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Neurobiology of Disease

Claudin-1-Dependent Destabilization of the Blood-Brain
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Recent evidence suggests that blood- brain barrier (BBB) recovery and reestablishment of BBB impermeability after stroke is incom-
plete. This could influence stroke recovery, increase the risk of repeat stroke, and be a solid substrate for developing vascular dementia.
Although accumulating evidence has defined morphological alterations and underlying mechanisms of tight junction (T]) changes
during BBB breakdown in acute stroke, very little is known about the type of alterations and mechanisms in BBB “leakage” found
subacutely or chronically. The current study examined BBB structural alterations during the “BBB leakage” associated with the chronic
phase of stroke in male mice and both genders of humans. We found significant upregulation of claudin-1 mRNA and protein, a
nonspecific claudin for blood vessels, and downregulation in claudin-5 expression. Morphological and biochemical as well as fluores-
cence resonance energy transfer and fluorescence recovery after photobleaching analysis of postischemic brain endothelial cells and cells
overexpressing claudin-1 indicated that newly synthesized claudin-1 was present on the cell membrane (~45%), was incorporated into
the T] complex with established interaction with zonula occludens-1 (Z0-1), and was building homophilic ¢is- and trans-interactions. The
appearance of claudin-1 in the TJ complex reduced claudin-5 strands (homophilic claudin-5 cis- and trans-interactions) and claudin-5/
Z0-1interaction affecting claudin-5 incorporation into the TJ complex. Moreover, claudin-1 induction was associated with an endothelial
proinflammatory phenotype. Targeting claudin-1 with a specific C1C2 peptide improved brain endothelial barrier permeability and
functional recovery in chronic stroke condition. This study highlights a potential “defect” in postischemic barrier formation that may
underlie prolonged vessel leakiness.
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Although rarely expressed at the normal blood- brain barrier (BBB), claudin-1 is expressed in pathological conditions. Analyzing
poststroke human and mouse blood microvessels we have identified that claudin-1 is highly expressed in leaky brain microvessels.
Our results reveal that claudin-11is incorporated in BBB tight junction complex, impeding BBB recovery and causing BBB leakiness
during poststroke recovery. Targeting claudin-1 with a claudin-1 peptide improves brain endothelial barrier permeability and
consequently functional neurological recovery after stroke. j

ignificance Statement

Introduction
Stroke is defined as an abrupt onset of focal or global neurological
symptoms caused by ischemia or hemorrhage. Cessation of blood
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flow leads to a complex cascade of pathophysiological events at
the blood—vascular—parenchymal interface that evolves over time
and space and results in damage to neural cells and edema for-
mation (Dirnagl et al., 1999; Fisher and Schaebitz, 2000). The
phases after stroke are characterized as hyperacute (~6 h from
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symptom onset), acute (6—24 h), subacute (24 h to 6 weeks), and
chronic (>6 weeks). During this time, cerebral ischemia evokes a
profound and deleterious upregulation in inflammation and trig-
gers multiple cell death pathways, but it also induces regenerative
responses, including vascular remodeling, angiogenesis, and neu-
rogenesis (Dirnagl et al., 1999; Chopp et al., 2007). Stroke survi-
vors usually recover at least some function within 3 months,
although only 25% return to prestroke levels (Duncan et al,
2000). One problem regarding stroke recovery is persistent cere-
brovascular injury in the area affected by focal infarction. This
injury is often associated with increased susceptibility to oxidant-
induced stress, aberrant cytokines, and extracellular matrix pro-
duction and deficient immune responses, affecting endothelial
repair and regeneration processes and leading to abnormal bar-
rier function (Wong and Crack, 2008; Deddens et al., 2012).
Long-lasting consequences are increased risk of another stroke
and a basis for developing poststroke cognitive impairment and
vascular dementia (Taheri et al., 2011).

Poststroke cerebrovascular injury predominantly occurs in
small caliber vessels, including capillaries, and is associated with
BBB dysfunction (Durukan et al., 2009; Kaur et al., 2011). The
BBB is formed by an interdependent network of brain capillary
endothelial cells endowed with barrier properties and perivascu-
lar cells, astrocytes, and pericytes, which are responsible for bar-
rier induction and maintenance (Hawkins and Davis, 2005;
Abbott et al., 2010). A primary BBB property is paracellular per-
meability regulation due to the presence of tight junctions (T7Js)
between endothelial cells. The T] complex involves intricate
interactions between transmembrane proteins (claudin-5, occ-
ludin, JAM-A), which are important for paracellular space occlu-
sion, and scaffolding proteins [e.g., zonula occludens-1 (ZO-1),
Z0O-2,VASP] and the actin cytoskeleton, which are vital for phys-
ical support and TJ function (Tietz and Engelhardt, 2015; Stama-
tovic et al., 2016). Transcellular interactions of claudin-5 play the
major role in occluding the paracellular space (Nitta et al., 2003;
Ohtsuki et al., 2007). Any loosening of its adhesive interactions
increases paracellular permeability.

Clinical (MRI) and experimental studies indicate persistent
BBB dysfunction with increased paracellular barrier permeability
after stroke, questioning the level of BBB recovery (Strbian et al.,
2008; Abo-Ramadan et al., 2009; Kaur et al., 2011). BBB hyper-
permeability in the subacute and chronic phases after stroke is
significantly less than acute changes when there can be uncon-
trolled and robust extravasation of plasma proteins, leukocyte
extravasation, and vasogenic edema (Strbian et al., 2008). How-
ever, persistent small BBB leaks might form the basis for devel-
oping hemorrhagic transformation and could cause excessive
build-up of fluid leading to brain dysfunction or progression to
chronic inflammation and formation of microthrombi in the
subacute and chronic phases of stroke (Taheri et al., 2011; Yang
and Rosenberg, 2011). Therefore, incomplete BBB recovery
could represent a critical process for facilitating poststroke injury.

How BBB recovery occurs after stroke is still unclear. One
hypothesized scenario suggests fast sealing of the barrier due to
compensatory overexpression of T] proteins, the presence of
which can be found along blood vessels in stroke-injured tissue.
However, in addition to protein expression, protein—protein in-
teractions play a crucial role in TJ function. Therefore, BBB re-
covery is a complex process, the end effect of which is not just
dependent on the expression pattern of key junctional proteins,
but rather the degree of de novo organization of junction proteins.
TJ disorganization produces increased paracellular permeability,
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the duration and magnitude of which may override any effect
described as increased transcellular permeability.

The current study focused on defining changes in T] complex
organization and the mechanisms underlying potential T] defects
leading to prolonged BBB “leakage” affecting stroke recovery and
long-term injury.

Materials and Methods

Brain tissue. Human postmortem brain tissue samples from stroke pa-
tients and healthy controls were from the Human Brain and Spinal Fluid
Resource Center (West Los Angeles Healthcare Center, Los Angeles, CA)
and the Mount Sinai National Institutes of Health (NIH) Brain Tissue
Repository (New York, NY), which is sponsored by the National Institute
of Neurological Disorders and Stroke/National Institute of Mental
Health of the NIH, the National Multiple Sclerosis Society, and the De-
partment of Veteran Affairs. Control brain slides were from ProSci
Incorporated and had no stroke pathology. Details of the brain sam-
ples are included in Fig. 1-1 (available at https://doi.org/10.1523/
JNEUROSCI.1432-18.2018.f1-1). Ethical approval for these studies was
obtained from the Institutional Review Board of the University of Mich-
igan. Fresh frozen tissue was fixed with 4% paraformaldehyde and cryo-
protected and cut at 15 wm; paraffin-embedded brain tissue was cut at 4
pum. Stroke and control brain tissue were used for immunohistochemis-
try and PCR array analysis.

Transient middle cerebral artery occlusion (tMCAO). All experimental
procedures were approved by the Institutional Animal Care and Use
Committee of the University of Michigan. Experiments were performed
on male 10- to 12-week-old C57BL/6 mice (The Jackson Laboratory).
Mice were anesthetized with ketamine and xylazine (100 and 10 mg/kg,
1.p.). Body temperature was maintained at 37 = 0.5°C with a heating
blanket and heating lamp during the entire experimental procedure. Fo-
cal cerebral ischemia was induced by right tMCAO using an intraluminal
filament technique as described previously and confirmed by a laser
Doppler flow probe. After 30 min of tMCAO, mice were reperfused by
suture withdrawal. Sham-operated animals underwent all procedures
except the occlusion. Physiological parameters (pO,, pCO,, pH, blood
glucose, cerebral blood flow) were monitored before, during, and after
tMCAO. The reperfusion duration, 1-28 d, was chosen based on our
evaluation of physiological parameters as well as the survival rate after
tMCAO.

