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Abstract The recruitment of specific leukocyte subtypes to
the site of tissue injury is the cornerstone of inflammation and
disease progression. This process has become an intense area
of research because it presents several possible steps against
which disease-specific therapies could be targeted. Leuko-
cytes are recruited out of the blood stream by a series of events
that include their capture, rolling, activation, and migration
along the endothelium. In the last step, the leukocytes squeeze
between adjacent endothelial cells to gain access to the in-
flamed tissue through a process referred to as transendothelial
migration (TEM). Although many of the molecules, such as
PECAM and CD99, that regulate these sequential steps have
been identified, much less is understood regarding how they
work together to coordinate the complex intercellular commu-
nications and dramatic shape changes that take place between
the endothelial cells and leukocytes. Several of the endothelial
cell proteins that function in TEM are localized to the lateral
border recycling compartment (LBRC), an interconnected
reticulum of membrane that recycles selectively to the endo-
thelial borders. The recruitment of the LBRC to surround the
migrating leukocyte is required for efficient TEM. This review
will focus on the proteins and mechanisms that mediate TEM
and specifically how the LBRC functions in the context of
these molecular interactions and membrane movements.
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Introduction

Inflammation is the body’s attempt to “right the ship” in
response to tissue damage caused by virtually any inciting
agent. Although the leukocytes subset(s) that are mobilized
into action depends heavily on the type and location of the
insult, all leukocytes must cross the endothelial barrier to enter
tissue and execute their function. The overall process of
leukocyte exit from the bloodstream, referred to as extravasa-
tion, involves a complex series of molecular and signaling
events (reviewed in [1–3] and other chapters in this volume).
Cytokines and other proinflammatorymediators secreted from
the inflamed tissue trigger changes in the local endothelium
that produce both an immediate increase in the expression of
P-selectin and the de novo synthesis of E-selectin as well as
increases in the synthesis and expression of ICAM-1 and
VCAM-1. Selectin ligands on passing leukocytes can then
interact with the selectins to slow the cell and bring it out of
the flow of the bloodstream. The captured leukocyte
then rolls along the endothelium until stimulation of
its chemokine receptors by endothelial surface-bound
chemokines or other mediators induces inside-out sig-
naling events. These shift the leukocyte integrins to a
“high-affinity” state that allows the rolling leukocyte to
arrest and adhere tightly via integrin binding to ICAM-
1, ICAM-2, and/or VCAM-1. The bound leukocyte then
crawls along the surface of the endothelium, largely by
Mac1/ICAM-1 interactions until it reaches an appropri-
ate endothelial border, across which it migrates in the process
of diapedesis. The early steps in leukocyte extravasation are
relatively well characterized and have been reviewed else-
where [4–6], and will not be discussed further here. Instead,
this review will focus on the latter steps in extravasation with
particular focus on the molecules and mechanisms involved in
process of diapedesis, in which the leukocyte squeezes
through the endothelium.
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The process of transendothelial migration

Endothelial cells

The lumen of all blood vessels is lined by endothelial cells,
which, in essence, bridge the tissue/fluid interface and repre-
sent the first barrier faced by leukocytes as they exit the
bloodstream. The vascular endothelium allows for passage
of solutes but must prevent the leakage of serum components
and exposure of the basement membrane to clotting factors in
the blood. As such, the typical endothelium is permeable to
small molecules but acts as sieve preventing platelets, red
blood cells, and leukocytes from passively diffusing through.
The thin endothelial cells (<1 μm thick at the periphery)
facilitate this selective permeability by regulating both the
transport of solute across their cell body and their interactions
with adjacent endothelial cells [7]. Although endothelial cells
all perform common functions regardless of the vessel size or
location, there are notable differences that have been reported
in different vascular beds. For example, endothelial cells at the
blood brain barrier (BBB) have significantly stronger inter-
endothelial cell adhesions which are thought to function in
limiting and regulating the passage of potentially deleterious
molecules and inflammatory cells into the central nervous
system (more on this specialized endothelium below) [8, 9].
Differences in endothelial morphology are also observed in
various vascular beds although it is not clear if the morpho-
logical differences in the endothelial cells are due to distinct
gene expression profiles and biochemical constitutions or
inherent differences in blood velocity and volume of different
vessels [10, 11]. Indeed, cultured endothelial cells are able to
sense flow and respond by both elongating in the direction of
the flow and activating various signaling pathways (reviewed
in [12–14]). Conversely, endothelial cells also interact with
and respond to their microenvironment suggesting that they
receive important cues from the surrounding cells and tissue
[11]. This is perhaps most apparent at the BBB where endo-
thelial cells closely interact with astrocytes. In vitro treatment
of endothelial cells from peripheral tissues with media collect-
ed from astrocytes is sufficient to induce a more “BBB-like’”
phenotype suggesting that some soluble factors secreted by
astrocytes can influence endothelial cell function [15, 16].

Transendothelial migration

Transendothelial migration (TEM, also known as diapedesis)
typically occurs at the borders of endothelial cells
(paracellular TEM) [17, 18]. Leukocytes can also migrate
through the endothelial cell body (transcellular TEM), al-
though under most conditions this occurs in less than 10 %
of events in vitro and in vivo [19, 20]. TEM is thought to be
the committed step in the process as leukocytes at each of the
earlier steps of capture, rolling, adhesion, and locomotion can

detach and re-enter the circulation whereas leukocytes that
have undergone TEM rarely if ever reverses the process [21].
As such, TEM is an excellent target for the design of thera-
peutic interventions. This is made even more attractive by the
possibility of differences in the various vascular beds which
could, in theory, could be exploited to regulate inflammation
in a location or organ specific manner. Most leukocyte TEM
occurs in post-capillary venules, although the exact reasons
for this are largely unknown.

VE-cadherin and adherens junctions

Because most TEM occurs at the endothelial cell borders
(paracellular), the proteins, and mechanisms that regulate
these intercellular contacts has received significant attention.
Inter-endothelial cell adhesion in post-capillary venules is
primarily facilitated by adherens junctions, which are present
around the entire lateral membrane of the cell [22, 23]. A main
component of adherens junctions is vascular endothelial
cadherin (VE-cadherin, cadherin-5), a member of the classical
cadherin superfamily. VE-cadherin is expressed as a
∼125 kDa Type 1 membrane glycoprotein and contains 5
extracellular (EC) domains, of which the N-terminal EC do-
main 1 facilitates homophilic interactions with EC domain 1,
and possibly domains 4 and 5, of VE-cadherin on an adjacent
cell [24]. The intracellular tail of VE-cadherin has been shown
to interact with p120, β-catenin, and plakoglobin [25]. The
complex is linked to the actin cytoskeleton through α-catenin,
which interacts with both β-catenin and plakoglobin [26].
This macromolecular association is critical to stabilizing the
junction and maintaining the selective permeability and barri-
er function of the endothelium. Indeed, virtually all treatments
and mechanisms that increase vascular permeability appear to
disrupt these interactions. Common to the mechanisms that
enhance vascular permeability in response to diverse stimuli is
the phosphorylation of the VE-cadherin cytoplasmic tail. This
phosphorylation disrupts its interaction with p120 and β-
catenin, thus untethering it from the actin cytoskeleton
[25–28]. The phosphorylation events and related signaling
mechanisms have been reviewed extensively elsewhere [24].
Asmost transendothelial migration occurs at cell–cell contacts
and adherens junctions are present around the lateral mem-
brane of the cell, the migrating leukocyte must contend with
this barrier in order to gain access to the tissue beneath.

