
disrupted or preformed gaps were present if targeting of the
LBRC is inhibited.

Inhibiting VE-Cadherin Gap Formation Inhibits TEM but
not Targeted Recycling of the LBRC

Because disrupting LBRC trafficking inhibited VE-cadherin
gap formation, targeted recycling of the LBRC may be an
upstream event in the process of TEM relative to VE-
cadherin gap formation, or the two processes could be
cooperative (Figure 1). That is, a small amount of targeted
recycling could lead to a bit of VE-cadherin gap formation,
clearing the way for more LBRC recruitment, and so on. To
The American Journal of Pathology - ajp.amjpathol.org
distinguish between these possibilities, we examined TEM
and targeting of the LBRC under conditions in which
VE-cadherin gaps was inhibited. Tyrosines Y658 and Y731
on the cytoplasmic tail of VE-cadherin are the residues to
which p120 and either b-catenin or plakoglobin, respec-
tively, bind and link VE-cadherin to the actin cytoskel-
eton.12,40,45 Phosphorylation of these tyrosines abolishes these
interactions and leads to destabilization of the adherens junc-
tion.40,45,46 Mutating Y731 or Y658 to phenylalanine to pre-
vent phosphorylation stabilizes VE-cadherin at the junctions
and inhibits TEM by preventing VE-cadherin from being
cleared from the site of TEM.40,47 We transduced endothelial
cells with an adenovirus-expressing, GFP-tagged VE-cadherin
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Figure 7 Lateral border recycling compartment (LBRC) recruitment still occurs when vascular endothelial (VE)-cadherin cannot leave the cell junction.
Endothelial cells were transduced with adenoviral constructs expressing green fluorescent protein (GFP)etagged VE-cadherin wild-type (WT) or double-mutant
(DMT) bearing point mutations at tyrosine residues 658 and 731. A: VE-cadherin WT and DMT localized to cell-cell junctions in endothelial cells as assessed by
GFP fluorescence. B: Protein expression of VE-cadherin WT GFP and VE-cadherin DMT GFP was determined by Western blot analysis 48 hours after transduction.
C: Quantification of transendothelial migration (TEM) assays reveals that TEM is inhibited in endothelial cells expressing VE-cadherin DMT GFP compared with
cells expressing VE-cadherin WT GFP. D: Targeted recycling was visualized. In human umbilical endothelial cells (HUVECs) expressing VE-cadherin WT GFP, LBRC
is recruited (red arrows) and a VE-cadherin gap is seen (green arrows) at the site where a monocyte is in the process of transmigrating (XZ view orthogonal).
In contrast, in HUVECs expressing VE-cadherin DMT GFP, a monocyte is on a cell-cell junction (merge), no VE-cadherin gap formed (green arrows), and the
monocyte does not transmigrate (XZ view orthogonal), but the LBRC is recruited to this site (red arrows). E: Quantification of the targeted recycling assay
reveals that in endothelial cells expressing VE-cadherin DMT, the LBRC is recruited independently of a VE-cadherin gap (VE-cadherin staining is intact along the
junction). This is in contrast to HUVECs expressing VE-cadherin WT GFP in which LBRC recruitment was associated almost exclusively with VE-cadherin gaps.
Data are expressed as means � SEM from three separate experiments with each condition repeated in triplicates and >100 endothelial/monocyte interactions.
**P < 0.01, ****P < 0.0001 (t-test). Scale bar Z 10 mm (A and D). XZ, orthogonal view displays the XZ plane of a three-dimensional image at a given point.
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WT or a DMT (Y658F, Y731F). Forty-eight hours later,
expression and localization were assessed by immunofluores-
cence and Western blotting. Most of the VE-cadherin WT
GFP and VE-cadherin DMT tagged protein localized to cell-
cell contact sites (Figure 7A). However, in some instances
overexpression of VE-cadherin GFP protein resulted in accu-
mulation around the perinuclear region (Figure 8B) in addition
to cell-cell junctions. VE-cadherin GFP expression was
equivalent to that of endogenous protein (Figure 7B). We
first conducted a TEM assay to determine the level of
TEM supported by VE-cadherin WT and VE-cadherin
DMT monolayers (Figure 7C). In endothelial cells
expressing VE-cadherin WT, 80% of monocytes trans-
migrated, which is comparable to what we observe in
nontransduced endothelial cells (Figure 7C). On the other
hand, TEM was significantly inhibited in endothelial cells
expressing VE-cadherin DMT. Because endogenous VE-
cadherin was expressed in these cells to the same
extent, the double mutant was acting as a dominant
negative inhibitor of TEM. Next, we compared targeting
of the LBRC to the site of TEM in endothelial cells
expressing VE-cadherin WT versus VE-cadherin DMT
(Figure 7D). As expected, VE-cadherin gaps occurred
around the transmigrating monocyte in cells expressing
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VE-cadherin WT, and this was associated with the charac-
teristic enriched immunofluorescence ring of LBRC sur-
rounding the leukocyte at this site (Figure 7D). We postulated
that if LBRC trafficking is upstream of VE-cadherin gaps, then
inhibiting gap formation by the VE-cadherin DMT should not
affect LBRC recruitment. Indeed, in endothelial cells
expressing VE-cadherin DMT, monocytes were arrested at the
apical surface of endothelial cells and were unable to trans-
migrate (Figure 7D). There was no gap in VE-cadherin
staining, but targeted recycling of the LBRC still occurred
(Figure 7E). Together our results indicate LBRC recruitment
precedes VE-cadherin gap formation and can occur indepen-
dently of gap formation.

