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Abstract

The blood-brain barrier (BBB) consists of dense contacts between endothelial cells, the
tight junctions, which are complemented by membrane-bound transporters belonging to the
ATP-binding cassette (ABC) transporter family. Liver X receptors (LXR) have previously
been shown to stabilize the integrity of atherosclerotic noncerebral arteries. Their effects
on ischemic cerebral vessels are still unknown. By delivering LXR agonists, T0901317 and
GW3965, to mice submitted to 30 minutes intraluminal middle cerebral artery occlusion,
we show that LXR activation reduces brain swelling and decreases BBB permeability by
upregulating LXR’s target calpastatin that deactivates calpain-1/2, stabilizing p120 catenin.
p120 catenin specifically interacts with RhoA and Cdc42, inactivating the former and
overactivating the latter, thus restoring the postischemic expression, phosphorylation and
interaction of the tight junction proteins occludin and zona occludens-1. Moreover, LXR
activation deactivates matrix metalloproteases-2/9 and inhibits microvascular apoptosis
by deactivating JNK1/2 and caspase-3. In addition to the cholesterol transporters ABCA1
and ABCG1, which have previously been shown to be upregulated by LXR in noncerebral
vessels, LXR activation increases the abundance of the drug transporters ABCB1 and
ABCCI1 on ischemic brain capillaries, as we further show. That LXR activation promotes
endothelial integrity in different ways makes this receptor attractive as target for stroke

therapies.

INTRODUCTION

The blood-brain barrier (BBB) is characterized by high-electrical
resistance contacts between endothelial cells, the tight junctions,
which prevent the diffusion of blood-borne molecules into the
brain tissue (15, 29). The BBB is complemented by active efflux
transporters located on endothelial membranes, among which ATP-
binding cassette (ABC) transporters have received particular inter-
est as they eliminate a large number of lipophilic and amphipathic
xenobiotics, including pharmacological compounds, from the
brain tissue (16, 24). Ischemic stroke challenges BBB function,
resulting in the loss of expression of tight junction proteins, such as
occludin and zona occludens (ZO)-1 (20), in the altered phospho-
rylation of these proteins and their disassembly (38), and the
deregulation of ABC transporters (17).

A variety of events compromises the BBB integrity after
stroke. Endothelial Ca* influx activates calpain proteases (4) and
matrix metalloproteinases (MMPs) (14, 43). Calpains are calcium-
dependent nonlysosomal cysteine proteases that are ubiquitously
expressed. Calpains consist in two isoforms, calpain-1 and -2, rep-
resenting heterodimers of a common 28-kDa subunit with two
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different 80-kDa subunits (13). Calpain-1/2 activity is tightly con-
trolled by calpastatin, its endogenous specific inhibitor. Calpastatin
expression has been shown to decrease after stroke, increasing
calpain-1/2 activity (34). MMP-2 (gelatinase A) and MMP-9
(gelatinase B) are zinc-dependent endopeptidases, promoting
extracellular matrix degradation (31). MMP-2 and MMP-9 are
activated upon cerebral hypoxia and ischemia, increasing brain
edema and exacerbating neuronal injury (32, 42). MMP-9 activity
is negatively regulated by calpain inhibitors (39), suggesting that
calpain mediates matrix protease activation. However, the mecha-
nisms, how calpains and MMPs mediate BBB permeability, are
unknown.

It has been suggested that Rho GTPases induce the BBB perme-
ability changes after stroke (7, 33). Rho GTPases are small
G-proteins transducing signals by binding and activating down-
stream effectors (11). The most studied are RhoA, Racl and
Cdc42, which are active in their GTP bound state and inactive in
their GDP bound state. Their activities are controlled by (i) guanine
exchange factors (GEF) that promote exchanging GDP with GTP;
(i1) GTPase activating proteins (GAP) that catalyze GTP hydroly-
sis; and (iii) GDP dissociation inhibitors (GDIs) that sequester the
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inactive GDP bound forms into the cytosol (11). In endothelial
cells, RhoA activation induces stress fiber formation, thus destabi-
lizing tight junction complexes and increasing BBB leakage (18,
33). Cdc42 activation controls cell polarity and promotes BBB
integrity by enabling tight junction proteins assembly, such as
occludin and ZO-1 (5, 12).