VE-cadherin function also appears to be regulated by its
association with vascular endothelial protein tyrosine phos-
phatase (VE-PTP) [29, 30]. Under resting conditions, VE-PTP
interacts with VE-cadherin to stabilize it at cell–cell contacts
and maintain junctional integrity, possibly by keeping it in a
hypo-phosphorylated state [31]. Vestweber and coworkers
have elegantly shown that this complex is dissociated
in vivo during LPS-induced inflammation or upon stimulation
of by VEGF. Furthermore, this dissociation is an essential step
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in opening the junctions for both permeability increases and
leukocyte extravasation [29, 31]. These findings add another
layer of regulation to the ever evolving model of VE-cadherin
phosphorylation during junctional remodeling and TEM.

It is important to point out that, while adherens junctions
play a role in maintaining vascular permeability and as a
barrier to leukocyte egress, and while enhanced junctional
permeability and increased leukocyte emigration are both part
of the inflammatory response, they are distinct and separable
events. The peak of vascular permeability occurs prior to the
onset of leukocyte emigration. Furthermore, these can now be
distinguishedmechanistically, since mice deficient in cortactin
(to be discussed in detail below) have inherently increased
permeability but actually show a deficiency in TEM [32].

Tight junctions

In addition to adherens junctions, endothelial cells at the BBB
also have tight junctions. Like adherens junctions, tight junc-
tions are facilitated through transmembrane proteins (especial-
ly Claudins 1 and 5 and Occludin) that interact with each other
across the junction and link to the actin cytoskeleton (through
ZO-1) around the entire periphery of the endothelial cell. As
the name suggests, tight junctions form a significantly stron-
ger barrier that is reported to have greater than tenfold reduced
permeability compared to adherens junctions [8, 9].
Transendothelial migration of leukocytes across the BBB does
occur, although it is thought that the BBB restricts access into
the “immune-privileged” central nervous system (CNS) to
limit potentially deleterious inflammation. This represents a
possible point of therapeutic intervention in treating leukocyte
driven diseases of the CNS like multiple sclerosis. Tight
junctions are thought to be a more formidable barrier to
diapedesis than adherens junctions and, correspondingly,
transendothelial migration into this privileged tissue could
occur preferentially through the endothelial cell body (trans-
cellular migration). This would allow the leukocyte to bypass
the junction and avoid its disruption. Indeed, there are reports
suggesting that transcellular migration predominates in this
context [33–35]. It remains unclear if this is so; however, it is
also unclear whether mechanisms exist, if any, to remodel the
tight junctions and permit paracellular TEM.

Migration beyond the endothelium

After passing across the endothelial cell layer, leukocytes
must then navigate the basement membrane and extracellular
matrix that is deposited by both endothelial cells and
pericytes. This complex mesh-like network of fibrils that
provides support for the endothelial cells presents a formida-
ble barrier because it is interconnected by covalent bonds and
cannot be remodeled rapidly and reversibly like the VE-
cadherin at the endothelial cell borders. Indeed, in vivo

observations of leukocyte migration often report that the mi-
gration through the basement membrane takes a relatively
long time, requiring tens of minutes instead of the fewminutes
required for TEM [36]. To get through this barrier, leukocytes
have been observed to migrate through areas with a low
density of ECM components and pericytes [37]. Relatively
little is known about the processes and molecular interactions
involved, but it is an area of intense research. The process has
been the topic of some excellent reviews to which the reader is
referred for further information [38, 39].

The molecules involved on the endothelial cell

ICAM-1 and VCAM-1

While selectins play an important role in the initial steps of the
adhesion cascade (reviewed in detail elsewhere [3, 5, 40]),
most of the downstream activation and migration steps are
mediated by several members of the immunoglobulin (Ig)
superfamily of adhesion molecules [41, 42]. Intercellular ad-
hesion molecule-1 (ICAM-1, CD54) and vascular cell adhe-
sion molecule-1 (VCAM-1, CD106) both act downstream of
the selectin-mediated loose adhesion step and function in
facilitating strong adhesion [43]. ICAM-1 and VCAM-1,
which are expressed on the endothelial cell, bind integrins
on the leukocyte. ICAM-1 binds to both Lymphocyte
Function-Associated Antigen 1 (LFA-1, αLβ2, a dimer of
CD11a and CD18) and Macrophage-1 Antigen (Mac-1,
αMβ2, a dimer of CD11b and CD18) whereas VCAM-1 binds
to Very Late Antigen-4 (VLA-1, α4β1, a dimer of CD49d and
CD26). ICAM-1 and VCAM-1 binding to these integrins
triggers a series of critical signaling events in both the endo-
thelial cell and leukocyte. Both ICAM-1 and VCAM-1 are
expressed diffusely on the endothelial surface but become
enriched under the leukocyte as it moves across the endothe-
lial cell [44, 45]. The enrichment of ICAM-1 is dependent on
the actin cytoskeleton and remodeling events that include the
Src-mediated phosphorylation of cortactin, an actin binding
protein [32, 46, 47]. VCAM-1 clustering activates the small
GTPase Rac-1 [48, 49] and triggers the release of intracellular
calcium [50, 51] and recruitment of ezrin and moesin [52].
These proteins, together with actin, ICAM-1, and VCAM-1,
have been reported to form dynamic “docking” structures or
transmigratory cups [45, 53]. These structures appear as
finger-like protrusions that rise up from the endothelial cell
and surround the leukocyte and are dependent on proper
ICAM-1 and VCAM-1 activation and function. Treatments
with cytochalasin D and colchicine abolished their formation
indicating a dependence on an intact actin and microtubule
cytoskeleton [53, 54]. Interestingly though, these docking
structures are not observed around all leukocytes or under all
conditions [55, 56]. They have only been identified in vitro
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and appear to form under conditions where leukocyte migra-
tion is delayed or protracted and disappear when TEM re-
sumes, possibly indicating the exaggeration of a normally
minimal process [52, 54, 57]. Likewise, transmigratory cup
formation could occur preferentially during transcellular TEM
possibly indicating a specialized role in what has been as-
sumed to be a more difficult and less frequent process [19, 54].