Neurological deficits were evaluated using a modified neurological
severity score (mNSS) by blinded investigators. The mNSS rates neuro-
logical function on scale of 14 and includes motor (muscle status and
abnormal movement), sensory (visual, tactile and proprioceptive), re-
flex, and balance tests. A corner test (sensorimotor functional test) was
performed for each mouse at baseline and on days 1, 7, 14, 21, and 28
after tMCAO. The mice were allowed to walk into a corner (60° angle)
and exit direction (right or left) was recorded by two independent inves-
tigators blinded to experimental design. Ten trials were performed (1
min between each) and percentage of ipsilateral (right) turns calculated.

Morphometric measurement of infarct volume. Animals were killed be-
tween 1 and 28 d after tMCAO and the brains removed, fixed, cryopro-
tected, and cryosectioned in the coronal plane. To measure infarct
volume, sections from bregma were selected for Nissl and Fluoro-Jade B
staining. Five coronal sections (20 wm) at 2.0 mm intervals from bregma
(+4.0 to —6.0 mm) were collected and stained with 0.1% cresyl violet
(Sigma-Aldrich) according to standard protocol. For Fluoro-Jade (Mil-
lipore) staining, slides were incubated in Fluoro-Jade B diluted in 0.1%
acetic acid for 30 min and rinsed and mounted.

Infarction area in each slice was determined by computerized image
analysis system (Image]) and infarct volume calculated by multiplying by
the distance between sections. Infarct volume was calculated as follows:
[contralateral hemisphere volume — (ipsilateral hemisphere volume —
measured injury volume)]. All measurements were performed in a
blinded manner and were analyzed separately by three independent re-
searchers.

Permeability assay. In vivo BBB integrity was assessed by determining
the transfer coefficient (K;) for FITC-inulin (5 kDa), FITC-dextran (20
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kDa), and/or Texas red-dextran (40 kDa) as described previously (Sla-
dojevic et al,, 2014). The tracer K; was determined using an equation
developed by Ohno et al. (1980).

The in vitro permeability of mBMEC monolayers was measured as
described previously and modified in our laboratory (Kazakoff et al.,
1995; Dimitrijevic et al., 2006). The permeability coefficient (cm/min) of
monolayers was calculated for the tracers FITC-inulin or Texas red-
dextran (1 pg/ml; Sigma-Aldrich) at different reoxygenation time points
for 0—48 h.

Water content. Brain water content was measured by the wet/dry
weight method. Ischemic and nonischemic hemisphere samples were
weighed wet and then oven dried at 100°C for 48 h and reweighed.
Brain water content (%) was calculated as follows: [(wet weight — dry
weight)/wet weight] X100%.

Mouse microvessel isolation. For analysis of ischemia/reperfusion (I/R)
injury, brain microvessels from penumbra and ipsilateral hemisphere
were isolated. Penumbra was marked as the area 1 mm in diameter
around ischemic lesion collected by “pinch-out” method (Sladojevic et
al., 2014). The corresponding contralateral region and contralateral
hemisphere were also collected. For microvessel isolation brain tissue
was mechanically dissociated and homogenized in a Dounce homoge-
nizer. After washing with Hank’s balanced solution, myelin and erythro-
cytes were cleaned with 18% dextran solution (Sladojevic et al., 2014).
The isolated blood vessels were then digested for 5 min with 0.25% tryp-
sin at 37°C to remove perivascular cells. Microvessel purity was evaluated
by immunocytochemistry using anti-CD31 (brain endothelial cells,
1:200; BD Bioscience), GFAP (astrocytes, 1:500; Sigma-Aldrich),
PDGFRQ (pericytes, 1:100 Abcam), and Ibal (microglia, 1:100; Abcam)
antibodies. The protocol produced 99.99% “clean” (without perivascular
cells) blood vessels.

Mouse brain microvascular endothelial cell (mBMEC) culture. nBMECs
were prepared using a modified protocol described previously (Slado-
jevic et al., 2014). Cells were selected with anti-CD31-coated magnet
beads (Dynabeads). The protocol typically produces primary endothelial
cell cultures that are ~99% pure (determined by immunocytochemistry
with an anti-CD31 antibody).

The mouse brain endothelial cell line (mBECL) was purchased from
Angio-Proteomie and maintained as reccommended by the manufacturer.

In vitro I/R injury. mBMEC and mBECL were subjected to oxygen—
glucose deprivation (OGD) injury (Dimitrijevic et al., 2006). Injury was
initiated by placing cultures in an anaerobic chamber (Coy Laboratory)
in the presence of OGD medium (DMEM glucose free solution purged
with an anaerobic gas mixture, 5% CO,/ 95%N, and 10% H, removing
residual oxygen) to induce an ischemia-like condition for 5 h at 37°C.
Then, cultures were removed from the chamber, medium exchanged
with oxygenated DMEM, and cells placed in an incubator at 37°C with
5% CO,-containing normal oxygen (21% O,) to mimic reperfusion for
0-48 h. For every set of experiments, viability assays were performed
(lactate dehydrogenase assay; Promega). Only cell cultures with cell via-
bility of >95% after OGD exposure were used in experiments.

Fusion proteins. Full-length open reading frame (ORF) claudin-1,
claudin-5, and ZO-1 were cloned out of commercially available untagged
cDNA constructs. ORFs were cloned into pmCherry-C1 vector and
PAcGFP-C1 infusion ready vector to create N-terminally fused fluores-
cent proteins (Takara). Plasmid DNA was isolated from individual trans-
formed stellar competent (Takara) colonies using Qiagen plasmid
midiprep kits. DNA sequences were validated with Sanger sequencing.

Cell treatment and transfection. Fusion proteins were single or double
transfected in mBECs and mBECL using Torpedo ™™ (Ibidi). The ex-
pression profile/level of transfected proteins were evaluated after 5 d
and/or after establishing a stable cell line. Claudin-1 depletion was
achieved through transfection with either claudin-1 shRNA plasmid
DNA (0.5 pg final concentration; Sigma-Aldrich) or claudinl siRNA
(siclaudin1 RNA #5164036, #64037, #64038, each at 5 nM final concentra-
tion; Thermo Fisher Scientific) targeting three different claudin-1 re-
gions for 24 h. As controls, cells were transfected with nontarget shRNA
control plasmid (0.5 pg; Sigma-Aldrich) or with shRNA (sicontrol #2, 5
nM; Thermo Fisher Scientific).

J. Neurosci., January 23,2019 - 39(4):743-757 « 745

Claudin-1 peptide treatment. Claudin-1 peptide (C1C2) was synthe-
sized as described previously (Staat et al., 2015). For in vitro experiments,
claudin-1 peptide was dissolved in culture medium (DMEM) at 1 pg/ml
and applied to mBMEC:s in two experimental conditions at 6 and 12 h of
reperfusion. Cell viability assay indicated >99% viability after treatment
with claudin-1 peptide. In vivo, claudin-1 peptide was dissolved in sterile
0.9% NaCl and injected intraperitoneally (5 ug/kg) at 3, 5,7, and 10 d
after tMCAO. Mice were randomly assigned to control peptide (cp) and
claudin-1 peptide (C1C2) groups and treated with peptide (5 ug/kg) for
5 consecutive days during reperfusion starting 3 or 5 d after tMCAO.
No side effects of claudin-1 and control peptide administration were
observed.

Cell-fractionation, coimmunoprecipitation, and Western blotting. Cell
fractionation and Western blot analysis was performed on isolated brain
microvessels from infarcts surrounding area (penumbra) and mBMECs
exposed to OGD reoxygenation conditions in vitro. Cell fractionation
was performed using a ProteoExtract Subcellular Proteome Extraction
kit (Calbiochem) to separate membrane, cytosolic, cytoskeletal, and nu-
clear fractions. Fraction specificity was confirmed using anti-cytochrome
P450 reductase (membrane), anti-calpain (cytosole), and anti-vimentin
(actin cytoskeletal fraction) antibodies. For “total cell lysate,” cells were
washed in PBS, scraped, and rinsed in lysis buffer.

Coimmunoprecipitation was performed using EZviewRed protein G
affinity Gel beads (Sigma-Aldrich) with Western blotting performed
with the following: anti-claudin-1, anti-claudin-5, ZO-1, and B-actin
antibodies (all 1:1000 dilution; Cell Signaling Technology). Immuno-
blots were analyzed using ImageJ software.