ABC transporters exhibit coordinated changes in abundance on
the luminal and abluminal endothelial membrane in the ischemic
brain. As such, the transporter ABCB1, which is predominantly
found on the luminal membrane of brain capillary cells, is upregu-
lated (37), whereas ABCC1, which is present mainly on the ablumi-
nal endothelial membrane, is downregulated in response to stroke
(22). The regulation of ABC transporters has profound effects on
the brain accumulation of neuroprotective compounds, as we
further showed, influencing drug accumulation in the brain by up to
an order of magnitude or even more (22, 37). We recently reported
that apolipoprotein E (ApoE) controls the balance between the
luminal transporter ABCB1 and the abluminal transporter ABCC1
via its receptor ApoER2 (10). It was noteworthy that ApoE neither
influenced the integrity of tight junctions nor brain edema, suggest-
ing that ABC transporters and tight junctions may differentially be
modulated after focal cerebral ischemia.

Liver X receptors (LXRs) are members of the orphan nuclear
receptor family acting as transcription factors. They exist in two
isoforms, LXRo and LXR, which are activated by their endog-
enous ligands, oxysterols (34). Initially, LXRs have been described
as sterol sensors protecting cells from cholesterol overload by
regulating the lipid transporters ABCA1 and ABCG1, which also
belong to the ABC transporter family (3, 9). Recently, LXRs have
been shown to protect against glucose intolerance and diabetes (9)
and to provide anti-inflammatory effects under conditions of
atherosclerosis and ischemic stroke (3, 26). Thus, LXRs have been
recognized as promising targets in metabolic diseases. Synthetic
agonists such as T0901317 and GW3965 have been developed in
the past that induce LXR activity more potently than endogenous
LXR ligands.

In view of the profound effects of LXR on the vascular system,
considering that LXR control the expression of cholesterol trans-
porters belonging to the ABC transporter family, we were inter-
ested how LXR activation influences BBB permeability, tight
junction expression and functionality similarly as drug transporter
expression on brain capillary cells. For this reason, we delivered
T0901317 and GW3965 to mice subjected to 30 minutes of middle
cerebral artery (MCA) occlusion. Our study shows that LXR
activation enhances BBB integrity via inhibition of the proteases
calpain-1/2, affecting Rho GTPase balance that in turn modulates
the expression, phosphorylation and assembly of tight junction
proteins. At the same time, Jun N-terminal kinase (JNK)-1/2 and
caspase-3 activation was inhibited and the expression of ABCBI
and ABCC1 was increased on brain capillaries. Our data show that
LXR activation stabilizes the integrity of ischemic brain capillaries
in several ways.

MATERIALS AND METHODS

Animal groups

Experiments were done according to the National Institutes of
Health guidelines for the care and use of laboratory animals. A first
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set of C57BL6/j mice (20-25 g) were divided into two groups that
were intraperitoneally treated once daily over 1 week prior to stroke
with (i) 5% ethanol in 0.1 M phosphate-buffered saline (PBS;
vehicle) and (ii) the LXR agonist T0901317 (1.25 mg/animal/day;
270-309-M050; Alexis Biochemicals, San Diego, CA, USA) dis-
solved in 5% ethanol in 0.1 M PBS (n = 8 animals/group).

To elucidate whether the observations made could be reproduced
by postischemic T0901317 delivery and to elucidate the role of
calpain-1/2 in the regulation of BBB integrity, additional C57BL6/j
mice were divided into three groups that were intraperitoneally
treated 1 h after MCA occlusion with (i) 10% dimethyl sulfoxide
(DMSO) in 0.1 M PBS (vehicle); (ii) the LXR agonist T0901317
(1.25 mg/animal, single dose), diluted in 10% DMSO in 0.1 M
PBS; and (iii) the calpain-1/2 inhibitor MDL28170 (0.75 mg/
animal; Sigma, Deisenhofen, Germany), diluted in 10% DMSO in
0.1 M PBS (n =5 animals/group).