ICAM-2

ICAM-2 was first identified in a biochemical screen for novel
LFA-1 ligands [58]. It is a 55-kDa Ig superfamily proteogly-
can that has 35 % similarity to ICAM-1. ICAM-2 is expressed
on endothelial cells, and, to a lesser extent, leukocytes and
platelets. However, unlike ICAM-1which is diffuse across the
endothelial apical surface, ICAM-2 is localized to endothelial
cell borders and is expressed at much higher levels in high-
endothelial venules [59]. While ICAM-1 expression is in-
duced upon treatment with the inflammatory cytokines TNFα
or IL-1β, ICAM-2 express is down regulated, possibly indi-
cating a role in TEM into non-inflamed tissues [60, 61].
Studies of the role of ICAM-2 in inflammation have produced
mixed results regarding its importance. In an allergic asthma
model of inflammation, ICAM-2 knockout mice show a de-
fect in the recruitment of eosinophils, but not lymphocytes or
monocytes [62]. The requirement for ICAM-2 could be highly
dependent on the inflammatory stimulus as it was shown to be
required for neutrophil recruitment in an IL-1β peritonitis
model but not in TNFα- or thioglycollate-induced responses
[63]. This could also be due to functional redundancy with
ICAM-1 as function blocking antibodies against ICAM-2
block leukocyte recruitment in an ocular model of inflamma-
tion but only upon knockout of ICAM-1 [64]. Although this
would suggest overlapping functions between ICAM-1 and
ICAM-2, several reports have found that ICAM-2 plays a
more critical role in cell polarization and leukocyte migration
on the endothelium while ICAM-1 is primarily involved in
adhesion [63, 65]. Together, these findings suggest that the
role of ICAM-2 in inflammation may be highly dependent on
the specific inflammatory context in which it is examined.

Junctional adhesion molecules

Although they have been primarily studied in the related
process of leukocyte migration across the epithelial barrier,
several members of the Junctional Adhesion Molecule (JAM)
family have been reported to be involved in TEM [66, 67].
The JAM family consists of three closely related proteins
(JAM-A, -B, and -C) sharing ∼35 % sequence similarity and
two distantly related members (JAM-4 and JAM-L) which
have only ∼16% similarity to the first three. JAM-4 and JAM-
L have not been investigated thoroughly in TEM and conse-
quently will not be discussed here. All JAM members are

membrane proteoglycans and contain two extracellular Ig-
domains which facilitate both homophilic and heterophilic
interactions [66, 68]. While JAM-A, -B, and -C are all
expressed on endothelial cells along the cell borders, JAMs -
A and -C are also expressed on most leukocyte subtypes, but
only JAM-A is expressed on epithelial cells [66]. JAM-A
appears to be a ligand for LFA-1 [69]. Antibody-mediated
disruption of this interaction abrogates the ability of endothe-
lial cells to support the adhesion and TEM of neutrophils
in vitro [69] and monocytes in vitro and in vivo [70, 71],
although in other in vitro assays, its role in TEM is less clear
[72]. JAM-B has been reported to bind VLA-4 [73] whereas
JAM-C binds Mac-1 [74]. Although the function of these
interactions in TEM has not been fully investigated, antibod-
ies against JAM-C and soluble JAM-C extracellular domain
both decreased leukocyte emigration in vivo [75–77]. Recent
reports also suggest that JAM-B may interact with JAM-C to
support its function in TEM [78, 79].

PECAM

Platelet/endothelial cell adhesion molecule-1 (PECAM, also
known as CD31) is a ∼130 kDa Type 1 membrane glycopro-
tein that belongs to the Ig superfamily. PECAM is expressed
diffusely on leukocytes and platelets but in endothelial cells it
is enriched at the cell border [80]. It has six extracellular Ig
repeats and contains several known and putative phosphory-
lation sites including two intracellular immunoreceptor
tyrosine-based inhibitory motifs (ITIM) [81]. During TEM,
PECAM on the leukocyte and endothelial cell bind
homophilically [82, 83]. Disruption of this interaction using
genetic ablation or function blocking reagents (PECAM-Fc
chimeras or antibodies that bind domain 1 of PECAM) arrests
leukocytes on the apical surface of the endothelial cell above
the junction. When visualized live, these arrested leukocytes
are not stationary but instead migrate up and down along
the junction as if poised to undergo TEM but lacking a
critical signal [84].

Poliovirus receptor

Poliovirus Receptor (PVR, also known as CD155) was orig-
inally identified based on its role as the key receptor for
poliovirus entry into cells [85]. More recently, it has also been
found to be involved in cell adhesion and motility [86–89], T-
cell development [90, 91], platelet activation [91, 92], NK and
CD8 T-cell cytotoxicity [93, 94], and TEM [95–97]. PVR is a
transmembrane Ig superfamily proteoglycan expressed on
neurons, epithelium, endothelium, and monocytes/
macrophages. PVR, like PECAM, contains an ITIM motif,
although not much is known about the role of this domain in
the context of PVR function in TEM [87]. PVR localizes to
sites of cell–cell and cell–matrix adhesion and binds to
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DNAM-1 to facilitate a diverse array of functions [85,
97–102]. DNAM-1 is a transmembrane immunoglobulin su-
perfamily member expressed on NK cells, T-cells, some B-
cells, platelets, monocytes, and possibly activated human
umbilical vein endothelial cells (HUVEC) [90, 91, 93, 103,
104]. Reymond et al. demonstrated a role for the molecules
PVR and DNAM-1 in TEM, showing that monoclonal anti-
bodies against either molecule could block the transmigration
of isolatedmonocytes across a monolayer of culturedHUVEC
[97]. More recently, Manes and Pober used antibodies against
PVR and DNAM-1 to block TEM of effector memory T-cells
[96]. However, characterization of the mechanism of action
and the relationship of these molecules to other components
of the TEM machinery was only recently uncovered
(discussed below) [95].

