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Podocalyxin (Podxl) is broadly expressed on the luminal face of
most blood vessels in adult vertebrates, yet its function on these
cells is poorly defined. In the present study, we identified specific
functions for Podxl in maintaining endothelial barrier function.
Using electrical cell substrate impedance sensing and live imaging,
we found that, in the absence of Podxl, human umbilical vein
endothelial cells fail to form an efficient barrier when plated on
several extracellular matrix substrates. In addition, these mono-
layers lack adherens junctions and focal adhesions and display a
disorganized cortical actin cytoskeleton. Thus, Podxl has a key role
in promoting the appropriate endothelial morphogenesis required
to form functional barriers. This conclusion is further supported by
analyses of mutant mice in which we conditionally deleted a floxed
allele of Podxl in vascular endothelial cells (vECs) using Tie2Cre mice
(PodxlΔTie2Cre). Although we did not detect substantially altered per-
meability in naïve mice, systemic priming with lipopolysaccharide
(LPS) selectively disrupted the blood–brain barrier (BBB) in PodxlΔTie2Cre

mice. To study the potential consequence of this BBB breach, we
used a selective agonist (TFLLR-NH2) of the protease-activated
receptor-1 (PAR-1), a thrombin receptor expressed by vECs, neu-
ronal cells, and glial cells. In response to systemic administration of
TFLLR-NH2, LPS-primed PodxlΔTie2Cre mice become completely immobi-
lized for a 5-min period, coinciding with severely dampened neuro-
electric activity. We conclude that Podxl expression by CNS tissue
vECs is essential for BBB maintenance under inflammatory conditions.
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The blood vessel wall serves as a selective, semipermeable
barrier separating blood constituents from tissue paren-

chyma. The junctional interactions between neighboring vascular
endothelial cells (vECs), their adhesion to the basement mem-
brane, and the apical/luminal glycocalyx all contribute to barrier
architecture and function (1–3). Maintenance of this barrier is
particularly crucial in the central nervous system (CNS) to prevent
exposure of this highly sensitive neural tissue to endogenous plasma
constituents, inflammatory cells, and exogenous toxins. The blood–
brain barrier (BBB) is supported by a neurovascular unit consisting
of neurons, pericytes, CNS glial cells (astrocytes and microglia), and
specialized vascular endothelia that form both tight junctions (TJs)
and adherens junctions (AJs) between adjacent vECs.
The actin cytoskeleton of endothelial cells in the BBB is in-

timately associated with several key junctional proteins (4). In
response to tissue injury, disassembly of the actin cytoskeleton
disrupts junctional complexes and promotes degradation and
internalization of these proteins, leading ultimately to disruption
of the endothelial barrier (5) and recruitment of immune cells

and plasma factors to effect repair. Some of the plasma components
that affect this repair include active proteases, such as thrombin.
Thus, barrier remodeling has a central role in the normal repair of
injured tissues, as well as in the pathogenesis of inflammatory and
vascular diseases, including stroke and traumatic brain injury (6).
Podocalyxin (Podxl) is a CD34-family sialomucin expressed

primarily by vascular endothelia and kidney podocytes in adult
vertebrates. It is also expressed by rare stem cell populations of
several tissues (7) and stress erythroid progenitors (8, 9) and is
aberrantly expressed in aggressive carcinomas, glioblastoma,
blood cancers, and germ cell tumors (10, 11). Podxl was origi-
nally identified as the predominant sialoglycoprotein in kidney
podocytes, where by virtue of its strong negatively charged mucin
domain, it was postulated to play a role in urine filtration (12,
13). Subsequent gene deletion studies in mice showed that Podxl
plays an essential role in podocyte morphogenesis; in the ab-
sence of Podxl expression, immature podocytes retain AJs and
TJs, leading to anuria and perinatal lethality (14, 15). In addi-
tion, we and others have shown that Podxl has the capacity to
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regulate integrin function in polarized epithelial cells (16, 17).
Normally, Podxl is potently targeted to the apical domains of
epithelial cells during cell polarization and, in its absence,
integrin sorting to basolateral domains is attenuated. Thus, al-
though this apical sialomucin does not function as an adhesion
molecule per se, its expression, or lack thereof, can dramatically
alter the adhesive properties of cells.
Although Podxl and its close relative, CD34, are highly

expressed by all adult vascular endothelial cells (vECs), little is
known of their function on these cells. We previously found that
primary Podxl-null vECs isolated from mouse lungs have im-
paired ability to spread on laminin, a major component of the
basal extracellular matrix (ECM), in vitro, as well as an altered
expression pattern of integrins and matrix proteins. Nevertheless,
mice lacking Podxl on lung vECs display only a modest increase
in lung vascular permeability and exhibit no other overt defects
at steady state (18). Importantly, due to the tissue-specificity of
the vascular Cre-deleter strain (Cdh5Cre) we used in these
previous studies, Podxl was not deleted in CNS vascular beds, a
tissue that is notable for possessing the highest levels of Podxl
expression on endothelia (19).
In the present study, we performed a thorough analysis of the