Live Cell Imaging Reveals that PMN Cells Do Not
Transmigrate across Endothelial Cells Expressing
VE-Cadherin DMT

Adherens junctions are dynamic structures that are constantly
being remodeled, and the association of VE-cadherin with
cytoplasmic proteins p120 and b-catenin has been implicated in
this process.15,37 Although the targeted recycling assay captures
a snapshot of PMNcells caught in the act of TEM,wewanted to
examine the continuous interactions of PMN cells with the
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 8 Polymorphonuclear (PMN) transendothelial migration (TEM) is inhibited in endothelial cells expressing vascular endothelial (VE)-cadherin double
mutant (DMT). Endothelial cells were transduced with VE-cadherin wild-type (WT) green fluorescent protein (GFP) adenovirus or VE-cadherin DMT GFP. A and B:
Time lapse of VE-cadherin GFP (top rows) and merged differential interference contrast and VE-cadherin GFP images (bottom rows) of PMN cells in the process
of transmigration. A: In cells expressing VE-cadherin WT GFP, PMN cells locomote to a nearby cell-cell junction (white arrow, time Z 00:00, merge). A VE-
cadherin gap forms (white arrows, time Z 03:40, top row and merge) just as the PMN cell is in the act of transmigrating (white arrows, time Z 03:40,
merge). TEM occurs within 5 minutes, and VE-cadherin gap reseals shortly after. B: In contrast, cells that express VE-cadherin DMT fail to form a VE-cadherin
gap (white arrows, top row) despite the presence of a PMN crawling along a cell-cell junction for up to 20 minutes (white arrows, merge). These images are
representative of 100 PMN interactions observed in at least five different experiments. Scale bars: 10 mm.

LBRC in VE-Cadherin Gap Formation
endothelium under fluid shear conditions. We expressed
VE-cadherin WT and VE-cadherin DMT and captured
VE-cadherin gap formation in real time using time-lapse
immunofluorescence imaging microscopy. In cells that
expressed VE-cadherin WT, we observed de novo gaps that
were associated with a transmigration event (Figure 8A and
Supplemental Video S3). The gap resealed once transmigration
was complete; the overall duration of TEM was 5 minutes. In
contrast, in cells that expressed VE-cadherin DMT, VE-
cadherin gap formation was inhibited (Figure 8B). Figure 8B
and Supplemental Video S4 show a representative PMN cell,
crawling along a cell-cell junction of an endothelial cell
expressing VE-cadherin DMT GFP. No VE-cadherin gaps
The American Journal of Pathology - ajp.amjpathol.org
formed, and the PMN cells did not undergo TEM throughout
the recording (20 minutes).

VE-Cadherin Is Phosphorylated on Leukocyte Adhesion
Even when Microtubule Depolymerization Inhibits
Targeted Recycling and TEM