CD99 and CD99L2

CD99 is a small 32-kDa Type 1 membrane protein that is
highly O-glycosylated [105]. It does not belong to a charac-
terized superfamily and only exhibits sequence similarity to
one other protein, CD99 antigen-like protein 2 (CD99L2).
CD99L2 is a 45-kDa Type 1 membrane protein that has
32 % amino acid similarity to CD99 and is similarly highly
O-glycosylated [106, 107]. Both have short (<40 amino acids)
but divergent cytoplasmic domains. Like PECAM, CD99 and
CD99L2 are expressed at endothelial cell junctions and dif-
fusely on leukocytes. CD99 facilitates TEM through
homophilic interactions between the two cell types [108].
Similarly, CD99L2 has been reported to function through
homophilic interactions but it may have another unidentified
ligand [109–111]. Disruption of CD99 and CD99L2 interac-
tions using function blocking antibodies or genetic knock out
(in the case of CD99L2) impairs leukocyte extravasation
in vitro and in vivo. Interestingly, unlike PECAM blockade,
which arrests leukocytes on the apical surface, blocking CD99
function in vitro traps the migrating leukocytes midway
through the junctions [108, 112]. While the requirement for
CD99 and CD99L2 in TEM is established, the mechanism by
which they control TEM is unknown. In mice, blocking either
CD99 or CD99L2 by polyclonal antibody arrested leukocytes
in vivo a similar step in extravasation, suggesting that the two
proteins functional to facilitate the same step [113].

Although there are several regions that are highly con-
served between the two molecules and across species, there
are no known relevant interactions with other proteins that
have been reported. Interestingly though, in a study using the
mouse homologues of CD99 and CD99L2, Nam and co-
workers showed that the two molecules interact with each
other heterophilically through their cytoplasmic tails [111].
Through this interaction CD99 appears to facilitate the traf-
ficking of CD99L2 to the plasma membrane.

Key events in TEM

Sequential functions of molecules in TEM

One interesting finding that is beginning to be appreciated in
the field is that several of these molecules have been observed
to function in a sequential manner during TEM [18, 114, 115].
Current understanding of the process is that ICAM-1 and
VCAM-1 function upstream of PECAM and CD99. This
finding is well supported in the literature both in vivo and
in vitro [55]. It also fits with the subcellular localization of
these proteins with ICAM-1 and VCAM-1 both localized to
the apical surface of endothelial cells where they can function
in the activation and adherence of captured leukocytes where-
as PECAM and CD99 are localized to the cell border where
they facilitate the subsequent migration though the junction.

Furthermore, antibody blockade studies have highlighted
an additional level of sequential function for PECAM, PVR,
and CD99, operating in that order [95, 108]. These assays took
advantage of the observation that the antibody blockade of
one molecule can be relieved by extensive washing of un-
bound antibody and allowing additional time for TEM to
recover. For example, incubating transmigrating leukocytes
with anti-PECAM antibodies halts TEM at the PECAM-
requiring step. After washing out the antibody, the arrested
leukocytes can then resume and complete TEM. If instead
antibodies against CD99 are added during the recovery phase,
the leukocytes remain arrested, unable to complete transmi-
gration [108]. However, reversing the order of the antibody
treatments (anti-CD99 initially, anti-PECAM during recov-
ery) yielded no net block. For this combination, the leukocytes
were presumably able to migrate past the step requiring
PECAM during the first incubation and thus the anti-
PECAM antibodies had no effect during the recovery phase,
allowing the leukocytes to complete TEM. Taken together,
these results indicate that PECAM works upstream of CD99.
Using the same methodology, it was recently found that PVR
functionally interacts with DNAM-1 at a step in between those
regulated by PECAM and CD99 [95]. Thus, based on these
in vitro studies, the net order of events is ICAM-1 and/or
VCAM-1 interacting with their leukocyte integrin partners
on the apical surface followed by PECAM, PVR/DNAM-1,
and CD99 for diapedesis per se.

The sequential control of TEM is apparently much more
complex in vivo. Various investigators report differences in
the degree to which blocking specific molecules results in
reduction of TEM and the relative order in which these mol-
ecules function. Some of these seemingly conflicting results
can be reconciled by differences in the inflammatory stimulus,
tissue and mouse strains used in the various studies. In most
mouse strains examined, PECAM deficiency or blockade
arrests leukocytes on the apical side of the endothelium,
consistent with in vitro findings using human cells [116]. In
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the C57BL/6 strain however, depending on the stimulus,
PECAM knockout has no effect on leukocyte TEM and
instead leads to leukocyte arrest at the basement membrane,
suggesting an additional role for PECAM (in particular extra-
cellular domain 6) in the inflammatory process [117]. Anti-
body blockade of ICAM-1 decreased both adhesion and trans-
migration whereas ICAM-2 blockade only inhibited transmi-
gration, suggesting that ICAM-1 functions upstream of
ICAM-2 [63]. To complicate the matter further, the require-
ment ICAM-2 was only observed in an IL-1β but not in
TNFα or thioglycollate model of peritonitis [63]. In a
follow-up study, also done in the C57BL/6 background,
PMN migration in response to TNFα was unaffected by
knockout of ICAM-2, JAM-A, or PECAM mice [118]. How-
ever, neutrophils that lacked TNFR show significantly re-
duced infiltration in these mouse strains suggesting roles of
these molecules are stimulus-dependent. Furthermore, exam-
ination of the site of arrest in the ICAM-2−/−, JAM-A−/−, and
PECAM−/− mice in the C57Bl/6 strain showed that neutro-
phils were arrested on the endothelial surface, partway
through the junction, and at the basement membrane respec-
tively, suggesting that these molecules function in that order
[118]. Also in the C57BL/6, Vestweber and coworkers
showed that disruption of CD99, CD99L2, and PECAM
function in IL-1β models of inflammation all caused migrat-
ing leukocytes to be arrested in the same place, at the level of
the basement membrane [113]. Interestingly though, in
TNFα-induced inflammation, only CD99 and CD99L2 dis-
ruption caused a block in TEM, suggesting under this partic-
ular set of conditions, these two molecules function in a
different pathway than that in which PECAM functions.

The LBRC

When examined by standard wide-field immunofluorescence,
all of the endothelial proteins known to be critical to TEM are
predominantly localized to the endothelial cell border. At this
resolution, the expression pattern makes it impossible to de-
termine if they actually co-localize on a molecular scale under
resting conditions. During TEM, several of these molecules
have been observed to move in divergent ways. In short,
whenever they have been examined, the molecules that have
cognate interacting partners on the migrating leukocyte be-
come enriched around the leukocyte whereas molecules that
are responsible for maintaining junctional integrity appear to
move out of the way [25, 119, 120]. Thus, for a leukocyte in
the process of paracellular TEM, the endothelial pools of
adhesion molecules like PECAM and JAM-A are enriched
around the leukocyte and a ring is observed in addition to the
regular junctional localization. Adherens junction proteins
like VE-cadherin, on the other hand, are absent from the site
of TEM and thus a gap appears in the usual staining pattern
[17, 121].