effects of Podxl loss in primary human endothelial cells in vitro
and used a more widely effective Cre-deleter strain to assess how
Podxl expression regulates mouse BBB integrity in vivo. We
found that Podxl is required for human endothelial cells to as-
semble a functional barrier on multiple extracellular matrices,
and that its loss leads to disruptions in filamentous actin (F-
actin)-dependent cytoskeletal rearrangement, AJ formation,
and formation of focal adhesions (FAs). Correspondingly, we
found that in vivo, Podxl maintains the integrity of the BBB
during acute inflammation. Its loss in PodxlΔTie2Cre mice leads to
BBB dysfunction in response to inflammation, exposure of
neurons and glial cells to plasma proteins, and, through this
exposure, increased sensitivity to PAR-1 activation. We conclude
that Podxl plays a critical role in matrix-dependent endothelial
cell barrier integrity and appropriate function of the BBB.

Results
Podxl Is Required for Endothelial Morphogenesis. We previously
found that primary Podxl-deficient mouse lung vECs have a
spreading defect on laminin (17). To determine whether primary
human endothelial cells similarly require Podxl for efficient
spreading on ECM, we transiently transfected human umbili-
cal vein endothelial cells (HUVECs) with a PODXL-targeting
(PODXLKD) or nontargeting control siRNA (SI Appendix, Fig.
S1). We then seeded control and PODXLKD cells on plates
coated with fibronectin, collagen, or laminin, the three principal
ECM proteins detected in most tissues that serve as integrin-
specific adhesive substrates in various physiological conditions
(20). We monitored growth over several days using real-time
video microscopy, fluorescence microscopy (on fixed cells at
selected time points), and electric cell substrate impedance
sensing (ECIS) (SI Appendix, Fig. S2). Control and PODXLKD

cells adhere to and form what appear to be equally dense
monolayers on all matrices in the first 24 h in culture (Fig. 1A).
However, over the next 72 h, PODXLKD monolayers become
progressively disorganized as the cells lose their ability to
maintain appropriate spacing and cell–cell contacts (Fig. 1A and
Movies S1–S6). Only control cells maintain a uniform monolayer
after 42 h in culture (Fig. 1B). In contrast, at this time point,
clusters of PODXLKD HUVECs fail to form normal cell–cell
attachments and instead show gaps between neighboring cells
regardless of the choice of matrix (Fig. 1B). No major differences
in cell viability were observed in these cultures (SI Appendix,
Fig. S3).
To better assess the interactions between cells, we stained

fixed monolayers with an anti–VE-cadherin antibody after 48 h

in culture, when PODXLKD and control HUVEC growth char-
acteristics begin to diverge (Fig. 1B). While VE-cadherin was
uniformly distributed at the cell–cell contacts in control cells plated
on fibronectin, collagen, or laminin, VE-cadherin on PODXLKD

HUVEC cultures was sparsely distributed at rare cell–cell contact
sites (when present) and in most cells was localized to the cytosol
(Fig. 1B). Correspondingly, fluorescence microscopy of DAPI- and
phalloidin-stained monolayers at the 72-h time point revealed
striking differences in the arrangement of the actin cytoskeleton and
cell spreading (Fig. 2 and SI Appendix, Fig. S4A). Although control
cells have a normal radial arrangement of polymerized actin and
stress fibers, PODXLKD cells exhibit decreased stress fiber forma-
tion and nonuniform hair-like projections extending from the cell
indicative of retraction fibers. Some PODXLKD cells have an ir-
regular wavy actin appearance compared with the more linear actin
fibers observed in the control cells. Furthermore, there is a de-
creased intensity of phalloidin staining in the PODXLKD cells, in-
dicative of less total F-actin (Fig. 2 and SI Appendix, Fig. S4B).
Staining of control HUVECs for β-catenin revealed prominent