Immunofluorescence and quantitative immunofluorescence. For immu-
nofluorescence staining, brain section and cell samples were incubated
with the following primary antibodies: claudin-5-Alexa Fluor 488-
conjugated (1:200 dilution), ZO-1-Alexa Fluor 594-conjugated (1:200),
claudin-1-Alexa Fluor 488 (1:200; Life Science Technology) and anti-
fibrinogen antibody (1:500; Abcam) and reactions visualized by Texas
red-conjugated anti-sheep antibody. To measure fluorescent intensity in
brain samples, three sections per stroke case and control slides were
chosen and on each histological slide, 10 spots were randomly selected.
Images (30 images per each staining/case) for quantitative florescence
analysis were acquired on a confocal laser-scanning microscope (Nikon
Al) with sequential mode to avoid interference between channels and
saturation. Contrast, brightness, and the pinhole were held constant.
Analysis was done in ImageJ software by outlining the fibrinogen-
positive area and claudin-1- and claudin-5-positive staining in blood
vessels in controls in each image and the fluorescence intensity in the
enclosed area was measured. Background intensity was subtracted from
the fluorescence intensity. Quantitation of TJ-associated fragments for
claudin-1 and claudin-5 were performed on 12 images obtained from
three independent slides using Image] software.

Superresolution imaging. Superresolution imaging was done at Single
Molecule Analysis in Real-Time (SMART) Center of the University of
Michigan. mBMECs were exposed to OGD condition, transfected with
claudin-1 and/or treated with peptide, and processed for immunofluo-
rescence staining using the following primary and secondary antibodies:
anti-claudin-1, claudin-5, and ZO-1-Alexa Fluor 647 (all 1:200 dilution;
Invitrogen) and goat anti-mouse IgG Alexa Fluor Plus 647 (Thermo
Fisher Scientific). Immediately before imaging, sample buffer was ex-
changed with STORM imaging buffer: 100 mm Tris-Cl, 25 um NaCl, 1%
v/v BME (B-mercaptoethanol), pH 9.0, and freshly added 2.5 mm PCA
(3,4-dihydroxybenzoic acid; Sigma-Aldrich, P5630) and 25 nm PCD
(protocatechuate dioxygenase; Sigma-Aldrich, P8279). Images were col-
lected in HILO (highly inclined laminated optical sheet microscopy)
illumination with 641 nm laser excitation on an Olympus IX81 micro-
scope with a cell A\TIRF module. Images were collected on an Andor iXon
Ultra EMCCD camera. Images were processed using the Thunder-
STORM plugin of Image].

Real-time RT-PCR. Total RNA from human and mouse brain mi-
crovessels was prepared using TRIzol (Thermo Fisher Scientific). Single-
strand cDNA was synthesized using RT2 first strand kit (Qiagene).
Analysis of junction protein mRNA expression in human and mouse
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stroke and control brain tissue was done using Cell Junction PCR array
(Qiagen) and associated software.

To analyze the levels of claudin-1 and claudin-5 mRNA in human and
mouse brain tissue isolated microvessels and mBMEC:s after I/R injury,
TagMan real-time PCR assay was performed using the Applied Biosys-
tems 7500 Real Time PCR system. Single-strand cDNA was synthesized
using the RT? first strand kit. Real-time PCR was performed for
claudin-1 and claudin-5 using commercially available primers (Qiagen).
B-actin was used to normalize samples.

Fluorescence resonance energy transfer (FRET) and fluorescence recovery
after photobleaching (FRAP) analysis. cis- and trans-interactions of
claudin-1 and/or claudin-5, claudin-1/ZO-1, and claudin-5/Z0O1 were
assessed in BMECs transfected with combinations of fluorophore-tagged
(AcGFP or mCherry) claudin-1, claudin-5, and/or ZO-1. Analyses were
performed on a Leica SP5X Inverted 2-Photon FLIM Confocal micro-
scope at the University Michigan Microscopy Imaging Laboratories us-
ing LAS-X software. Laser power and line intensities were as follows:
FRET: white light laser at 70%, red laser line at 587 nm, 40% intensity,
green laser line at 488 nm, 30% intensity. Acceptor photobleaching was
performed with laser lines 579, 587, and 595 nm, each at 100% for 80 s.
FRET efficiencies were calculated as follows: [(donorP°** — donor ™)/
donor?°*]. Claudin-1/claudin-1, claudin-5/claudin-5, and claudin-1/
claudin-5 cis-interactions were observed in cell cytosol and membranes
using a CellMask Deep Red Plasma membrane stain. For claudin-1 and
claudin-5, homophilic and heterophilic trans-interaction contact enrich-
ment was quantified as fluorescence enrichment at cell-cell contacts.

FRAP analysis of claudin-1, claudin-5, and ZO-1 mobility was done
with the following conditions: argon laser at 25%, green laser line at 488,
30% intensity, photobleaching performed with laser line 488 at 100%.
Laser power and laser line intensities were kept constant across all sample
groups. FRAP values were calculated as follows: % recovery = [(5 min
postbleach fluorescence — 0 min postbleach fluorescence)/prebleach flu-
orescence]*100.

Controls included: FRET, efficiencies of control samples coexpressing
empty AcGFP and mCherry vectors were collected and subtracted from
experimental FRET efficiencies during analysis; FRAP, a background
region of interest (ROI) was selected in non-GFP-positive region to as-
sess nonspecific changes to fluorescence intensity and this background
percentage recovery was subtracted from all ROIs analyzed.

Protein array. A mouse inflammatory antibody array kit (Ray Biotech)
was used to simultaneously detect and semiquantify 42 cytokines/
chemokines in samples collected under in vitro conditions. Densitomet-
ric analysis was performed using Image] analysis software with protein
array analyzer plugins.

Statistical analysis. Analyses were performed using GraphPad Prism
6.0 software. Unpaired, two-tailed Student’s ¢ test with Welsh correction
and one-way ANOVA with Tukey’s, Sidak’s, and Holman-Sidak post hoc
tests were used to test group level differences. Chi-squared test was used
for neurological scores. Correlations were analyzed with Pearson’s cor-
relation x? test. A probability value <0.05 was regarded as statistically
significant.

Results

BBB permeability in poststroke conditions

The chronic phase after tMCAO in mice is characterized by grad-
ual regression of the ischemic lesion, improved neurological
function, and BBB recovery. The infarct was significantly reduced
at day 7 compared with day 1 after tMCAO (p = 0.0009, 0.0007,
0.00045, 0.00041, ANOVA, Holm-Sidak post test) followed by
“stabilization” of lesion size from days 7-28 (Fig. 1A). Mice had a
persistent neurological deficit and unilateral weakness (Fig.
1B,0).

BBB permeability was examined 1-28 d after tMCAO by mea-
suring the clearance of different sized tracers, inulin 5 kDa, and
dextran 20 and 40 kDa. For the high-molecular-weight tracer,
dextran 40 kDa, ipsilateral (ischemic) BBB hyperpermeability
was only found at day 1 and 3 (Fig. 1-2A, available at https://
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doi.org/10.1523/JNEUROSCI.1432-18.2018.f1-2). In contrast,
such hyperpermeability persisted for inulin 5 kDa and dextran 20
kDa into the chronic phase of stroke (7, 14, 21, and 28 d; Fig. 1D).
In particular, the ipsilateral hemisphere showed a steady and sig-
nificant increase in inulin permeability after tMCAO compared
with ipsilateral hemisphere in sham controls and the contralat-
eral hemisphere (p = 0.000038; 0.000032, 0.000056, and
0.000081, ANOVA Holm-Sidak post test). There was only signif-
icant ipsilateral brain edema at day 1 and 3 post-MCAO, with
resolution in late after stroke conditions (day 7-28; Fig. 1-2 B, avail-
able at https://doi.org/10.1523/]NEUROSCI.1432-18.2018.f1-2).

A parallel analysis of BBB integrity under chronic poststroke
conditions in human brain showed similar changes. BBB leakage
in poststroke conditions was evaluated in 5 brain samples from
patients with previous stroke onset (6 months to 2 years) and 4
samples from patients without a history of stroke corresponding
in age and gender (Fig. 1-1, available at https://doi.org/10.1523/
JNEUROSCI.1432-18.2018.f1-1). The stroke injury areas had
robustFig. 1E). Semiquantitative analysis showed high level of
extravascular fibrinogen in stroke patients pinpointing BBB leak-
age in chronic poststroke conditions (t = 5.713, p = 0.0004 un-
paired t test with Welch correction; Fig. 1F).