One possible explanation for the observation that adherens
junction proteins are excluded from the TEM site whereas
adhesion molecules like PECAM are enriched is that there
could be two separate pools or domains containing these
molecules at the cell border. To investigate this closer, the
subcellular localization of these proteins was examined using
electronmicroscopy (EM) and horseradish peroxidase (HRP)-
conjugated monoclonal antibodies. VE-cadherin antibodies
showed the expected staining along the endothelial border
(Fig. 1). Similarly, PECAM antibodies also showed localiza-
tion at cell–cell contacts, but unlike VE-cadherin, PECAM
was also observed in a subjunctional grape-like structure of
interconnected 50 nm vesicles and tubules [119] (Fig. 1).
PECAM from this compartment was observed to exchange
and recycle with the surface membrane (discussed below) and,
consequently, termed the Lateral Border Recycling Compart-
ment or LBRC [119]. The limiting membrane of the LBRC is
contiguous with the plasma membrane, suggesting that this
compartment is a complex invagination of the junctional
membrane. Positively stained clusters were observable several
vesicle diameters away from the cell border suggesting that
the LBRC extends several hundred nanometers into the cell.
Interestingly, the compartment is labeled well at 37 °C, but
incubating endothelial cells with the same antibodies at 4 °C
only labeled the junction [95, 119]. Electron micrographs
clearly show that the compartment still exists under this con-
dition, indicating that PECAM in the LBRC is protected from
large molecules at 4 °C. This is not because the vesicles have
pinched off, as protons and small molecules can still enter
([119] and unpublished results). Under resting conditions rough-
ly 30 % of the total PECAM is in the LBRC [119]. This
compartment also contains JAM-A [55] and CD99 [55]
(Fig. 1), PVR [95], and nepmucin [122], which regulates lym-
phocyte TEM in high-endothelial venules. The LBRC is also
observed in vivo as EM examination blood vessels from mice
injected intravenously with anti-mouse PECAM-HRP shows an
identical subjunctional staining pattern (unpublished results).

To determine the kinetics of entry and turnover in the
LBRC, endothelial cells were treated with unconjugated Fab
fragments of non-blocking antibodies at 37 °C to bind to total
(surface+internal compartment) PECAM. The endothelial
cells were then incubated with unconjugated secondary anti-
bodies at 4 °C to saturably bind all the labeled PECAM, but
only at the junctional surface. After washing and warming the
monolayer in the presence of fluorescent secondary, the once
protected PECAM-Fab complexes can then be labeled as the
LBRC recycles to the surface. When viewed using immuno-
fluorescence microscopy, the time-dependent increase in fluo-
rescence at the junction (representing the increased accessibil-
ity of the once hidden epitope) is readily observed with a half-
time of ∼10 min [119]. These results suggested that the
compartment undergoes continuous exchange or recycling
of its components.
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Because the anti-PECAM-Fab fragment does not block
TEM, the labeling procedure described above can be used to
follow the LBRC during TEM. When leukocytes are allowed
to migrate for short time points (∼8–10 min, to catch them in
the act of TEM) on endothelial cells labeled in this fashion, a
significant increase in fluorescence (representing PECAM
from the once protected LBRC) is observed as a ring around
the migrating cell [119] (Fig. 2). The mean intensity of the
fluorescence in the ring is roughly three- to fivefold higher
than the fluorescence observed at the junction indicating that
the LBRC is specifically directed to and enriched at the site of

TEM. This specific enrichment around the transmigrating
leukocyte is referred to as “targeted recycling” of the LBRC.

During TEM, the LBRC surrounds the migrating leukocyte
and there is growing evidence that this is a critical step in
diapedesis. Disrupting PECAM–PECAM homophilic interac-
tions ablates both TEM and targeted recycling [119]. The
enrichment of the LBRC at the leukocyte is similarly blocked
when the endothelial cells are treated with reagents
demecholcine or taxol, which depolymerize microtubules or
cause microtubule bundling, respectively [123]. Neither treat-
ment affected the size or the constitutive recycling of the

Fig. 1 PECAM, CD99 and JAM-A, but not VE-cadherin are in the
lateral border recycling compartment. Endothelial cells were incubated
with HRP-conjugated mAb specific for PECAM, CD99, JAM-A, or VE-
cadherin for 1 h. at 37 °C, then fixed and reacted with diaminoabenzidine-
H2O2 as described [55, 119, 123]. As a control for nonspecific labeling,
free HRP was added at the concentration present on the antibodies. En
face sections were cut for EM analysis. In addition to being present along

the cell border (dark electron-dense staining) PECAM, CD99, and JAM-
A are all present in interconnected vesicular structures of the LBRC. VE-
cadherin is present at the cell border (arrowhead), but not in the inter-
connected vesicular structures adjacent to it (arrows). Arrowheads indi-
cate cell borders; arrows indicate the LBRC. Scale bar 200 nm.
Reproduced from [55] with permission

Fig. 2 Targeted trafficking of membrane from the LBRC to surround
leukocytes undergoing transcellular migration. PECAM in the LBRCwas
labeled with Fab fragments of a non-blocking mAb as a surrogate marker
for LBRC trafficking to the endothelial surface, as described [55, 119,
123]. Staining of recycled PECAM as a surrogate for recycling LBRC
(left panel , red in overlay) surrounding monocytes (upper panel) and a
PMN (lower panel ) demonstrates movement of membrane from the
LBRC to the endothelial surface. Recycled PECAM is seen around the
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leukocytes migrating transcellularly (thin arrows) far from the endothe-
lial border (arrowheads). Recycling LBRC enrichment is as great around
the monocyte migrating transcellularly as it is around the monocyte
migrating paracellularly (thick arrow). Actin staining (middle panel ,
green in merge) shows relative positions of the cells. Orthogonal (X–Z)
projection demonstrates leukocytes in the act of transcellular migration.
Arrows indicate recycled PECAM around leukocytes. Bar 10 μm.
Reproduced from [55] with permission



compartment suggesting instead that microtubules are essen-
tial for LBRC movement during TEM. This is supported by
the finding that LBRC targeted recycling is also impaired
upon microinjection of function blocking antibodies against
the motor domain of kinesin, a molecular motor that facilitates
intracellular traffic along microtubules [123]. In fact, it ap-
pears that the directed movement of the LBRC is the critical
factor to support TEM as the migration of lymphocytes, which
exhibit PECAM-independent migration [124, 125], is
abolished using these treatments that disrupt LBRC targeted
recycling [123]. Together, these findings indicate that the
LBRC is directed to the site of TEM using microtubules and
kinesin to provide the migrating leukocyte with functional
pools of the molecules required for it to undergo TEM.