To test whether the observations made were indeed specific for
LXR activation, other C57BL6/j mice were intraperitoneally
treated 1 h after MCA occlusion with (i) 10% DMSO in 0.1 M PBS
(vehicle) or (ii) the LXR-specific agonist GW3965 (0.5 mg/animal,
single dose; Sigma), diluted in 10% DMSO in 0.1 M PBS (n=5
animals/group).

Induction of focal cerebral ischemia

Thirty minutes of MCA occlusion was induced using an intralumi-
nal filament technique in mice anesthetized with 1% isoflurane
(30% O,, remainder N,O). In all animals, cerebral laser Doppler
flow (LDF) was monitored during and after ischemia using flexible
probes attached to the intact skull overlying the core of the MCA
territory (22, 37). Twenty-four hours after MCA occlusion, animals
were sacrificed by transcardiac perfusion with normal saline.
Brains were removed and cut on a cryostat into coronal 20 um
sections. In addition, tissue samples were collected from the
ischemic and contralateral nonischemic MCA territory (striatum
and overlying cortex) for Western blotting, immunoprecipitation
studies and protease activity assays.

Measurement of infarct volume and brain
edema and IgG extravasation studies

Representative brain sections were stained with 0.5% cresyl violet.
On these sections, the infarct area and brain swelling were evalu-
ated, as previously described (22, 37). Briefly, stained sections were
digitized and infarct borders between infarcted and noninfarcted
tissue were outlined using an image analysis system (Image J,
National Institutes of Health, Bethesda, MD, USA). Infarct size
was measured by subtracting the area of the nonlesioned ipsilateral
hemisphere from that of the contralateral hemisphere, and brain
swelling size was measured by subtracting the area of ipsilateral
hemisphere from that of contralateral hemisphere. In a number of
studies, infarct areas and edema areas were determined at the ros-
trocaudal level of the bregma, which is the level of the maximum
extension of the MCA territory, at which brain infarcts are most
reproducible. In other studies, infarct volumes and edema volumes
were assessed. For that purpose, infarct areas and edema areas were
determined on five equidistant sections 1 mm apart throughout
the forebrain. Areas were integrated, resulting in the assessment of
infarct volumes corrected for brain edema and edema volumes,
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respectively. Adjacent brain sections obtained from the level of
the mid-striatum were processed by immunohistochemistry for
extravasated IgG (41). These sections were digitized and evaluated
for areas exhibiting IgG extravasation.

Microvessel isolation and protein extraction

For molecular biological studies, tissue samples from animals
belonging to the same group were pooled (Western blots, pull-
down assays, immunoprecipitation and coprecipitation studies,
gelatin zymography) or individually processed (microplate assays,
G-LISA™, Cytoskeleton Inc, Denver, CO, USA), thus allowing
group by group and animal-wise comparisons. Tissue samples
were gently homogenized in a glass Teflon® homogenizer in ice-
cold microvessel isolation buffer (MIB; 15 mM HEPES, 147 mM
NaCl, 4 mM KCl, 3 mM CacCl, and 12 mM MgCl,), supplemented
with 5% protease inhibitor cocktail (P8340, Sigma) and 1% phos-
phatase inhibitor cocktail-2 (P5726, Sigma). Homogenates were
centrifuged at 3200 rpm for 10 minutes at 4°C. The resulting
pellets were resuspended in 20% dextran (MW 64 000-76 000;
D4751, Sigma) in MIB. Suspensions were centrifuged at 6500 rpm
for 20 minutes at 4°C. The resulting crude microvessel-rich pellets
were resuspended in MIB and filtered through two nylon filters of
100 pm and 30 um mesh size (Millipore, Schwalbach, Germany).
The quality of trapped microvessels in 30-um filters was checked.
Microvessels were stored at —80°C until further use. Isolated
microvessels were homogenized in appropriate lysis buffers (see
below) supplemented with 5% protease inhibitor cocktail and 1%
phosphatase inhibitor cocktail-2. Lysate samples were sonicated
over two cycles, lasting 20 s each at 4°C. Protein concentrations
were measured using Bradford assay kit with an iMark microplate
reader (Bio-Rad, Hercules, CA, USA).