BBB T] protein changes in poststroke conditions

To define potential BBB structural alterations during chronic
poststroke conditions, we performed an expression microarray
analysis of TJ] proteins in murine and human brains. Isolated
microvessels from the ipsilateral ischemic hemisphere after tM-
CAO and sham controls and brains from patients with chronic
stroke and corresponding controls, were pooled to perform anal-
ysis (Fig. 1-1, available at https://doi.org/10.1523/JNEUROSCIL.
1432-18.2018.f1-1). A total of 84 TJ-related genes were analyzed
(i.e., cell surface adhesion, receptors, junctional interaction pro-
teins, cytoskeleton regulators, and signaling proteins). In human
samples, 52 genes were altered (upregulated or downregulated)
in chronic poststroke conditions. In mouse, 50 genes were altered
21 d after tMCAO. In mice, the number of altered genes did not
vary significantly with duration after tMCAO (54 at 7 d; 52 at
14 d; 50 at 28 d; data not shown). Of the total genes altered in
mouse and human, 34 were common for both mouse and hu-
man. Sixteen and 18 were specific for human and mouse, respec-
tively (Fig. 2A). Scatter plots revealed that in ipsilateral
hemisphere of mice 21 d after stroke, 45 genes were upregulated
and only 5 genes were downregulated significantly (fold change
=2) compared with controls. In contrast, in human brain, there
was 35 genes upregulated and 17 genes downregulated (Fig. 2B).
Selected structural TJ genes (including transmembrane, scaffold-
ing, and cytoskeleton proteins) are summarized in Figure 2C.
Interestingly, the ischemic hemisphere in mice and human
showed upregulation of claudin-1, claudin-3, and claudin-12, as
well as two transmembrane T proteins involved in the leukocyte
recruitment, JAM-A and ESAM (Fig. 2-1A, available at https://
doi.org/10.1523/JNEUROSCI.1432-18.2018.£2-1). Claudin-5, a
major occlusion protein, and occludin showed >2-fold down-
regulation in human and mouse brain (Fig. 2C and Fig. 2-1A,
available at https://doi.org/10.1523/J]NEUROSCI.1432-18.2018.
f2-1).

Claudin-1 and claudin-5 alterations in poststroke conditions
in vivo

Claudin-5 is a major protein in the BBB TJ, where it nearly
completely occludes the paracellular space. Other claudins de-
scribed in brain endothelial cells are claudin-3, present mostly
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Figure1.  BBBleakage in chronic poststroke conditions in mice and patients. 4, Representative images of Nissl and Fluoro-Jade B staining in infarct area at day 14 after tMCAO. Asterisk indicates
corresponding area of ischemic and contralateral side in consequent slides stained with Fluoro-Jade B. Scale bar, 100 rem. The bar graph shows the brain infarct size assessed by morphometric
analysis of Fluoro-Jade staining on histological sections at days 1,7, 14, 21, 28 after tMCAO. Data are shown as mean == SD. n = 10 each group. ***p = 0.0009, 0.0007, 0.00045, and 0.00041,
ANOVA, Holm-Sidak post test, compared with day 1. ShC, Sham control. B, C, Analysis of NSS (B) and corner turn test (C) at days 1, 7, 14, 21, and 28 after tMCAO in mice. Note the persistent
neurological deficitin mice with tMCAO compared with ShC. Data are shown asmean = SD.n = 10 each group; NSS (p = 0.999, ***p = 0.0001,0.00045,0.00045,0.00054, 0.0005, ANOVA Sidak's
post test); corner test (p = 0.9954, p = 0.00067, 0.00062. 0.00073, 0.00073, 0.00075, ANOVA, Sidak’s post test). D, K; for inulin 5 kDa, dextran 20 kDa, and dextran 40 kDa (Figure 1-2, available at
https://doi.org/10.1523/JNEUR0SCI.1432-18.2018.f1-2) in ischemic and nonischemic hemispheres at days 728 after transient MCAQ. Data are shown as mean =. n = 8; ***p = 0.000003,
0.000003, 0.000006, 0.00001forinulinand p = 0.000007,0.00008 for dextran (ANOVA, Sidak’s post test) comparing with ipsilateral hemisphere of ShC; *p = 0.00264, and ***p = 00009 forinulin
and p = 000094, 0.000007, 0.000007 for dextran (ANOVA, Sidak’s post test) compared with £; value of ipsilateral hemisphere on day 7 after tMCAQ. E, Examples of immunofluorescence staining for
fibrinogen (red) in brain for from a control and a chronic stroke patient (clinical patients data are included in Figure 1-1, available at https://doi.org/10.1523/JNEUR0SCI.1432-18.2018.f1-1). Blue
DAPIstaining indicates nuclei. Note the increased permeability of the blood vessels (leak to fibrinogen) in the stroke lesion. F, Bar graph represents semiquantitation of the (Figure legend continues.)
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Figure 2.  Alterations in the gene expression for TJ-associated proteins in brain microvessels under chronic poststroke conditions. 4, Venn diagram of total number of T)-associated proteins in

microvesselsisolated from ischemic hemispheres where gene expression was altered at least twofold after human stroke and mouse tMCAO (21 d). B, Scatter plots showing the relationship between
the mRNA expression of TJ associated proteins in control and ischemic microvessels. Expression was normalized to panel of housekeeping genes included in plate. Left, Mouse microvessels isolated
from ischemic hemispheres tMCAO (21 d) compared with sham controls (ShC). Right, Human microvessels from stroke patients compared with nonstroke (control) patients. Changes in expression
withischemia were classified as upregulated or downregulated if there was a >2-fold change. C, Bar graph of fold changes for representative structural TJ proteins in human and mouse microvessels
isolated form ischemic hemispheres after human stroke and mouse tMCAO (21 d). Real-time RT-PCR analysis of claudin-1 and claudin-5 mRNA in blood vessels isolated from human brain patients
with chronic stroke condition or control patients conformed the array results (Figure 2-1, available at https://doi.org/10.1523/JINEUR0SCI.1432-18.2018.f2-1). The dashed lines represent the cutoff
for upregulated and downregulated genes. OCLN, Occludin; ESAM, endothelial cell-selective adhesion molecule; MPDZ, multiple PDZ domain protein; CGN, cingulin; CTTN, cortactin.

developmentally, claudin-12, of unknown function, and in hu-
man brain endothelial cell lines, claudin-1 (Ohtsuki et al., 2007).
The expression pattern of claudin-1 and claudin-5 mRNA and
protein in blood vessels was analyzed in chronic poststroke con-
ditions in both mouse and human. In mouse ipsilateral hemi-
sphere 7, 14, 21, and 28 d after tMCAO, brain microvessels
showed increased expression of claudin-1 mRNA (p = 0.000003,
0.000002, 0.0000038, and 0.00008; ANOVA Holman-Sidak’s
post test, compared with ipsilateral hemisphere of sham control;
Fig. 3A) and protein (p = 0.000001, 0.0000009, 0.00003, and
0.00007; ANOVA Holman-Sidak post test; comparing with ipsi-
lateral hemisphere of sham control; Fig. 3B). The contralateral
hemisphere of mice with ischemic injury (tMCAO) did not show
any increased in expression of claudin-1 on mRNA and protein
level evaluated at 7-28 d after injury. Among other cells in the
neurovascular unit, astrocytes have been reported to express
claudin-1. However, no claudin-1 staining was found in astro-

<«

(Figure legend continued.)  extravascular accumulation of serum protein fibrinogen in brain.
Dataare shown asmean == SD of stroke cases (n = 150; 10 analyzed blood vessels on 3 separate
slidesin 5 stroke cases) and control cases (n = 120; 0 analyzed blood vessels on 3 separate slides
in 4 control cases). ***p = 0.0004 t = 5.713, unpaired t test with Welch correction) stroke
versus control brain.

cytes in the current study (Fig. 3-1, available at https://doi.org/
10.1523/JNEUROSCI.1432-18.2018.f3-1). Claudin-1 protein
expression was closely associated with persistent vascular leakage
to inulin (Pearson correlation r = 0.921; Fig. 3C). Brain mi-
crovessels also had decreased expression of claudin-5 mRNA and
protein in ipsilateral hemisphere at days 7, 14, 21, and 28 after
MCAO (Fig. 3A,B). Altered claudin-5 protein expression was
negatively associated with increased leakage to inulin (Pearson
correlation r = —0.906; Fig. 3C). These results pinpoint that
increased BBB leakage in the postischemic hemisphere might be
correlated with an imbalance in claudin expression, increased
claudin-1, and decreased claudin-5.