The presence within the LBRC of so many molecules that
are involved in the endothelial cell’s role in TEM suggests that
it could act as a reservoir of these molecules in TEM. More
important, the available data suggest that the molecules in the
LBRC, not those on the surface of the junction are the ones
that are required for TEM.When endothelial cells were treated
with blocking antibodies against PECAM at 4 °C, which
leaves the protected LBRC pool of PECAM untouched,
TEM remained unaffected, while the same antibodies given
at 37 °C blocked TEM [82]. More recently, and using the
same methodology, it has become clear that the portions of
CD99 and PVR that are residing in the LBRC are the func-
tionally relevant pools that are required for TEM [95].

It is important to note that the LBRC is distinct from other
reported endothelial vesicular organelles such as the vesicular
vacuolar organelle (VVO) and caveolae. VVOs are much
larger (>150 nm) in size, more heterogeneous in shape, and
typically communicate between the apical and basal surfaces
[126]. VVOs open and close in response to VEGFwhereas the
LBRC is completely and continuously accessible to the exte-
rior of the cell [127]. VVOs have not been observed in vitro.
Likewise, caveolae are rare in endothelial cells in vitro and are
typically observed as single vesicles or single invaginations
on the apical and basal membranes, seldom present at the
junction. By immunofluorescence, caveolin-1 (a marker of
both caveolae and VVOs [128, 129]) does not co-localize
with PECAM at the junction or during TEM [55, 119]. In
addition, biochemical analysis of PECAM and caveolin-1
shows that the two localize to different membrane microdo-
mains [119]. This was examined using sucrose gradients to
purify cholesterol-rich membrane microdomains from endo-
thelial cells solubilized with cold non-ionic detergent [119]. In
this analysis, caveolin-1 was predominately recovered in the
buoyant fractions that correspond to lipid rafts whereas
PECAM was recovered from the dense fractions which
contained the solubilized proteins that are excluded from
membrane microdomains (this is in distinction to leukocytes,
where activation of PECAM led to its phosphorylation and
partition into cholesterol-rich microdomains [130] and in

platelets where a small fraction of palmitoylated PECAM
can be recovered in such domains [131].)

Although several molecules are known to be partially
localized to the LBRC, almost nothing is known about the
signals the meditate entry or inclusion into the compartment.
Analysis of the cytoplasmic tails of PECAM, CD99, JAM-A,
and PVR does not reveal any of the known sorting signals,
like the well-definedKDEL or DXXLL sorting signals used in
the canonical secretory pathway [132–134]. Likewise, none of
the proteins show any obviously conserved regions or amino
acids that could serve as novel sorting motif. To date, the only
known instance of altered inclusion into the LBRC was ob-
served using PECAM phosphorylation mutants in the cell
line, ECV304 [135]. ECV304 cells lack PECAM expression
and do not support TEM. However, this TEM defect can be
rescued when exogenous PECAM is expressed, making it a
convenient system to test PECAM function. ECV304 cells
expressing PECAM exhibited targeted recycling of the
LBRC. Examination of the critical tyrosines in the ITIMmotif
of PECAM showed that the mutation of Y663 to phenylala-
nine (Y663F), but not Y686F, abolished TEM and targeted
recycling of the LBRC [135]. Constitutive recycling of
PECAM Y663F was also attenuated, indicating that this res-
idue is either critical for PECAM sorting into the LBRC or
that it significantly disrupts LBRC structure of function. In
support of this, a more detailed analysis comparing the total
pool of PECAM and that PECAM that is protected at 4 °C
shows that virtually all of the phosphorylated PECAM resides
in the LBRC [136]. Blocking this phosphorylation with the
src-family kinase inhibitory PP2 or the broad spectrum tyro-
sine phosphorylation inhibitor Genistein prevents both
targeting recycling of the LBRC and TEM [136]. PVR can
also be phosphorylated on a tyrosine in its ITIM in a src-
dependent manner [87, 137]. Under resting conditions, very
little PVR is phosphorylated, however when PVR is stimulat-
ed with antibodies or with DNAM-1-Fc chimeric protein (to
simulate the interaction that is relevant to TEM) PVR be-
comes phosphorylated [95]. Together, these data suggest that
phosphorylation of these molecules may play a critical
role in their localization and function in the LBRC
during transmigration.

Transcellular TEM and the LBRC

Transcellular TEM (migration through the endothelial cell
body away from the junction) is a distinct process from
paracellular TEM at the junction [138, 139]. In most reports,
paracellular TEM is the predominant route with transcellular
migration reported occurring in less than 10 % of events, both
in vitro and in vivo. Transcellular TEM is thought to occur
more often at the BBB, where intercellular junctions are more
complex [35, 140], and also in situations with highly activated
endothelial cells and leukocytes [53, 54]. During transcellular
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TEM the enrichment of PECAM and the other LBRC com-
ponents around the leukocyte is still observed (Fig. 2) [55,
141]. Obviously there are key biological differences between
the two methods; junctional remodeling would only be nec-
essary for paracellular TEM whereas only transcellular TEM
would require the de novo creation of a conduit between the
apical and basal surfaces. In spite of these differences, there
are several similarities between the two. Disrupting PECAM
or CD99 interactions also inhibits transcellular migration [55].
Targeted recycling of the LBRC is required for both routes
and in each case it can be inhibited by disrupting microtubules
or kinesin function [55]. Interestingly, although cells treated
with microtubule depolymerizing drugs do not show enriched
PECAM fluorescence under the leukocyte and do not support
transcellular migration, they are still able to enrich ICAM-1
under the leukocyte. This shows that ICAM-1 functions at a
step that occurs early in leukocyte recruitment and is therefore
not dependent on LBRC or PECAM function [55].

Thus, it appears that the LBRC has a nearly identical role in
transcellular migration as in paracellular TEM. It is directed to
meet and deliver critical molecules (largely absent from the
apical surface) to the migrating leukocyte. Furthermore, be-
cause of its interconnected reticular structure, it contains a
significant amount of membrane to help facilitate the forma-
tion of a transcellular pore. In theory, this model would re-
quire, at most, one membrane fusion event (the LBRC fusing
with the plasma membrane in the cell body) at the apical
surface and one at the basal surface. Although the mechanism
that mediates this event is not currently known, it could be
accomplished using the same SNARE proteins that facilitate
many other membrane fusion events [142, 143]. Several of
these events are triggered by local increases in calcium sig-
naling and the clustering of ICAM-1 and VCAM-1 has been
shown to signal to other molecules using calcium. Indeed,
inhibition of SNARE activity or buffering endothelial calcium
both significantly inhibit transcellular migration [141].

Signaling events related to TEM

Phosphorylation and dephosphorylation

Although several lines of evidence have shown a connection
between vascular permeability and the global phosphorylation
of adherens junction proteins, it has only recently become
appreciated that similar mechanisms are at work in the context
of TEM. A few of the pathways could also function in the
recruitment and function of the LBRC and will be discussed
briefly here. For a more comprehensive analysis of mecha-
nisms, the reader is referred to [22, 144] and the other chapters
in this volume. Crosslinking E-selectin or ICAM-1 or adhe-
sion of leukocytes induces outside-in signaling in endothelial
cells and, among other things, activates src kinase [145].