localization of β-catenin to cell–cell contacts. In contrast, in
PODXLKD HUVECs, β-catenin is located primarily in the cell
nucleus—a result consistent with the lack of stable contribution
to cell–cell contacts, aberrant AJ formation, and poor barrier
formation in the absence of Podxl. Finally, we examined the
ability of PODXLKD HUVECs to form focal adhesion (FA)
contacts to matrix. Vinculin regulates and marks protein com-
plexes that form FA (21). We observed clear, punctate vinculin
staining at the peripheral cell membranes of control cells,
whereas in PODXLKD cells, vinculin accumulates in perinuclear
structures (Fig. 2). This disparate vinculin-staining pattern was
observed for all matrices. This suggests that Podxl expression
promotes FA complex formation in HUVECs bound to common
ECM components. Intriguingly, assessment of overall vinculin
protein expression (by measuring staining intensity) suggested
that vinculin is expressed at higher levels in PODXLKD com-
pared with control cells (SI Appendix, Fig. S4C). Thus, vinculin
localization, rather than protein expression or stability, is aber-
rant in Podxl-deficient HUVECs.
In summary, Podxl promotes the formation of AJs between

cells, organization of the cortical actin cytoskeleton, and gener-
ation of FA between cells and the ECM. We conclude that Podxl
has a critical role in the regulation of endothelial cell architec-
ture and matrix adhesion required to form a functional barrier.

Podxl Promotes Endothelial Cell Spreading and Optimal Barrier
Function. We next assessed the role of Podxl in the establish-
ment of an endothelial barrier using a real-time ECIS system.
ECIS uses an alternating current across an electrode that is
influenced by cells as they adhere and grow. Cells act as insulators,
thereby increasing resistance across the electrode as they form a
monolayer. At low frequencies (4 kHz), as cells form a confluent
monolayer and a mature barrier, current flow between cells is re-
duced (high resistance) and can be used as a measure of barrier
function. At high frequencies (64 kHz), current flow through cells is
also reduced (low capacitance) and can be used as a measure of
electrode coverage. Using these parameters, mathematical ECIS
modeling provides a more detailed analysis of cell–cell (Rb) and
cell–matrix (α) interactions (21, 22). Identical concentrations of
Podxl-deficient PODXLKD and control HUVECs were plated on
ECIS electrodes coated with selected matrix components: fibro-
nectin, collagen, or laminin.
To assess cell coverage and barrier function, we measured

capacitance at 64 kHz and resistance at 4 kHz (AC frequency, f),
respectively, over the first 24 h of culture. When plated on
laminin, PODXL-deficient HUVEC (PODXLKD) display de-
creased electrode coverage, as shown by increased capacitance
(f = 64 kHz) compared with controls (Fig. 3A). No significant
difference in electrode coverage was observed when cells were
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plated on fibronectin or collagen, suggesting that Podxl regulates
matrix-specific cell spreading and adhesion functions in endo-
thelial cells. In addition, PODXLKD monolayers consistently
exhibit reduced transendothelial resistance (f = 4 kHz) on all
matrix components, indicative of defects in mature barrier for-
mation (Fig. 3B). Impaired barrier function was most striking
when PODXLKD cells were plated on laminin-coated electrodes.
Using ECIS mathematical modeling, we separated the con-

tributions of barrier function attributable to cell–cell interactions
(Rb) and those attributable to cell–matrix interactions (α) (Fig. 3
C and D) (21). On all three matrices, PODXLKD cells exhibit
decreased Rb, indicative of poorly formed cell–cell interactions.
In addition, although there was no significant difference when
plated on fibronectin, when plated on laminin and collagen, the
increased α parameter observed with PODXLKD cells indicates
impaired cell–matrix adhesion. We conclude that expression of
Podxl is required for the efficient binding of HUVECs to the
basal matrix, as well as the formation of cell–cell interactions
essential to establishing optimal endothelial barrier function.

Podxl Is Required for Maintenance of BBB Integrity During Acute
Systemic Inflammation. To further assess the role of Podxl in
maintaining endothelial barrier function in vivo, we deleted
Podxl in mouse vECs using two separate Cre-deleter strains,
Cdh5Cre and Tie2Cre (23, 24). We previously showed that
Cdh5Cre-mediated deletion of Podxl (PodxlΔCdh5Cre) (17) led to
a modest leakage of plasma from circulation into the lung pa-
renchyma, and that this effect was exacerbated in response to
lipopolysaccharide (LPS)-induced lung inflammation, suggesting
an underlying defect in lung microvascular integrity in the ab-
sence of Podxl on vECs (17). However, we were not able to
detect any leakage defect in any other organ in naïve or LPS-
induced PodxlΔCdh5Cre mice.
Although PodxlΔCdh5Cre mice delete Podxl efficiently in most

vECs, they fail to delete Podxl in brain microvessels (23), likely
due to the failure of the Cdh5 transgenic promoter elements to
fully recapitulate the normal expression pattern of VE-cadherin
in brain endothelia (25). Because Podxl is most highly expressed
by these BBB endothelia (19), and because TJs and AJs play critical
roles in the BBB’s integrity to protect against immune-mediated