A similar pattern was also found in human brain in chronic
poststroke conditions. Blood vessels from stroke but not control
patients expressed claudin-1 mRNA and had reduced expression
of claudin-5 (Fig. 2-1A, available at https://doi.org/10.1523/
JNEUROSCI.1432-18.2018.f2-1). At the protein level, vessels
that were leaky to fibrinogen after stroke had increased claudin-1
expression and decreased claudin-5 expression compared with
control brain (Fig. 3D). There was a significant positive correla-
tion between claudin-1 protein expression and fibrinogen leak-
age (Pearson coefficient r = 0.9123) and a negative correlation
between claudin-5 expression and that leakage (Pearson coeffi-
cient r = —0.7363; Fig. 3D). Therefore, as in mouse, there is an
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Claudin-1 is expressed in leaky blood vessels in chronic poststroke condition. A, Real-time RT-PCR analysis of claudin-1 and claudin-5 mRNA expression in isolated penumbral blood

vessels after tMCAO compared with contralateral hemisphere and sham controls (ShC). mRNA levels were normalized to GAPDH. Notice that there was steady elevation of claudin-1 expression in
ipsilateral hemisphere after stroke. In contrast, claudin-5 was downregulated compared with ShC. Data are shown as mean = SD.n = 5.p = 0.999, ***p = 0.000001, 0.0000008, 0.000001,
0.000008 -claudin-1; p = 0.987, p = 0.0006, 0.00005, 0.00007, 0.000089- claudin-5 (ANOVA, Sidak’s post test) comparing with ipsilateral and contralateral hemisphere and **#p < 0.0000001,
0.0000002, 0.0000006, 0.000006, 0.00002, 0.000023,0.000071,0.000089 (both claudin-1and claudin-5, ANOVA, Sidak’s post test) comparing with ipsilateral hemisphere (Figure legend continues.)
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imbalance in claudin-1 and claudin-5 in human brain in chronic
poststroke conditions.

Effect of claudin-1 on barrier properties after oxygen glucose
deprivation in vitro

Similar to in vivo, there was increased expression claudin-1
mRNA and protein 24 and 48 h after OGD in vitro (Fig. 2-1B,
available at https://doi.org/10.1523/J]NEUROSCI.1432-18.2018.
f2-1). I/R injury in vitro is associated with persistent permeability
of brain endothelial cell monolayers to dextran 20 kDa and inulin
5 kDa with very limited alterations in cell density and viability
(<1%). Depleting claudin-1 by shRNA before I/R injury facili-
tated a faster recovery of barrier properties protecting barrier
integrity in the chronic phase (24 and 48 h, p = 0.000001 and p =
0.000043, ANOVA Holm-Sidak post test; Fig. 4A). In addition,
overexpressing claudin-1 alone caused brain endothelial barrier
hyperpermeability (unpaired ¢ test, t = 12.77, p = 0.00021;
Fig. 4B).

Claudin-1 distribution in brain endothelial cells and
integration into the TJ complex

In brain endothelial cells after I/R injury in vitro and tMCAO in
vivo showed ~45% of claudin-1 was in the membrane fraction,
50% in the cytosol, and a small portion in the nuclear fraction
(only ~5%; Fig. 4C). A similar distribution was found in claudin-
1-overexpressing cells (Fig. 4C). Morphologically, membrane-
associated claudin-1 was localized at cell-cell contacts (Fig.
4D,E). The dynamics of claudin-1 incorporation into the TJ
complex were further analyzed by FRAP. Claudin-1-mCherry
fusion protein had relatively low mobility in postischemic condi-
tions, similar to claudin-5-AcGFP, suggesting incorporation into
cell junctions (Fig. 4F; for specificity of fusion proteins, see Fig.
5-1A, available at https://doi.org/10.1523/JNEUROSCI.1432-
18.2018.f5-1).

The incorporation of transmembrane proteins into TJs de-
pends on establishing interactions with scaffolding proteins such
as ZO-1 and ZO-2. Immunofluorescence (Fig. 5A) and immuno-
precipitation analysis (Fig. 5C) showed claudin-1 colocalized

<«

(Figure legend continued.) in ShC. B, Western blot and semiquantitative densitometric anal-
ysis of claudin-1 and claudin-5 protein expression in isolated penumbral blood vessels after
tMCAO and corresponding areain the nonischemic contralateral hemisphere and sham controls.
Protein levels were normalized to GAPDH. Notice the decreased expression of claudin-5,
whereas claudin-1showed increased expression after tMCAO. Data are shown as mean +.n =
5; daudin-1, p = 0.9998, ***p = 0.000001, 0.000002, 0.000001, 0.00003, and 0.00004;
claudin-5, p = 0.999, **p = 0.003, 0.00039, 0.0003, and 0.0012 comparing ipsilateral and
contralateral hemisphere (ANOVA Holm—Sidak post test); claudin-1, **p = 0.000001,
0.000002, 0.000008, and 0.00001 and claudin-5, *p = 0.0031, 0.003, 0.0037, and 0.0032
comparing with ipsilateral hemisphere in ShC (ANOVA Holm—Sidak post test). Western blotting
image is one of five independent experiments. (, Correlation between claudin-1 or claudin-5
expression and BBB permeability (inulin K;) at the different time points. Pearson coefficient for
claudin-1, r = 0.921, p = 0.0262; for claudin-5, r = —0.907; p = 0.0336. D, Immunofluo-
rescence staining of claudin-5 or claudin-1 (green) and fibrinogen (red) in a human brain from
a control patient and one with chronic stroke. Arrow indicates one analyzed microvessel splitin
two channels (zoom images) to demonstrate the decreased claudin-5 and increased claudin-1
expression in fibrinogen leaky vessels and absence of claudin-1 expression in the cells in neu-
rovascular units (astrocytes) (Figure 3-1, available at https://doi.org/10.1523/INEUR0SCI.1432-
18.2018.3-1). Quantification of the claudin-1 and claudin-5 fluorescent signals was performed in
Image). Comparison of daudin-1 and claudin-5 expression (mean fluorescent intensity) and blood
vessel leakiness (integrated density of extravascular fibrinogen). A Pearson correlation coefficient
showed high correlation between claudin-1 expression and vessel leakiness (r = 0.9123, p =
0.0308) and a negative correlation between claudin-5 expression and leakiness (r = —0.7362,
p = 0.159) in chronic stroke brain tissue. Scale bar, 50 um.
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predominantly with ZO-1 but not ZO-2 at the border of brain
endothelial cells after I/R injury and during claudin-1 overex-
pression. FRET analysis of fusion proteins claudin-1-AcGFP and
Z0O-1-mCherry revealed that claudin-1 interacted with ZO-1
with a FRET efficiency of 0.4 = 0.1, comparable to claudin-5/
ZO-1 interaction (FRET efficiency 0.7 = 0.1. Fig. 5B; for speci-
ficity of fusion proteins, see Fig. 5-1 A, available at https://doi.org/
10.1523/JNEUROSCI.1432-18.2018.f5-1, and Fig. 5-1 B, available at
https://doi.org/10.1523/JNEUROSCI.1432-18.2018.f5-1). A ZO-2/
claudin-1 interaction was not present (data not shown).

Homophilic claudin-1 interactions and heterophilic
interactions with claudin-5

Cis- and trans-claudin interactions at the plasma membrane are
critical for making a stable and functional T] complex. Claudin-1
has the ability to establish predominantly homophilic trans-
interactions in brain endothelial cells at a similar magnitude to
claudin-5/claudin-5 trans-interactions (Fig. 5E). Claudin-1/
claudin-5 trans-interactions were less prevalent (Fig. 5E), al-
though immunocytochemistry indicated points of colocalization
between claudin-1 and claudin-5 (Fig. 5D). Similarly, cis-
claudin-1 interactions were predominantly homophilic (claudin-
1/claudin-1) at the cell membrane and cytosol as determined by
FRET efficiency (Fig. 5F). Although there was some heterophilic
cis-interaction with claudin-5, this was significantly less than ho-
mophilic claudin-1 and homophilic claudin-5 cis-interactions
(p = 0.005 for membrane and p = 0.000001 for cytosol, ANOVA
Holm-Sidak post test; Fig. 5F). This suggests that claudin-1 can
incorporate into brain endothelial TJs by establishing stable in-
teraction with ZO-1 and building claudin-1 strand by establish
claudin-1/claudin-1 cis- and trans-interactions.

Effects of claudin-1 on claudin-5/claudin-5 and claudin-5/
Z0-1 interactions

Claudin-1 might increase brain endothelial barrier permeability
by altering the interactions of other proteins within the TJ com-
plex. We examined the effect of claudin-1 on the homophilic
trans-interaction of claudin-5 and the interaction of claudin-5
with ZO-1. Claudin-1 affected the mobility of claudin-5 evalu-
ated by FRAP analysis in brain endothelial cells exposed to I/R
injury as well as during claudin-1 overexpression (claudinl ***").
Depletion of claudin-1 via shRNA rescued claudin-5 incorpora-
tion in the TJ complex (Fig. 6A). The claudin-1 effect on
claudin-5 distribution was further confirmed by cell fraction-
ation. Claudin-5 was redistributed from the cell membrane and
accumulated in cell cytosol when claudin-1 was increased after
I/R injury, tMCAO, or directly overexpressed (claudin-1°"*"
mBECL) (Fig. 6B).