In vitro, adhesion of leukocytes to the endothelial monolayer
induces an increase in phosphorylation of VE-cadherin under
conditions where endothelial cells have been serum starved.
It is possible that our treatment with DCN not only inhibited
LBRC recruitment but also inhibited VE-cadherin phos-
phorylation. We therefore determined the phosphorylation
1397
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Figure 9 Monocyte cell adhesion induces downstream signaling that regulates vascular endothelial (VE)-cadherin phosphorylation. A and B: Human
umbilical endothelial cells (HUVECs) were serum starved overnight in M199 that contained 0.3% fetal bovine serum and activated with tumor necrosis factor
(TNF)-a for 4 hours. Endothelial cells were treated with control (CTL) (diluent) or 100 mmol/L pervanadate (Perv) for 10 minutes at 37�C. VE-cadherin was
immunoprecipitated with hec1, an antiphosphorylated VE-cadherin (antiepVE-cadherin) antibody, or 4G10, an antiphosphotyrosine monoclonal antibody, as
indicated and processed for Western blot analysis. VE-cadherin was detected by hec1 (A) or by pVE-cadherin polyclonal antibody (B). C: Endothelial cells were
serum starved as above and were activated with TNF-a for 4 hours. Monocytes were added to HUVEC monolayers for 10 minutes at 37�C as described in Materials
and Methods to achieve a ratio of 5:1 (monocytes:endothelial cells). Cells were lyzed and processed for immunoblotting. Blots were probed with the antieVE-
cadherin phosphotyrosine antibody. The asterisk indicates proteolytic fragment detected by the antieVE-cadherin phosphotyrosine antibody but not
antieVE-cadherin. The same blot was stripped and reprobed with hec1, an antieVE-cadherin antibody, as indicated. D: Quantification of three separate
experiments. E: Endothelial cells were transduced with adenovirus expressing green fluorescent protein (GFP)etagged VE-cadherin point mutants Y658F,
Y731F, and VE-cadherin double mutant (DMT) (Y658F, Y731F). Cells maintained in M199 and 20% human serum were lyzed and processed for immunoblotting.
The commercial antiepVE-cadherin Y731 antibody recognizes native VE-cadherin, VE-cadherin Y658F, and Y731F mutants but fails to recognize VE-cadherin
DMT (Y658F, Y731F) GFP. The same blot was stripped and reprobed with hec1, a monoclonal antieVE-cadherin antibody (bottom blot). F: Schematic diagram of
processes required for TEM. Data are presented as means � SEM (D). **P < 0.01. DCN, demecolcine; IP, immunoprecipitated; LBRC, lateral border recycling
compartment; PBMC, peripheral blood mononuclear cell; TEM, transendothelial migration.
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state of VE-cadherin in response to monocyte adhesion in
control versus DCN-treated endothelial cells. Before con-
ducting these experiments, we assessed the specificity of a
commercially available antiphosphorylated VE-cadherin
antibody. Endothelial cells were serum-starved overnight in
M199 medium supplemented with 0.3% FBS. Cells were
treated with control (diluent) or pervanadate, a tyrosine phos-
phatase inhibitor; under the latter conditions, we expected
VE-cadherin to be highly phosphorylated. VE-cadherin was
immunoprecipitated with hec1, an antieVE-cadherin mono-
clonal antibody,32 or 4G10 antibody, a phosphotyrosine
monoclonal antibody, and processed for Western blotting. VE-
cadherin immunoprecipitated by hec1 from control and
pervanadate-treated cells was detected by hec1, as expected
(Figure 9A). In contrast, significant amounts of VE-cadherin
were only immunoprecipitated with 4G10 in endothelial cells
that had been pervanadate treated (Figure 9, A and B).
Similarly, the phosphorylated VE-cadherin antibody detected
VE-cadherin immunoprecipitated from endothelial cells that
had been treated with pervanadate but not in control conditions
(Figure 9B), confirming that this antibody is specific for
phosphorylated VE-cadherin.
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Next, we tested the effects of DCN on the ability of
monocyte adhesion to induce VE-cadherin phosphorylation.
Endothelial cells were serum-starved overnight in M199
supplemented with 0.3% FBS and treated with TNF-a for 4
hours. Endothelial cells were treated with control (diluent)
or DCN. Cells were washed several times, and freshly iso-
lated monocytes were added at a monocyte/endothelial cell
ratio of 5:1 and allowed to adhere for 10 minutes at 37�C.
Nonadherent cells were washed off, and lysates were pre-
pared as described in Materials and Methods and processed
for immuoblotting. The antiphosphorylated VE-cadherin
antibody recognized a band of the expected molecular
weight for VE-cadherin in control and DCN-treated
endothelial cells that had been incubated with monocytes.
The immunoblot was stripped and reprobed with anti-
phosphorylated VE-cadherin antibody. A similar band was
detected. The anti-phosphorylated VE-cadherin antibody
also detected a lower band that we believe is a proteolytic
fragment of VE-cadherin due to the presence of monocytes.
VE-cadherin is highly susceptible to proteolysis. In this
case, the lower band was not detected by the anti-
phosphorylated VE-cadherin antibody. The phosphorylated
ajp.amjpathol.org - The American Journal of Pathology
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VE-cadherin antibody recognizes the cytoplasmic domain,
whereas the antiphosphorylated VE-cadherin antibody is
against the extracellular domain. It is possible that the
extracellular domain was cleaved off, and thus the anti-
phosphorylated VE-cadherin antibody is no longer able to
recognize this form of VE-cadherin.