Crosslinking of ICAM-1 also activates the kinase pyk2 [28].
Cortactin was identified as a substrate for src and its phos-
phorylation is critical to the clustering of ICAM-1 and its
association with the actin cytoskeleton [46, 47, 146]. Disrup-
tion of this process significantly impaired TEM but did not
affect adhesion. The role of src does not stop there, however;
ICAM clustering has since been shown to lead to the phos-
phorylation of VE-cadherin via the activities of both src and
pyk2 [28]. Inhibition of this phosphorylation, either using
specific inhibitors or tyrosine-to-phenylalanine VE-cadherin
constructs that cannot be phosphorylated, similarly reduced
TEM [28]. The phosphorylation of VE-cadherin disrupts its
interaction with p120 and β-catenin, which anchor it to the
actin cytoskeleton. The interpretation of these results is that
the dissociation of VE-cadherin from the cytoskeleton at the
site of TEM allows the junction to part for the migrating
leukocyte to pass through. This is supported by the finding
that over-expression of p120, which stabilizes VE-cadherin at
the junction, significantly reduced VE-cadherin phosphoryla-
tion and impaired PMN TEM [25, 120]. As mentioned above,
src kinase phosphorylation of PECAM is required for entry
into and targeted recycling of the LBRC [135, 136] whereas
PVR is phosphorylated by src upon ligand stimulation with
DNAM-1 or crosslinking [95]. While it is not clear yet if these
later events are directly linked to upstream events like E-
selectin or ICAM-1 stimulation, these collectively point to a
critical role for src in the process of TEM.

In what appears to be analogous recruitment scheme, the
phosphatase SHP2 has been reported to be similarly recruited
to several of the molecules involved in TEM. Poluskota and
coworkers identified a loosely conserved ITIM motif in the
cytoplasmic tail of ICAM-1 that is phosphorylated and medi-
ates the recruitment of SHP2 upon ICAM-1 stimulation [147].
Although this study used fibrinogen to activate ICAM-1 in-
stead of the more classical antibody-mediated crosslinking,
they are supported by the finding that the SHP2 plays a role in
ICAM-1 signaling. Minshall and coworkers have recently
reported that SHP2 dephosphorylates src tyrosine 530. In
doing so, it removes an inhibitory phosphate that blocks the
activity of src. The expression of a dominant-negative form of
SHP2 prevented the src activation upon ICAM-1 crosslinking
indicating that this dephosphorylation event is required for
ICAM-1 mediated signaling [148, 149]. SHP2 also plays a
role in VE-cadherin and adherens junction remodeling. SHP2
associates with β-catenin in VE-cadherin/p120/β-catenin/
plakoglobin complexes. Ablation of SHP2 expression in en-
dothelial cells causes increased phosphorylation of all of the
components in the complex and, consequently, increased per-
meability [150]. Although these experiments were performed
using thrombin treatment, which affects global junctional
integrity, it is tempting to speculate that similar mechanisms
might be at work in on a local scale during TEM. In further
support of this are the findings that SHP2 in endothelial cells
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also associates with the phosphorylated ITIM motifs of both
PECAM [135, 151, 152] and PVR [95, 137], although the
downstream functions of this association in LBRC function
have yet to be determined.

Other signals regulating TEM

The VCAM-1 and ICAM-1mediated changes in VE-cadherin
phosphorylation have been shown to occur through the acti-
vation of several other signaling pathways. VCAM-1 cluster-
ing leads to the activation of MAP kinase (MAPK) and the
GTPases Rac1 and RhoA, and induces the production of actin
stress fibers and reactive oxygen species (ROS) [49, 153].
Similarly, ICAM-1 crosslinking activates RhoA and the clus-
tering of either VCAM-1 or ICAM-1 can cause transient
increases in intracellular calcium [51]. Signaling through these
pathways has been shown to cause disruption of adherens
junction complexes and retraction of intercellular contacts,
which leads to increased endothelial permeability. Several of
these pathways may be acting on a more local scale to “loos-
en” the junction and facilitate TEM. Activation of Rho in-
duces the phosphorylation of myosin light chain through the
activation of myosin light chain kinase (MLCK) [154, 155].
Inhibition of either Rho or MLCK has no effect on leukocyte
adhesion but substantially blocks TEM [49, 155].

Addition of activated leukocytes to activated endothelium
induces a transient increase in cytosolic calcium that is ob-
served after adhesion but preceding TEM, and may occur
through the activation of selectins and/or ICAM/VCAM [51,
156–158]. Indeed, buffering intracellular calcium does not
affect adhesion but blocks neutrophil [159] and monocyte
TEM [156]. Likewise, VCAM-1 stimulation also induces
Rac-mediated ROS production through the activity of nico-
tinamide adenine dinucleotide phosphate oxidase (NOX) [30,
49]. The activation of Rac and NOX lead to activation of pyk2
which subsequently results in the dissociation of VE-PTP
from VE-cadherin, which is a critical step in opening the
junctions to allow for TEM [30]. When any of the steps in
this pathway are blocked, VE-PTP remains associated with
VE-cadherin and leukocyte TEM is attenuated [29, 30, 49].
Similarly, ICAM-1 stimulation leads to phosphorylation of
endothelial nitric oxide synthase (eNOS) and the production
of nitric oxide [153]. Signaling through the eNOS pathway
has been shown to be required for leukocyte TEM both
in vitro [153] and in vivo [149]. Although this growing body
of evidence suggests that these pathways are important to
TEM, much remains to be determined about how they fit into
the overall process.

How might the LBRC be doing its function?

Given that several of the molecules and signaling pathways
that are activated or recruited during upstream events like

ICAM-1/VCAM-1 clustering also have roles in TEM events
like LBRC recruitment and junction remodeling, it is possible
that the prelude to TEM (e.g., leukocyte adhesion and loco-
motion on the endothelial surface) primes these signaling
pathways for rapid function to facilitate TEM. The recruitment
of SHP2 activates Src (by removing the inhibitory phosphor-
ylation of src Y530) which can then phosphorylate cortactin
and reinforce ICAM-1 clustering. Src may also then phos-
phorylate ITIM motifs of PECAM and PVR, brought to the
site of TEM by the targeted recycling of the LBRC. If the
migrating leukocyte is near a junction, VE-cadherin and its
associated adherens junction protein would be phosphorylat-
ed, leading to a local disassembly of the junctional barrier. The
leukocyte, now presented with both the plethora of unligated
adhesion molecules delivered from the LBRC and a loosening
of the junction, could extend pseudopods through the opening
and migrate across the endothelium. After the leukocyte has
passed, reforming the adherens junction could be aided
through the activity of SHP2 brought to the TEM site by
PECAM and PVR. After dephosphorylation of VE-cadherin
and its associate proteins, stable adherens junctions could
reestablish their connection across the junction and with the
actin cytoskeleton, and the whole mechanism would be reset
for another round of TEM.