Furthermore, cells overexpressing claudin-1 had fragmented
claudin-5 staining at endothelial cell-cell borders (Fig. 6C). Eval-
uating the length of claudin-5 fragments in the two experimental
conditions, we found significant reduction in claudin-5 length
(p < 0.000001, ANOVA, Holm-Sidak post test), but not com-
plete loss (Fig. 6D). Complete depletion of claudin-1 by shRNA
rescued claudin-5 expression and cell border localization in I/R
condition (Fig. 6 B,C). (Fig. 6-1 A-B, available at https://doi.org/
10.1523/JNEUROSCI.1432-18.2018.f6-1). In addition, claudin-5
trans-interaction, measured by FRET analysis of a mixed culture
of claudin-5AcGFP and claudin-5-mCherry cells, was signifi-
cantly diminished in the presence of claudin-1 (p = 0.000002,
ANOVA Holm-Sidak post test), indicating that claudin-5 can
still form claudin-5 trans-interactions, but this was interrupted
with claudin-1/claudin-1 trans-interactions, generating probably
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Figure4. Claudin-1altersbrain endothelial barrier permeability. A, Permeability coefficient (PC) for FITC-inulin in mBMEC monolayers exposed to I/R injury for 24 and 48 h. Depletion of claudin-1
by siRNA (cldn1siRNA) had a protective effect reducing the brain endothelial barrier hyperpermeability after I/R. Data are shown as means = SD.n = 5; p = 0.9997, ***p = 0.0000001, 0.000001,
and 0.000043 compared with control and *#p = 00000001, *p = 0.00102 comparing the barrier permeability between cells with/without depletion of claudin by siRNA (ANOVA, Sidak's post
test) Western blotting analysis showed knock-down efficiency of claudin-1siRNA in experimental groups. Representative image of Western blotting from five independent experiments is shown.
B, Claudin-1 overexpression in BECL increased the permeability to FITC-inulin. Western blot data are shown as means = SD.n = 8; t = 12.77, ***p < 0.0002 compared with control (unpaired ¢
test). Representative image of Western blotting from eight independent experiments showed efficiency of claudin-1 overexpression in BECL. C, Cell fractionation and Western blot analysis of the
cellular distribution of claudin-1in BMECs and isolated penumbral blood vessels during reperfusion and in BECLs overexpressing claudin-1 (cldn1°**"). At 24 h after 0GD in BMECs, 7 d after tMCAQ
in blood vessels (bv) and in cldn1°**" BECL, claudin-1 was primarily present in the membrane fraction (MF) and cytosolic fraction (CF). Little was present in the actin cytoskeletal fraction (ACF) or
nuclear fraction (NF). “Total” represents the total protein fraction of claudin-1analyzed in the cell fractionation assay. Representative images of Western blot of three independent experiments are
shown. The bar graph shows the percentage of claudin-1 in the different cell fractions. Data are shown as means = SD. n = 3. D, Claudin-1 expression and localization in BMECs analyzed by
immunofluorescence staining in control and I/R conditions (24 h reoxygenation). There was increased claudin-1 after I/R injury and it was present at cell— cell borders. Overexpression of claudin-1
in BECL by transfection with cdldn1-mChery showed a similar pattern of claudin-1 distribution at the cell border as well as some cytosolic expression. Scale bar, 20 m. E, Superresolution images of
TJ-associated claudin-1 fragments on the cell border in control, I/R injury and BMEC-claudin-1°"*" cells. F, FRAP analysis to assess the claudin-1 (Cldn1) mobile fraction in mBMECs overexpressing
claudin-1 (claudin-1°"*") and mBMECs exposed to I/R injury (24 h reoxygenation). The results indicated low mobility (e.g., potential incorporation into the TJ complex). BMEC-claudin-5°**"
represents cells transfected with AcGFP-cldn5 and is included as a positive control. Data are shown as means == SD. n = 30 ROIs per group.

mixed homophilic strands of claudin-1 and claudin-5 in brain
endothelial cells (Fig. 6E). Moreover, claudin-1 significantly re-
duced claudin-5/Z0-1 interaction (p = 0.0021 and p = 0.0027,
ANOVA Holm-Sidak post test) and this was rescued with
claudin-1 depletion (Fig. 6F).

Targeting claudin-1 to improve BBB recovery after stroke
The effect of claudin-1 on brain endothelial monolayer leakage
after I/R injury suggested that it might be a good target for reduc-

ing I/R-induced brain endothelial hyperpermeability. In vitro,
targeting claudin-1 by adding claudin-1 C1C2 peptide 24 h after
OGD exposure reduced monolayer permeability (Fig. 7 A, B) that
was time and dose dependent (Fig. 7-1A, available at https://
doi.org/10.1523/JNEUROSCI.1432-18.2018.f7-1 1B; for speci-
ficity of C1C2 peptide, see Fig. 7-1C, available at https://doi.org/
10.1523/JNEUROSCI.1432-18.2018.f7-1). C1C2 peptide also
had morphological effects establishing continuous claudin-5
strands in both claudin-1-overexpressing cells and mBMECs ex-
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Figure 5.  Claudin-1incorporation into the TJ complex. A, Immunofluorescence staining for claudin-1and Z0-1 in control, I/R-exposed cells (48 h reoxygenation), and claudin-1-overexpressing
cells (Claudin-1°"*"). Arrow and magnified images (box) indicate colocalization of Z0-1and claudin-1on the cell border. B, Acceptor photobleaching FRET analysis of claudin-1associated Z0-Tin cells
coexpressing claudin-1AcGFP and Z01-mCherry (fusion proteins specificity in Figure 5-14, available at https://doi.org/10.1523/JNEUROSCI.1432-18.2018.f5-1, and Figure 5-1B, available at
https://doi.org/10.1523/JNEUR0SCI.1432-18.2018.f5-1) in control and I/R conditions. Positive and negative controls represent cells cotransfected with Cldn5-AcGFP and Z0-1 mCherry and AcGFP
and mCherry vectors. Data are shown as means == SD. cells. n = 30 ROIs/group. €, Immunoprecipitation (IP) and Western blot analysis of claudin-1 and Z0-1 interaction/colocalization in control,
I/R exposed cells and claudin-1-overexpressing cells (Claudin-1°"*"). Representative images of Western blot of three independent experiments are shown. D, Example of immunofluorescence
staining of claudin-1 and claudin-5 at cell— cell borders in control, I/R-exposed cells, and cells overexpressing claudin-1 (Claudin-1°"*"). E, Acceptor photobleaching FRET analysis of claudin-1/
claudin-1, claudin-1/claudin-5, and claudin-1/claudin-5 trans-interactions indicated predominantly homophilic claudin-1 and claudin-5 interactions (rather than claudin-1/claudin-5). Data are
shownasmeans = SD. cellsn = 30ROIs/group, ***p = 0.000023 comparing homophilic claudin-1and claudin-5 with heterophilic claudin-1/claudin5 trans-interaction (ANOVA, Sidak’s post test).
F, Acceptor photobleaching FRET analysis of cis-claudin-1and claudin-5 interaction at the cell membrane and cytosol in control and I/R condition (24 h). Data are shown as means == SD. cells.n =
20 ROIs/group. **p = 0.0051, and 0.0051 for cis-membrane and ***p = 0.000001, 0.000007 for cis-cytosol claudin1- claudin5 interaction compared with homophilic claudin-1; *p = 0.0156 for
cdn1-cldn5 I/R compared with cldn5-cldn5, *p = 0.0051, 0.004 for cis-membrane and **p = 0.00073, 0.0063, for cis-cytosol cldn1-cldn5 interaction comparing with homophilic claudin-5
cis-interaction (ANOVA, Holm—Sidak post test).
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Figure 6.  Claudin-1 effects on claudin-5 TJ incorporation. A, FRAP analysis of TJ-associated claudin-5 in control, I/R exposed cells (48 h) and claudin-1 overexpressing BMEC (claudin-1°"*")
**¥p = 0.00023, 0.000035 compared with control (ANOVA, Tukey's post test). B, Cell fractionation and Western blot analysis of claudin-5 in mBMECs and isolated penumbral blood vessels during
reperfusion showed claudin-5 distribution of in membrane, cytosol, and nuclear fraction at time points 48 h (mBMEC) and 7 d (blood vessels) as well as claudin-1 overexpressing BMEC. MF, CF. and
ACF indicate membrane, cytosolic, and actin cytoskeletal cell fractions, respectively. “Total” represents the total protein fraction of claudin-5 analyzed in the cell fractionation assay. Representative
images of Western blot of three independent experiments are shown. Bar graph shows the percentage of claudin-5 distributed through the fractions. Data are shown as means = SD. C,
Immunofluorescence staining and superresolution images of TJ-associated claudin-5 in control and I/R exposed BMECs with and without depletion of claudin-1 by claudin-1 shRNA. Scale bar, 20
m. D, Quantitation of the average TJ-associated claudin-5 fragment length in claudin-5/Z0-1 costained immunofluorescent images in control and I/R-exposed cells with and without depletion of
claudin-1 by claudin-1 shRNA (for knock-down efficiency see Figure 6-1, available at https://doi.org/10.1523/JNEUR0SCI.1432-18.2018.f6-1). ***p = 0.000001 and p = 0.2737 compared with
control; *p = 0.00001 compared with I/R-exposed cells (ANOVA, Tukey’s post test). E, FRET analysis (enrichment intensity) of the claudin-5 trans-interaction in control, cldn1°** BMECs, and
I/R-exposed cells with and without depletion of claudin-1 with cldn1 shRNA. Data are shown as means = SD. cells. n = 30 ROIs per group. ***p = 0.000001 and p = 0.000001 compared with
control and *#p = 0.000001 and to I/R (ANOVA Tukey's test). F, FRET analysis of claudin-5 and Z0-1 interaction in control, cldn1°*"BMEC, and I/R-exposed cells with and without depletion of
claudin-1 with cldn1shRNA. **p = 0.00219, 0.002708, 0.6476 compared with control; #p = 0.0299 compared with I/R (ANOVA, Tukey’s test).