There are two residues in VE-cadherin that have been
implicated in TEM: residues Y658 and Y731. Endothelial
cells were transduced with adenovirus expressing GFPeVE-
cadherin mutants: Y658F, Y731F, and DMT (Y658F,
Y731F). Under basal conditions in the presence of 20% human
serum, there is a basal level of phosphorylated VE-cadherin.
Lysates were prepared as described inMaterials and Methods
and immunoblotted with the antiphosphorylated VE-cadherin
antibody. The antiphosphorylated VE-cadherin antibody
recognized native VE-cadherin GFP, VE-cadherin Y658F,
and VE-cadherin Y731F (Figure 9E). However, it did not
recognize the VE-cadherin DMT GFP (Y658F, Y731F). The
same blot was stripped and reprobed with antiphosphorylated
VE-cadherin antibody. Bands of expected molecular weight
for VE-cadherin and VE-cadherin GFP were detected.
These results indicate that the antiphosphorylated
VE-cadherin recognized phosphorylated VE-cadherin;
however, this antibody cannot distinguish between phos-
phorylated Y658 or Y731.

Our results indicate that adhesion of leukocytes triggers
downstream signaling events that result in the phosphory-
lation of VE-cadherin. This phosphorylation occurs despite
the fact that microtubules are depolymerized and LBRC
trafficking is inhibited. However, when LBRC trafficking is
blocked, VE-cadherin does not move out of the junction,
and TEM is inhibited.
Discussion

During paracellular migration, the LBRC is recruited to
surround the leukocyte, and VE-cadherin is cleared from
that site. Both events are required for TEM.7e9,40 Both
occur early in the process of transmigration and continue
until TEM is complete.6,8 The association between these
processes had previously been unknown. We found that VE-
cadherin gap formation was inhibited when LBRC recruit-
ment was inhibited (Figures 2, 3, 4, 5, and 6), even though
VE-cadherin was phosphorylated on the residues implicated
in its removal from the junction (Figure 9). In contrast,
trafficking of the LBRC to the site of TEM could occur
under conditions in which VE-cadherin could not leave the
junction and gaps in staining did not form (Figures 7 and 8).
These observations were seen in our quantitative TEM
assays and in live cell imaging studies of TEM. One
intriguing aspect of this work is that the LBRC may
participate in clearing VE-cadherin from the site of TEM.
Our data do not rule out the possibility that it is not the
recruitment of LBRC membrane but rather the physical act
of the leukocyte moving through the junction that leads to
The American Journal of Pathology - ajp.amjpathol.org
VE-cadherin gap formation. Nevertheless, this would be
downstream of and dependent on LBRC recruitment.

Under resting conditions, the VE-specific protein tyrosine
phosphatase (VE-PTP) is associated with VE-cadherin via
plakoglobin, maintaining it in a hypophosphorylated state.
Interaction of activated endothelial cells with leukocytes
triggers dissociation of VE-PTP from VE-cadherin, allow-
ing the latter to be phosphorylated.48,49 Engagement of
endothelial ICAM-1 and vascular cell adhesion molecule 1
by leukocyte integrins transduces signals the phosphory-
lated VE-cadherin and its associated catenins.46,50e52 An
emerging model is that phosphorylation of VE-cadherin at
its cytoplasmic tail results in the weakening of the junctions
as VE-cadherin cytoplasmic tail is uncoupled from the actin
cytoskeleton. Two key tyrosine residues, Y658 and Y731,
on the cytoplasmic tail of VE-cadherin have been implicated
in this process.40,47 (Note that Y658 is distinct from the
Y685, which is implicated to have a role in permeability in
response to soluble mediators.47) Indeed, when we mutated
these two residues in VE-cadherin to phenylalanines, we
were able to inhibit leukocyte TEM by approximately 80%
in a TEM assay, and VE-cadherin gap formation did not
occur (Figures 7 and 8). Wessel et al47 recently found that
mice in which VE-cadherin was replaced with the Y731F
mutant to mimic the dephosphorylated state of VE-cadherin
had a specific defect in lymphocyte transmigration. This
finding is similar to what we observed when we expressed
VE-cadherin DMT. However, in their system, VE-cadherin
Y731 was constitutively phosphorylated, and the in-
vestigators proposed that adhesion of leukocytes triggers the
dephosphorylation of tyrosine 731 that is required for
extravasation to occur via a process that requires internaliza-
tion of VE-cadherin. Our data (Figure 9) do not distinguish
which residue is phosphorylated, Y658 or Y731, because the
phosphorylated VE-cadherin antibody recognized both of
these sites. Thus, it is possible that Y658 is phosphorylated
during TEM and Y731 is dephosphorylated, which would be
consistent with the results reported.47 Regardless, all in-
vestigators are in agreement that VE-cadherin Y731 is critical
for TEM. The overall goal in our study was to inhibit VE-
cadherin gap formation to determine whether LBRC traf-
ficking would still occur in the absence of VE-cadherin gaps.
We were able to achieve this with our VE-cadherin DMT
construct.