Fig. 1. Podxl promotes HUVEC monolayer formation. (A) Confluence normalized to starting concentration as measured by the IncuCyte ZOOM confluence
processing analysis tool (basic analyzer). WT and PODXLKD HUVEC monolayers measured over 96 h. Error bars represent SD (n = 3). ***Significantly less
confluent than WT with P < 0.001 (determined by Student’s t test). (B) VE-cadherin staining (red) of WT and PODXLKD HUVECs at 48 h after seeding cells on
the indicated matrix. DAPI (nuclear stain). (Scale bars: 100 μm.)
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neural inflammation, we hypothesized that Podxl may selectively
regulate BBB function. We and others have previously shown
that the Tie2Cre strain is an efficient deleter of floxed genes in
brain endothelia (SI Appendix, Fig. S5F); thus, we generated
PodxlΔTie2Cre mice to study Podxl function in the BBB. Fol-
lowing systemic administration of LPS, we injected mice with
DyLight 649-coupled Lycopersicon esculentum (tomato) lectin
(649-LEL) and Texas Red-coupled dextran (70 kDa) (TR-DEX70)

to mark the vascular endothelium and assess leakage of high
molecular weight plasma components, respectively. LPS treat-
ment selectively induces a robust accumulation of the TR-DEX70

in the brain parenchyma of PodxlΔTie2Cre but not wild-type (WT)
mice (Fig. 4). This effect is not strictly linked to TLR4 signaling,
since the TLR3 agonist polyinosinic:polycytidylic acid [poly(I:C)]
elicits a similar response: Systemic administration of poly(I:C)
induces the accumulation of TR-DEX70 in the brain parenchyma
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Fig. 2. Podxl expression in HUVECs is required for F-actin accumulation, association of β-catenin with cell junctions, and efficient formation of focal adhesion
complexes. F-actin (phalloidin; green), β-catenin (red), and vinculin (aqua) staining of WT and PODXLKD (KD) HUVECs at 72 h after seeding on the indicated
matrix. DAPI (nuclear stain). (Scale bars: 100 μm.)
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of PodxlΔTie2Cre but not WT mice (SI Appendix, Fig. S6). We did
not observe TR-DEX70 in the brain parenchyma in either WT or
PodxlΔTie2Cre naïve mice, suggesting that in the absence of in-
flammation, both strains are able to maintain appropriate ho-
meostatic BBB integrity (Fig. 4). We conclude that although
PodxlΔTie2Cre mice appear to maintain normal BBB integrity
under steady-state conditions, in response to systemic in-
flammation, Podxl is required for BBB maintenance.

A Selective PAR1-Agonist Peptide Induces Transient Suppression of
Neuroelectric Activity in PodxlΔTie2Cre Mice. Leakage of plasma
constituents into the brain parenchyma propagates neuro-
inflammation and neurodegeneration (reviewed in ref. 26). At
least part of this pathology is mediated by inappropriate expo-
sure of the CNS parenchyma to plasma-restricted proteases, such
as thrombin (27). Thrombin, a potent inducer of acute vascular
permeability and platelet activation and aggregation (28), partly
exerts its effects through a family of G protein-coupled protease
activated receptors (PAR-1, -3, and -4) (29). In the mouse, PAR-
1 is expressed on multiple cell types associated with the BBB
neurovascular unit, including endothelial cells (30), glial cells
(31, 32) and neurons (33). To more thoroughly assess the impact
of disruption of the BBB in PodxlΔTie2Cre mice, we treated mice
with a selective PAR-1 agonist (TFLLR-NH2) to (i) activate
PAR-1 on vascular endothelia and disrupt barrier function (34)
and (ii) determine whether the peptide agonist enters the CNS
parenchyma to activate glia or neurons (33, 35–37).
We first primed mice with LPS for 6 h and then administered

the PAR-1 agonist (i.v., tail vein) (Fig. 5A). Strikingly, the PAR-
1 agonist induced an immediate loss of voluntary motor control

in LPS-primed PodxlΔTie2Cre mice (Fig. 5B and Movie S7) These
mice became completely immobile for a period lasting an average
of 5 min (Fig. 5C), followed by a rapid return to full activity and
normal behavior. During the period of immobility, PodxlΔTie2Cre

mice retained ocular and pedal reflexes, normal respiration and
heart rate, and normal tail vein blood pressure (SI Appendix, Fig.
S7). Subsequent to their full recovery, PodxlΔTie2Cre mice remained
refractory to a second PAR-1 agonist treatment for at least 1 h,
possibly reflecting receptor internalization or attenuation of sig-
naling (38, 39). Poly(I:C) administration followed by the PAR-
1 agonist also induced this immobility phenotype (Movie S8).
None of the LPS-primed WT mice displayed a behavioral response
to the PAR-1 agonist. Intriguingly, we found that PAR-1 agonist
treatment did not significantly alter BBB permeability in WT or
PodxlΔTie2Cre mice above that previously observed with LPS alone
(SI Appendix, Fig. S8) (40). Thus, we attribute the PAR-1–induced
behavior of PodxlΔTie2Cre mice to the ability of PAR-1 agonist to
cross the BBB rather than an additional direct effect on LPS-
primed endothelia.
To further confirm that the BBB leakage and behavior re-