During transcellular migration, the same processes would
function except that the LBRC itself serves as the conduit
allowing passage across the endothelium in place of a gap at
the junction. In both cases, the LBRC, serving as a repository
of several critical molecules, functions in TEM by delivering
these molecules en mass to the site of TEM. It is tempting to
speculate that the LBRC serves as a platform for the recruit-
ment of key cytosolic signalingmolecules as well. In doing so,
the endothelial cell would then only have to recruit one
compartment instead of recruiting each molecule individually,
which would be mechanistically more complicated.

The LBRC could also function to help solve another po-
tential issue concerning the physics of junctional remodeling
and the shape changes that the endothelial cell must undergo
during TEM. Although endothelial cell contacts are serpentine
when viewed on a large scale (i.e., over the whole periphery),
at the smaller micron scale that is particularly relevant to TEM
they are relatively straight, i.e., over the course of a few
microns they do not meander greatly. Thus, in order for the
leukocyte to pass, not onlymust the endothelial cell moveVE-
cadherin and other junctional molecules out of the way, but it
must also supplement the surface area of the membrane to
accommodate the requisite pore. To appreciate the magnitude
of this problem, the approximate amount of surface area
required can be estimated from a few simple assumptions.
The numbers in this example were chosen for simplicity, but
the example would work for any reasonable pore size. As-
suming that the pore that forms during TEM is approximately
3 μm in diameter, the thickness of the endothelial cell is
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roughly 1 μm at the border, and the junction is perpendicular
to the plane of the endothelium, the surface area of the each
membrane at the future site of the pore is 3 μm2 (length (l ) of
the junction times the height (h )), making the total surface
area of the two borders together 6 μm2. The total surface area
around the pore however would be ∼9 μm2 (modeled as a
cylinder with a diameter (d ) of 3 μm and a height (h )
of 1 μm). This rough approximation suggests that the
membrane surface area at the site of TEM must locally
increase roughly 50 %. While this need could be met
by a simultaneous straightening of a distant portion of
undulating lateral membrane, this would likely require
cytoskeletal rearrangements that would likely be difficult
to coordinate with the rapid process of TEM. However,
the LBRC, being a contiguous invagination of the lat-
eral membrane distributed around the entire cell periph-
ery, is ideally localized to provide this needed surface at
the moment of TEM. Approximately one third of the
total PECAM and CD99 in endothelial cells is in the
LBRC, so recruitment of LBRC membrane would add
this additional 50 % surface area. Therefore, this com-
partment is also the appropriate size to contribute this
amount of membrane to the cell border.

This theory has additional appeal when considered along-
side the proposed mechanism for removing VE-cadherin from
the TEM site. Various hypotheses have been entertained re-
garding this topic (Fig. 3). Some early reports suggested that
VE-cadherin is degraded by surface proteases on leukocytes
during TEM (Fig. 3b) [160, 161], however this has not been
supported in more recent findings. One current opinion is that
VE-cadherin is either internalized into endocytic vesicles
(Fig. 3c) in a phosphorylation dependent manner, akin to the
internalization observed upon global treatment of endothelial
cells with reagents that increase vascular permeability [162,
163]. However, biochemical studies have not detected change
in the amount of VE-cadherin that is protected in endosomes
during transmigration [25]. Similarly, using live cell micros-
copy, Luscinskas and coworkers could not detect VE-
cadherin-GFP accumulation in vesicles during the formation
of a TEM pore [25]. These findings suggest instead that VE-
cadherin, after dissociating from the actin cytoskeleton, is
moved laterally to the membrane adjacent to the nascent pore
(Fig. 3d). This lateral movement could be facilitated by the
addition of membrane from the LBRC, i.e., the LBRC is
targeted to the TEM site and by incorporating its lipid and
protein content, VE-cadherin is shunted off to the side out of

Fig. 3 Schematic representation of the VE-cadherin gap formation at the
junction. a Under resting conditions, VE-cadherin (red bars) interacts
homophilically across the junction and connects to the cytoskeleton and
the lateral membranes of two adjacent cells (shown in blue) in close
proximity. The schematic of the junction is shown as a cross section when
viewed from above. Consider that this junction would extend into the
third dimension and would have an initial surface area defined as SAi for

simplicity. During TEM, VE-cadherin is removed from the junction at the
site of the transmigrating leukocyte. This could occur by b degradation of
the extracellular domain, c internalization into vesicles, d lateral move-
ment to adjacent areas, and/or e recruitment of the LBRC and displace-
ment of the existing membrane. Only the recruitment of the LBRCwould
locally increase the membrane surface area at the TEM site and allow for
efficient formation of a transmigration pore (f)
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the way (Fig. 3e). This model is particularly attractive when
considering that the other mechanisms do nothing to increase
the local surface area at the TEM site and internalization of
VE-cadherin would actually decrease it locally. After TEM is
completed, the LBRC could be retracted back into its inter-
connected structure allowing VE-cadherin to repopulate the
gap, connect with the actin cytoskeleton and return the junc-
tion to the basal state.

Conclusion

The migration of leukocytes out of the blood stream is a
complex process that requires the careful coordination of
diverse signaling events. Several of these pathways are initi-
ated by the clustering of the selectins, ICAM-1, and VCAM-1
in the early steps of leukocyte capture and adhesion.
Diapedisis is mediated by a number of molecules including
PECAM, PVR, JAMs, and CD99, which have distinct molec-
ular interactions and signaling pathways, but all reside in the
LBRC. Much of the field is currently focused on how all these
divergent signaling pathways are orchestrated and converge to
facilitate the remodeling of junctional molecules to allow for
the passage of the migrating leukocyte. Although several of
these molecules and pathways appear to be analogous to the
mechanisms that regulate vascular permeability on a global
level, it is not clear how they are locally regulated during
TEM. Transendothelial migration, whether across the endo-
thelial junction or through the cell involves the recruitment of
the LBRC and its associated molecules, which are required for
efficient TEM. Together, these pathways and the LBRC pro-
vide the migrating leukocyte with an appropriate conduit for
through which they can reach their target tissue and carry out
their essential functions. The degree of crosstalk and intercon-
nection between these pathways will undoubtedly be much
more complex than can be appreciated at this time. However,
the field is advancing rapidly and every new discovery brings
closer novel therapies that can regulate inflammation in a
tissue- and disease-specific manner.
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