VE-cadherin phosphorylation is upstream of PECAM
engagement, the first signal known to recruit the LBRC.8,10

Nonetheless, for both monocytes and neutrophils, under the
conditions studied here, VE-cadherin gaps around the
leukocyte were inhibited unless the LBRC can recycle
(Figures 2, 3, 4, 5, and 6). Phosphorylation of VE-cadherin
on tyrosine residues may be necessary, but it is not suffi-
cient, to destabilize adherens junctions. Previous studies
using conditions that lead directly to phosphorylation of
tyrosines 658, 685, and 731 on VE-cadherin did not weaken
barrier function.53 Additional signals (physical or chemical)
from the leukocyte and/or endothelial cell must be necessary
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to weaken the junctions for TEM. Our data suggest that
targeted recycling of the LBRC is a major one. The mech-
anism by which the LBRC participates in clearance of VE-
cadherin from the site of TEM is the subject of ongoing
investigation.

Although vascular leakage and leukocyte extravasation
both occur in inflammation, it is now clear that adherens
junctions are differentially regulated for different processes,
such as permeability and diapedesis.47,54 Although disruption
of VE-cadherin contacts is required for TEM,7,40 enhanced
permeability does not necessarily lead to increased TEM,54

and TEM can occur without increasing monolayer perme-
ability.43,55 Furthermore, the mechanism of the response of
adherens junctions to global stimuli, such as thrombin or
vascular endothelial growth factor may be different from the
local stimulation during TEM, although removal of VE-PTP
from the junction may be involved in both.48 Endothelial
cells respond rapidly to global vascular permeability signals
followed by a decrease in VE-cadherin staining at the junc-
tions.56 Endocytosis of VE-cadherinebearing membrane has
been implicated in this process.57 In contrast, the focal and
transient (VE-cadherin returns within minutes as the leukocyte
transmigrates) (Figures 6 and 8)6,43 disappearance of VE-
cadherin from the site of TEM may not involve endocytosis
but rather lateral redistribution in the junctional membrane,7

although this is not universally reported.47

Endocytosis may also be responsible for the spontaneous
preformed gaps that are seen in cultured endothelial cells6

(Figures 6 and 8). These have been found to be favored
sites of TEM by neutrophils in previous studies.5,6 Notably,
under conditions in which trafficking of the LBRC is
inhibited (Figure 6), leukocytes locomote to and over these
sites but do not transmigrate.

Our data support a model in which diapedesis is a multistep
process that requires the coordination of multiple signaling
pathways (Figure 9F). In this model, adhesion of leukocytes
to endothelial cells results in phosphorylation of VE-cadherin
by one or more signaling pathways.4,58 Nevertheless, phos-
phorylation alone is insufficient to induce VE-cadherin gaps
but requires PECAM clustering, or a similar signal, that re-
cruits the LBRC to the site of TEM. Recruitment of the
LBRC is an early event that occurs before VE-cadherin gap
formation. Inhibiting this step reduced VE-cadherin gap
formation and TEM.

The physical mechanism(s) by which VE-cadherin is
cleared from the site of TEM remains to be determined.
However, one possible mechanism is that VE-cadherin is
pushed aside from the site where the leukocyte is trans-
migrating. Phosphorylation of VE-cadherin or associated
catenins would result in the uncoupling of VE-cadherin from
the actin cytoskeleton. The influx of membrane from the
LBRC at the site of TEM could clear VE-cadherinecontaining
membrane away from this site. Because the LBRC lacks VE-
cadherin,10,30,31 this region on the adherens junction would
appear as a gap. In this case, the LBRC would have a dual
function: it could act as a gateway for a leukocyte and provide
1400
increased membrane surface area and unligated adhesion and
signaling molecules with which the leukocyte must interact,
and it would help clear VE-cadherin from this site.
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