sponse to LPS and the PAR-1 agonist was selectively associated
with deletion of Podxl from BBB vasculature, we performed
similar experiments using PodxlΔCdh5Cre mice. These mice delete
Podxl from most vascular beds, with the notable exception of
BBB endothelia, and thus served as an ideal control strain (17,
23, 24) (SI Appendix, Fig. S5). BBB integrity in LPS-primed
PodxlΔCdh5Cre mice was identical to WT mice (without the en-
hanced permeability seen in PodxlΔTie2Cre mice; SI Appendix, Fig.
S9), and, correspondingly, these mice failed to exhibit the same
inertia response to PAR-1 agonist administration.
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Fig. 3. Podxl promotes endothelial cell adhesion and barrier function. ECIS ZΘ assay of barrier function of control (scrambled siRNA; black line) and PODXL
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To further characterize the effects of the PAR-1 agonist on
PodxlΔTie2Cre mice, we recorded brain electrical activity by elec-
troencephalography (EEG) in LPS-primed mice. We found that

injection of the PAR-1 agonist induces a transient suppression of
electrical activity that lasted roughly 5 min and corresponds
closely with the period of observed inactivity (Fig. 5 D and E). In
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Fig. 4. Podxl expression in vascular endothelia promotes barrier function during LPS-induced inflammation. Fluorescence micrographs of the cerebral cortex region
of brain harvested from naïve and LPS-treated (5 mg/kg i.p. for 6 h) mice. 649-LEL and TR-DEX70 was circulated via the retro-orbital route to label vessel lumens and
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summary, although Podxl-deficient vECs appear capable of
forming functional endothelial barriers in vivo, they exhibit a
striking inability to maintain and/or reform these in response to
acute inflammation, leading to enhanced brain exposure to se-
rum components normally excluded from the CNS parenchyma
(Fig. 6).

Discussion
Podxl was one of the first identified markers of the apical
membrane domains of polarized epithelial cells. However, its
function remains highly controversial, with evidence suggesting
that it can participate in both proadhesive and antiadhesive
processes (14, 41, 42). More recently, both gene deletion and
overexpression studies have suggested that Podxl’s primary
function is to facilitate formation of appropriately positioned
“preapical” and basolateral domains and the appropriate local-
ization of cell–cell and cell–matrix adhesion complexes (16, 18,
43). Thus, although the negatively charged mucin domain serves
to prevent nonspecific cell adhesion, Podxl also facilitates the

segregation and exclusion of integrins and junctional proteins
from apical domains and aids in their appropriate targeting to
basolateral membranes. Thus, Podxl can also enhance cell ad-
hesion to matrix and neighboring cells. This dual function—
blocking apical adhesion while facilitating junction and adhesion
molecule localization and positioning—likely explains why Podxl
appears to facilitate adhesion in some scenarios and block ad-
hesion in others (41).
Here we found that Podxl expression in HUVECs promotes

the maintenance of cell–cell contacts and cell–matrix adhesion
interactions. Although both control and PODXLKD cells are able
to initially generate dense monolayers, over time in the absence
of Podxl, monolayers become progressively disrupted regardless
of the ECM on which they attempt to adhere. Furthermore, we
find that suppression of Podxl expression results in mislocaliza-
tion of FA and AJ complexes in HUVECs. Although monolayer
formation appears normal during the first 24 h, light microscopy
and real-time ECIS analyses demonstrate that Podxl is required
for the optimal formation of electrically resistant barriers. De-
spite initial normal cell spreading and growth characteristics
(electrode coverage) on fibronectin and collagen, defects in
barrier formation are detected (electrical resistance) on all ma-
trices. Differences in electrical resistance are most striking on
laminin, where Podxl plays a key role in endothelial cell spreading.
Thus, consistent with previous observations with epithelial cell lines
and highly specialized primary epithelia (podocytes), our data argue
that in primary vascular endothelia Podxl plays critical roles in
proper segregation of apical and basolateral membrane structures
and targeting of adhesion complexes.
Intriguingly, although Podxl loss cripples the ability of endo-