posed to I/R injury as evaluated by STORM imaging (Fig. 7C).
The C1C2 peptide also reduced claudin-1/ZO-1 interaction and
facilitated claudin-5/Z0-1 interaction (Fig. 7C). Importantly, in
vivo, administering claudin-1 C1C2 peptide daily starting from
day 5 after tMCAO decreased BBB leakage to inulin (5 kDa) from
day 7 (~2-fold, p = 0.00008) and progression to day 28 (~3.6-
fold, p = 0.000001; Fig. 7F). Therefore, improved BBB permea-
bility was associated with improved neurological function in
chronic stroke (Fig. 7G).

Claudin-1 alters brain endothelial cell

inflammatory phenotype

We also investigated whether claudin-1 has additional brain en-
dothelial barrier effects in chronic I/R injury conditions. Because

I/R injury induces proinflammatory mediator expression, we
screened alterations in the brain endothelial inflammatory phe-
notype after I/R injury. Claudin-1 overexpression caused in-
creased (>2.5-fold) expression of CXCL13, CCL11 CX3CL1,
GM-CSF, IL-1p, IL6, and CCLS5 in cell culture medium (Fig. 7E).
The expression of these cytokines/chemokines by brain endo-
thelial cells during I/R injury was reduced if claudin-1 expres-
sion was depleted by shRNA or if claudin-1 C1C2 peptide was
added during reperfusion (Fig. 7E). Therefore, claudin-1 may
regulate brain endothelial cell phenotype as well as impairing bar-
rier integrity by affecting barrier structural organization. Claudin-1
depletion may have beneficial effects on poststroke BBB permeabil-
ity and consequently on chronic poststroke injury.
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Figure7.  Claudin-1inhibition protects barrier integrity in chronic I/R conditions. A, Depletion of claudin-1 with the claudin-1 peptide (C1C2; 1 pg/ml; for specificity of C1C2 peptide, see Figure
7-1C, available at https://doi.org/10.1523/JNEUR0SCI.1432-18.2018.f7-1) had no effect on barrier permeability to inulin in control mBMEC monolayers, but it decreased permeability in claudin-
1-overexpressing (cldn1°“*") BMEC monolayers. Data are shown as means = SD.n = 3;***p << 0.001 control versus cldn1 °**' (p = 0.9998, ***p = 0.00074, p = 0.462,, ANOVA Tukey's post test)
and *p = 0.00267 cldn1°**" versus cldn1°**" + (12 (ANOVA, Tukey's post test) Time- and dose-dependent alteration in brain endothelial barrier permeability of cldn’ °**". (Figure legend continues.)
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Discussion

Stroke induces BBB hyperpermeability, the magnitude of which
varies temporally. Acutely, there can be an uncontrolled increase
with extravasation of plasma proteins, leukocyte diapedesis, and
vasogenic edema. However, subacutely and chronically, there
may be smaller leaks that may lead to hemorrhagic transforma-
tion or, if they persist, excessive build-up of fluid leading to brain
dysfunction, progression to chronic inflammation, and forma-
tion of microthrombi (Strbian et al., 2008; Kaur et al., 2011). The
present study examined the cause of BBB leakage in the subacute
and chronic phases of stroke, focusing on TJ complex alterations.
We found that: (1) long-lasting and persistent BBB leakage after
stroke is associated with TJ complex disorganization; (2) most
leaky vessels expressed a “new” BBB claudin, claudin-1; (3)
claudin-1 incorporates into the TJ complex via direct ZO-1 in-
teraction and by establishing homophilic cis- and trans-interac-
tions; (4) the presence of claudin-1 is directly associated with
decreased levels of claudin-5 frans-interaction and claudin-5/
Z0-1 interaction, and (5) claudin-1 may be a therapeutic target
for reducing BBB permeability chronically after stroke and con-
sequently improving neurological recovery. Blocking claudin-1
with a peptide had beneficial effects on BBB permeability and
endothelial cell inflammatory phenotype.

In vitro and in vivo mouse and human studies all indicated an
upregulation of a novel BBB claudin, claudin-1, in ischemic con-
ditions. Claudins, major occlusive proteins, show cell specificity
in expression and interactions. At the brain endothelium, the
major claudin is claudin-5, but there are conditions (e.g., vascu-
logenesis, tumors, and traumatic brain injury) in which other
claudins such as claudin-1 are present and might participate in
paracellular space occlusion (Liebner et al., 2000; Shin et al.,
2008). The cause and effects of claudin-1 expression are still un-
known. Current hypotheses suggest an equal and beneficial role
in BBB TJ complex organization, helping to seal the paracellular

<«

(Figure legend continued.) ~ For BMEC monolayers treated with C1C2, see Figure 7-14 (avail-
able at https://doi.org/10.1523/JNEUR0SCI.1432-18.2018.7-1 and 7-1B). B, C1(2 treatment
also reduced the inulin hyperpermeability induced by I/R injury at 24 and 48 h. Data are shown
as means = SD. n = 3; ***p = 0.000001, **p = 0.0015, 0.0031, 0.0028 compared with
control cells (ANOVA, Sidak’s post test) and *#p = 0.000001, *p = 0.0265 comparing the
barrier permeability between cells with/without depletion of claudin-1by C1C2 (ANOVA Sidak’s
post test). , Superresolution images of TJ-associated claudin-1and claudin-5 fragments on the
cell border in cldn1°"*" BMECs, cldn1°**" BMECs treated with C1C2 claudin-1 peptide and I/R,
and I/R BMEC monolayers treated with C1C2 claudin-1 peptide. C1C2 (1 pg/ml) treatment
displaced claudin-1 from the cell- cell border and restored claudin-5 to the cell border. D,
Immunofluorescence staining for Z0-1, claudin-5, and/or claudin-1 in cldn1°*" BMEC,
cldn1°**"BMECs treated with (1C2 claudin-1 peptide and I/R, and I/R BMEC monolayers treated
with C1C2 claudin-1 peptide. C1C2 reduced colocalization of claudin-1with Z0-1and increased
claudin-5/Z0-1 colocalization. E, Protein array for proinflammatory mediators present in con-
trol BMEC, cldn1°**'BMECs, I/R-exposed BMECs, and I/R-exposed BMECs treated either with
cldn1shRNA or C1C2 peptide. Data represent several highly increased cytokines/chemokines in
cell culture media collected at 24 h. Depletion of claudin-1 by C1C2 peptide or cldn1 shRNA
decreased the expression of proinflammatory cytokines/chemokines. Data are shown as
mean == SD. n = 3.***p = 0.000001 compared with control (ANOVA Tukey'’s post test) and
###p = 0.000001 (Tukey's test) compared with I/R-exposed cells. F, K, for FITC-inulin (5 kDa) in
ischemic hemispheres at day 7-28 after transient MCAO. ShC, Sham control; tMCAO+cp =
treatment with control peptide (cp), tMCAO+ C1C2, treatment with claudin-1 C1C2 peptide (5
g/kg, i.p.). Data are shown as means = SD.n = 8;***p < 0.001 comparing tMCAO +cp and
tMCAO+C1C2 (control-p = 0.999; 0.000084, 0.000068, 0.000062, 0.000081 for 7, 14, 21,
28 d,, ANOVA Tukey's post test). G, Corner turn test at days 1,7, 14, 21, and 28 after tMCAOQ in
mice treated with control peptide (cp) and claudin-1 C1C2 peptide (5 wg/kg, i.p.). Data are
shown as mean == SD. n = 8 each group. ***p = 0.00025, p = 0.000001, 0.000207, and
0.000001. ANOVA, Holm—Sidak’s post test comparing tMCAO +cp and tMCAO -+ C1C2.
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route, or via astrocytic expression, helping to form secondary
astrocyte/glial barriers to protect the brain from endothelial
breakdown (Liebner et al., 2000; Pfeiffer et al., 2011). These hy-
potheses are challenged by several controversial findings regard-
ing the role of claudin-1 in TJ formation in BMEC: (1) claudin-1
mRNA expression is extremely low in resting BMECs compared
with claudin-5 (~3000-fold less), pinpointing rather inducible
features and roles in barrier regulation; (2) claudin-5 KO mice die
just after birth with brain edema and hemorrhage, whereas
claudin-1 KO mice die due to epidermal barrier and not BBB
defects; and (3) BMEC claudin-1 mRNA and protein levels are
not altered in claudin-5 KO mice, excluding a potential compen-
satory role (Nitta et al., 2003; Ohtsuki et al., 2007). This suggests
that claudin-1 is not essential for BBB TJ complex function under
physiological conditions and its appearance/induction is rather
associated with altered TJ function. In addition, our results
clearly suggest that claudin-1 appearance poststroke results in
limited brain endothelial barrier recovery, partially due to re-
stricted claudin-5 expression.