thelial cells to form appropriate intact monolayers in vitro, we
observed no overt severe vascular defects due to Podxl loss in
vivo at steady state. Podxl-deficient mice exhibited only a modest
delay in the opening of vascular lumens during embryogenesis
and a modest increase in permeability in adulthood (17, 44, 45).
Thus, in vivo there appear to be sufficiently redundant mecha-
nisms to ensure appropriate formation of properly patent vessels
to allow survival in the absence of Podxl. This could occur
through several mechanisms; the ECM milieu in vivo is far more
complex than the single components tested in vitro. Likewise, the
stiffness of the plastic substratum in vitro fails to adequately
mimic the more compliant substratum in vivo.
Finally, because Podxl is but one member of a large family of

endothelial sialomucins, one or more of these additional proteins
could be up-regulated to functionally compensate during steady-
state homeostasis in vivo but fail to support integrity in response
to stress. Likewise, the acute knockdown of Podxl in HUVECs in
vitro might not provide adequate time for engagement of these
compensatory mechanisms. It is also noteworthy that CD34,
Podxl’s closest relative, undergoes a striking down-regulation
over the first 96 h of HUVEC culture in vitro, which would in
principal preclude its ability to act as a compensatory molecule in
vitro (46). Future experiments using Podxl/CD34 double-
deficient mice may offer an opportunity to clarify whether this
is a valid salvage pathway in vivo.
Despite the normal phenotype of Podxl mice at steady state,

we reasoned that vascular function might be compromised in
situations of acute stress, and thus examined the vascular func-
tion of Podxl in maintenance of the BBB, the endothelial
structure in which it is most highly expressed (19). Strikingly, we
found that Podxl loss compromises the ability of the BBB to
maintain integrity in response to LPS-induced inflammation.
The thrombin receptor PAR-1 is highly expressed by cells com-
prising the neurovascular unit in mouse and human CNS (36).
Agonism of PAR-1 has been proposed to promote vascular
barrier disruption in vECs, and its activation in neural tissue has
been shown to promote survival of neurons and to regulate both
neurodegeneration and neuroprotection in various experimental
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Fig. 5. A selective PAR-1 agonist peptide highlights the consequences of
BBB dysfunction during neuroinflammation in LPS-primed PodxlΔTie2Cre mice.
(A) Overview of experimental model. (B) Relative activity levels of LPS-
primed WT (PodxlF/F) and PodxlΔTie2Cre mice following administration of a
selective PAR-1 agonist (5 mg/kg i.v.). Activity was scored by video review as
follows: 1 = normal activity; 0.5 = subdued; 0 = no activity. Two examples are
shown for each genotype. (C) Time (s) to recovery of full activity (score = 1).
Videos of sample behavior can be viewed in Movie S7. (D) PodxlΔTie2Cre mice
exhibit suppression of EEG power (0.5–4 Hz) within 10 min after adminis-
tration of PAR-1 agonist PodxlΔTie2Cre = 39.9 ± 13.6% (n = 5 mice) vs. WT =
89.3 ± 12.6% (n = 4 mice) of preinjection baseline EEG power (P < 0.05,
Student’s t test). Data points represent measurements from individual mice
and the horizontal lines represent means. (E) Example EEG recordings of
spontaneous activity from a surface electrode placed near the primary so-
matosensory cortex in LPS-primed PodxlΔTie2Cre and WT mice following ad-
ministration of PAR-1 agonist (5 mg/kg i.v.). The time of PAR-1 agonist
administration (t = 0) is indicated with a dashed green line.
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models of stroke and brain injury (47). When activated on as-
trocytes, PAR-1 regulates glutamatergic signaling (48). Although
we did not observe an enhanced effect of PAR-1 agonists on
vascular permeability in the present study, we found that it in-
duced a transient suppression of EEG-detected electrical activity
and a loss of motor function in LPS-primed PodxlΔTie2Cre but not
WT mice. The remarkably consistent 5-min period of immobility
was followed by a full recovery. This behavior may be similar to
the “freezing” behavior observed in rats after an NMDA-induced
cortical spreading depression (49). Transient suppression of
EEG activity can be observed following a cortical spreading
depression, which can be triggered following an ischemic epi-
sode, acute injury, or excitotoxic insult (50). We propose that
active neuroinflammation (e.g., LPS treatment) in PodxlΔTie2Cre

mice permits entry of a selective PAR-1 agonist peptide into the
brain parenchyma, leading to a transient suppression of cerebral
cortex electrical activity. Since this pathology is only observed in
mice lacking Podxl on the brain endothelia, and not in mice
lacking Podxl on other vascular beds, these data suggest a se-
lective role for Podxl in BBB function. Accordingly, we propose
that Podxl has a critical neuroprotective role through mainte-
nance of BBB integrity during acute neuroinflammation.
Podxl’s regulation of stress-induced BBB vascular integrity has

interesting therapeutic implications. BBB function is critical to
the healthy function of the CNS. Hyperpermeability of this
barrier is known to contribute to the pathology of various acute
inflammatory diseases, including traumatic brain injury and
stroke. Similarly, in chronic neurodegenerative diseases, in-
cluding multiple sclerosis, amyotrophic lateral sclerosis, Parkin-
son’s disease, meningitis, and Alzheimer’s disease, accumulating
evidence suggests declining BBB integrity is a harbinger of poor

outcome or even an initiating insult. Thus, enhancing Podxl-
dependent integrity may prove therapeutic in both acute and
chronic diseases. Alternatively, a major hindrance to therapeutic
drug delivery to the CNS is the inability of most agents to cross the
BBB. Thus, a transient down-modulation of Podxl-dependent BBB
integrity could offer an opportunity for transient drug delivery.

Methods
HUVEC Tissue Culture. HUVECs were harvested from umbilical cords supplied
by donors with informed consent (Human Ethics no. H10-00643). HUVECs
were maintained at 37 °C, high humidity, and 5% CO2 and used between
passages 2 and 8.

siRNA Silencing of Podxl in HUVECs. Suppression of Podxl expression was
achieved by transfecting HUVECs overnight with PODXL targeting or
scrambled control siRNA using oligofectamine transfection reagent (Life
Technologies; catalog no. 12252011). Knockdown of cell surface-expressed
Podxl protein was confirmed by flow cytometry. Control and Podxl knock-
down (PODXLKD) HUVECs were subsequently used for experiments for up to
4 d posttransfection.

Barrier Function Assay. ECIS arrays (8W10E+ PET; Applied BioPhysics) were
stabilized using cysteine buffer and then coated with fibronectin (10 μg/mL;
Sigma-Aldrich, catalog no. F1141), laminin (5 μg/mL; R&D Systems, catalog
no. 3400–010-01), collagen (1% gelatin; Sigma-Aldrich) or left uncoated.
Then 1.5 × 105 cells were seeded into eight-well arrays, and resistance and
capacitance were continuously measured for 24 h at multiple frequencies (f)
on the ECIS ZΘ instrument (Applied BioPhysics). Resistance (barrier function)
was continuously monitored for 24 h at 4,000 Hz. Capacitance (electrode
coverage) was assessed at 64,000 Hz (22, 51). Rb (cell–cell interactions) and α
(cell–matrix interactions) parameters were calculated using Applied Bio-
physics mathematical modeling (21).
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Fig. 6. Proposed model for Podxl’s function in endothelial barrier formation and BBB maintenance during acute inflammation. (A, Left) On control en-
dothelial cells, Podxl is expressed on the apical face. Expression of Podxl promotes formation and/or localization of focal adhesions to the basal matrix and
stabilization of junctional complexes at cell–cell contacts. β-cat, beta-catenin. (A, Right) Suppression of Podxl expression leads to mislocalization of adhesion
complexes and disorganization of focal adhesions. These defects disrupt cell–cell and cell–matrix barrier function (arrows). (B) Administration (i.p.) of LPS
induces acute systemic inflammation in mice. (Left) In WT mice, Podxl stabilizes cell–cell junctions and matrix adhesion to maintain BBB function during acute
inflammation. The BBB remains impermeable to serum components, including administered PAR-1 agonist or TR-DEX70. (Right) In the absence of Podxl, acute
inflammation disrupts the BBB sufficiently to allow entry of serum components. Thus, in the absence of Podxl expressed on brain endothelia, polar peptides
like the PAR-1 agonist (TFLLR-NH2) and large molecules (TR-DEX70) can enter the CNS parenchyma, with potential neurologic consequences.
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Video Microscopy. HUVECs (3 × 105 cells/well) were plated in 48-well tissue
culture-treated plastic plates coated with ECM components (fibronectin,
10 μg/mL; laminin, 5 μg/mL; collagen, 1% gelatin) as indicated in the figures.
Cultures were then imaged every 3 h for 4 d using IncuCyte Zoom in-
strumentation and software.

Monolayer Assessment.HUVECs were liftedwith 0.025% trypsin, counted, and
plated at identical cell densities on glass coverslips coated with fibronectin,
laminin (NeuVitro GG-12), or collagen (1% gelatin). At the endpoint of the
experiment, cells were washed and fixed in 4% paraformaldehyde (Electron
Microscopy Sciences) in PBS for 10 min on ice. For immunofluorescence mi-
croscopy, cells were stained with Alexa Fluor 488 phalloidin (A12379; Life
Technologies), anti-vinculin (V9264; Sigma-Aldrich), anti–β-catenin (9562S;
Cell Signaling Technology), or anti–VE-cadherin (2500S; Cell Signaling
Technology) antibodies. Cells were mounted with Prolong Gold Antifade
containing DAPI (P36935; Life Technologies). Imaging was performed using a
Nikon Eclipse Ni-U epifluorescence microscope. Image analysis was per-
formed using ImageJ.