Acute stroke depletes many TJ proteins, forming a basis for
BBB “opening” (Ferndndez-Lopez et al., 2012). However, chron-
ically, there is partial incomplete BBB recovery, with a pattern of
increased TJ protein expression. In chronic stroke, BBB leakage
might be due to insufficient T] protein expression, which does
not fully fit our results, or to a defect in TJ organization.
Claudin-5 expression may be insufficient for establishing barrier
properties due to slightly lower expression or incompatible inter-
action in the TJ complex. A potential compensatory claudin,
claudin-12, showed increased expression, but due to an inability
to build barriers, it is questionable how it affects barrier proper-
ties (Nitta et al., 2003). The appearance of claudin-1, a barrier-
type claudin, chronically in stroke raises the possibility that it may
support and facilitate BBB recovery, reestablishing integrity, as
indicated in a recent study on the beneficial effects of overex-
pressing claudin-1 in experimental autoimmune encephalomy-
elitis (Pfeiffer et al., 2011). It is important to note that significant
claudin-1 overexpression is needed for barrier “rescue” (double
transgenic claudin-1 mice), which, in our condition poststroke
recovery, is potentially difficult to achieve.

Protein expression is a component establishing TJ properties.
Equally important are TJ protein—protein interactions. Both
claudin-1 and claudin-5 are “barrier type” claudins. Claudin cis-
and frans protein—protein interactions are important in TJ strand
formation and paracellular occlusion (Piontek et al., 2008).
Claudin-5 normally forms continuous strands with homotypic
trans- and cis-interactions that are essential for oligomerization
and creation of an impermeable T] complex at the BMEC (Pi-
ontek et al., 2008; Rossa et al., 2014). Until recently, claudin-5 cis-
and frans-interactions at the BBB were described as homotypic.
However, a new view of TJ complex organization suggests that
heterogeneous claudin molecules constitute the backbone of TJ
strands with heterophilic frans-interactions (Furuse et al., 1999;
Milatz et al., 2015). In epithelial cells, claudin/claudin interac-
tions have been defined as compatible (e.g., claudin-3 and
claudin-5) or incompatible (e.g., claudin-1 and claudin-5), af-
fecting TJ complex function in resting and injury conditions (e.g.,
claudin-1/claudin-5 interaction in lung injury) (Koval, 2013). In
determining the potential effect of claudin-1 on the BBB, our data
indicated that claudin-1 generated intercellular strands based on
homophilic claudin-1/claudin-1 cis- and trans- interactions
without interaction with claudin-5. In chronic stroke conditions,
claudin-5 strands are interrupted with claudin-1/claudin-1
strand fragments, making the barrier more a “piecemeal” struc-
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ture than continuous strands, contributing to barrier leakage.
Claudin-1 influence also affects claudin-5/ZO-1 interaction.
Claudin-5 requires ZO-1 interaction to localize on the cell mem-
brane and establish trans-interactions between cells (Furuse et al.,
1999). High expression of claudin-1 and its ability to accumulate
on the membrane indicates that claudin-1 and claudin-5 may
compete for ZO-1 interaction, displacing claudin-5 from the TJ
complex. Inhibition assays both with claudin-1 siRNA and
claudin-1 peptide support this observation, showing that
claudin-1 can be removed from the membrane and dissociated
from ZO-1, increasing claudin-5 strand formation. Therefore, in
the absence of claudin-5, claudin-1 might support sealing of the
barrier by building its own strands, but it could be a limiting
factor for full barrier recovery in cells with claudin-5 due to their
incompatible interactions.

It is important to highlight that this barrier destabilizing effect
of claudin-1 is restricted to BMECs. Astrocytic claudin-1 expres-
sion has been reported, particularly in pathological conditions
with BBB breakdown (Horng et al., 2017). A tight interaction
between astrocytes potentially forms a secondary defense barrier
against ischemic injury (Duffy et al., 2000; Horng et al., 2017).
This protective ability of claudin-1 most probably occurs during
acute injury. Therefore, the absence of astrocytic claudin-1 ex-
pression in chronic stroke could be the result of an already partial
BBB recovery.

Alterations in the endothelial microenvironment or endothe-
lial cell injury may induce claudin-1 chronically after stroke. That
phase after stroke is closely associated with persistent low-grade
cytokine and chemokine expression that affects BBB phenotype
(Elahy et al., 2015; von Leden et al., 2017), potentially altering T
protein expression (claudin-1 upregulation and claudin-5 down-
regulation). However, cell injury induces claudin-1 in diabetic
nephropathy, alcoholic lung injury, and brain endothelial cell
ischemia in vitro (Hasegawa et al., 2013; Schlingmann et al.,
2016). In such conditions, claudin-1 upregulation mostly results
from injury-induced epigenetic alterations driven by Sirtl or
miR155 (Hasegawa et al., 2013; Lopez-Ramirez et al., 2014).
Therefore, claudin-1 induction may be a consequence of the cell
injury and alterations in the microenvironment found in chronic
poststroke conditions. Future study studies should clarify the
signaling mechanisms of BBB injury in chronic stroke.

Could claudin-1 be an important new target for treating of
BBB poststroke injury? Evidence suggests that persistent BBB
leakage has a damaging rather than beneficial effects on post-
stroke recovery (Taheri et al., 2011) with build-up of perivascular
edema and blood component extravasation leading to progres-
sive chronic inflammation and formation of microthrombi
(Krueger et al., 2015). Claudin-1 inhibition may affect BBB leak-
age, preventing these processes worsening BBB injury. Because
claudin-1 expression also increases proinflammatory cytokine/
chemokine expression in BMECs, its “damaging” effect is not
solely structural. Therefore, claudin-1 has good potential to fulfill
the role of target for BBB recovery: it shows good translational
properties and the same expression pattern poststroke in human
and mice, it regulates barrier properties and endothelial pheno-
type, and as a surface structural protein it is accessible and can be
removed by a small molecule strategy targeting endocytosis. This
could bring benefits with low off-target effects.

Our results show the beneficial effects of the claudin-1 peptide
C1C2 and claudin-1 shRNA in treating BBB hyperpermeabil-
ity. Through high-affinity binding to the first extracellular
loop of claudin-1, C1C2 diminishes trans- and cis-claudin-1 in-
teractions, reduces claudin-1/ZO-1 interaction, redistributing
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claudin-1 to the cytosol for degradation (Staat et al., 2015). These
effects result in continuous claudin-5 strands and decreased
brain endothelial leakage. However, C1C2 has low affinity for
claudin-5 and does not reduce its expression. By effecting both
claudin-1 and claudin-5, C1C2 peptide activity is linked to in-
creased permeability in barriers formed by multiple cell types
(Staat et al., 2015). Care is needed in terms of both the dose and
duration of C1C2 exposure if it is to be used as a therapy.

In conclusion, ischemia induces endothelial claudin-1 expres-
sion, where it plays a role in long-term poststroke BBB leakiness.
Claudin-1 is a novel therapeutic target and reducing its expres-
sion may be important for preventing stroke recurrence and pos-
sibly poststroke brain injury.
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