Mice. Tie2-Cre mice [B6.Cg-Tg(Tek-Cre)12Flv/J] were obtained from The
Jackson Laboratory (JAX #004128). B6-congenic (Cg) conditional Podxl KO
(PodxlF/F) (17) were crossed with Tie2-Cre to delete Podxl specifically in
the vascular endothelial tissue strain (PodxlΔTie2Cre). PodxlΔTie2Cre (B6-Cg)
were described previously (17). All mice were maintained under specific
pathogen-free conditions at the Biomedical Research Centre. Experiments
were performed humanely based on recommendations of the Canadian
Committee on Animal Care with approval of the University of British Co-
lumbia’s Animal Care Committee (A14-0269, to K.M.M. and A18-0036, to
T.H.M.).

Animal Model of BBB Permeability. LPS (LPS-EK; Invivogen) prepared in PBS
(1 mg/mL) was administered to mice at 5 mg/kg via i.p. injections. After 6 h,
LPS- (or PBS-) treated mice were killed for analysis as described below or, in
some experiments, treated with 5 mg/kg PAR-1 agonist (TFLLR-NH2, SCP0237;
Sigma-Aldrich) prepared in PBS or PBS alone (i.v., tail vein). Mice treated
with the PAR-1 agonist were observed for changes in behavior and video
recorded for subsequent analysis. Mice treated with PBS did not demon-
strate any change in activity. Activity was scored by reviewing videos based
on total motion observed at 10-s intervals (with 1 = normal, 0.5 = reduced
activity, and 0 = no activity) and time for fully recovery (sustained return to a
score of 1).

In Vivo Immunofluorescence. Control mice and mice treated with LPS and/or
the PAR-1 agonist (as indicated in the figures) were anesthetized with 2,2,2-
tribromoethanol followed by retro-orbital administration of Texas red (TR)
dextran 70 kDa (TR-DEX70, D1864; Thermo Fisher Scientific), 125 μg/mouse,
mixed with DyLight 649-labeled L. esculentum (tomato) lectin (649-LEL,
50 μg/mouse; DL1178; Vector Laboratories) in a 100-μL total volume. The
TR-DEX70 and 649-LEL mixture was allowed to circulate for 10 min, after
which mice were perfused with PBS followed by 10% formalin (10 mL each)
through the cardiac right ventricle. Skulls were removed and postfixed in 4%
paraformaldehyde at 4 °C for 24 h. The brains were removed and paraffin
embedded. Brain sections (10 μm) were cut, rehydrated, mounted, and im-
aged by fluorescence microscopy to assess vascular permeability. Imaging
was performed using a Nikon Eclipse Ni-U epifluorescence microscope. Im-
age analysis was performed using ImageJ.

Confocal Immunofluorescence of Dextran Presence. LPS-treated mice were
anesthetized with 2,2,2-tribromoethanol, followed by retro-orbital admin-
istration of TR-DEX70 (Thermo Fisher Scientific), 125 μg/mouse, mixed with
DyLight 649-labeled L. esculentum (tomato) lectin (649-LEL, DL1178; Vector
Laboratories), 50 μg/mouse, in 100 μL of total volume. The TR-DEX70 and
649-LEL mixture was allowed to circulate for 10 min. Tissue was prepared as
described previously (52). In brief, anesthetized mice were placed on ice and
immediately decapitated. Fresh brain tissue was snap-frozen in OCT. Brain
sections (30 μm) were cut, mounted, and imaged immediately to assess
vascular permeability by fluorescence microscopy. Imaging was performed
by confocal microscopy (Zeiss LSM 800 with Ariyscan). Image analysis was
performed using ImageJ.

EEG. PodxlΔTie2Cre and PodxlF/F (WT) mice were induced with isoflurane an-
esthesia (1% maintenance mixed with oxygen), and body temperature was
maintained at 37 °C using a heating pad and feedback regulation from a
rectal temperature probe. A craniotomy was performed over the right so-
matosensory cortex, and the skull was fastened to a stainless-steel plate with
cyanoacrylate glue and dental cement. A Teflon-coated, chloridized silver
wire (0.125 mm) was placed on the right edge of the craniotomy. A refer-
ence electrode was placed on the nasal bone. The cortical signal was am-
plified (1,000×) and filtered (0.1–1,000 Hz) using an AM Systems model 1700
AC amplifier and digitized using a 1322A Digidata digitizer.
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