Caseinase microplate assay for calpain-1/2

For measurement of calpain-1/2 activity, we developed a caseinase
microplate assay that evaluates caseinase activity in the presence
of calpain-1/2’s endogenous inhibitors. Twenty micrograms of
protein extracts from each sample, obtained using NP-40 lysis
buffer containing 50 mM Tris-HCI, 150 mM NaCl and 1% NP-40
(pH 7.4), was added into 96 well microplate and complemented
with calibrating buffer containing 20 mM Tris-HCI, 1 mM EDTA,

100 mM KCI and 0.1% 2-mercaptoethanol (pH 7.4), resulting in

volumes of 60 UL in each well.
Two solutions were prepared containing casein at 20 pg/mL:

(i) Solution A (= activation) consisted of 20 mM Tris-HCI, 1 mM

EDTA, 10 mM Ca?*, 100 mM KCl and 0.1% 2-mercaptoethanol
(pH 7.4), allowing to study the enzymatic activity of caplain-1/2
owing to the fact that samples contained Ca** that is required for
calpain-1/2 to exert its protease activity.
(ii) Solution I (= inhibition) contained 20 mM Tris-HCI, 50 mM
EDTA, 100 mM KCI and 0.1% mercaptoethanol (pH 7.4). In this
solution calpain-1/2 was inactive as the sample lacked Ca?" ions.
Experiments were conducted in triplicate for each sample, 100 uL.
of solution A being added to the first set of wells containing
protein samples, and 100 uL of solution I being added to the
next set, increasing the total volume in each well to 160 uL
(60 UL + 100 pL). As such, the assay was run four times for statis-
tical comparisons.
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Each microplate was incubated for 2 h at room temperature. Then,
120 uL of 1X G-250 dye (Quick Start Bradford Protein Assay,
Biorad) was added simultaneously to each well and incubated for 5
minutes at room temperature, the G-250 dye forming a stable
complex upon binding proteins shifting light absorbance from
470 nm to 595 nm. The dye does not bind proteolytic fragments of
digested proteins like small peptides or amino acids, assessing the
enzymatic activity of calpain-1/2, the higher the activity the less
absorbance values are. The absorbance was read at 595 nm using
the iMark microplate reader and calpain-1/2 caseinase activity was
calculated for each sample by subtracting absorbances between
solution I and solution A. Calpain-1/2 protease activity was
expressed as absorbance difference at 595 nm units (AD 55 m).

Gelatin zymography

To examine MMP-2/9 activity, we used a gelatin zymography
method that was previously described (41), as well as a gelatinase
microplate assay, which we established in analogy to the caseinase
microplate assay. For gelatin zymography, 25 ug proteins were
mixed with 5x nonreducing loading buffer for 15 minutes at
room temperature and subjected to sodium dodecylsulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) using 9% acrylamide-
bis gel containing 0.1% gelatin (Sigma). Gels were removed and
washed, incubated for 1 h at room temperature with slight shaking
in modified enzymatic activation buffer (50 mM Tris-HCI, 6 mM
CaCly, 1.5 uM ZnCl,, pH 7.4) containing 2.5% Triton-X100 to
remove SDS and restore gelatinase activity. Gels were incubated
for 24 h at 37°C in modified enzymatic activation buffer. Gels were
stained in Coomassie Brilliant Blue R-250 (Bio-Rad). A total of
four independent experiments were run, which were digitized and
densitometrically analyzed.

Gelatinase microplate assay for MIVIP-2/9

To study MMP-2/9’s activity in the presence of their endogenous
inhibitors, the caseinase microplate assay was adopted with the
following changes: 5 ug of proteins was added to a 96 well micro-
plate and complemented with a calibrating buffer containing
50 mM Tris-HCI and 6 mM CaCl, (pH 7.4) to 60 uL volumes. Two
solutions were prepared containing gelatin at a concentration
of 20 wg/mL: (i) Solution A (= activation) (50 mM Tris-HCI, 6 mM
CaCl,, 50 mM EDTA, 1.5 uM ZnCl,, pH 7.4) and (ii) solution I
(= inhibition) (50 mM Tris-HCL, 6 mM CaCl,, 50 mM EDTA, pH
7.4), the two samples differing in terms of the presence and absence
of ZnCl,, which is a cofactor needed for gelatinase to exert its
enzymatic activity. After incubation for 2 h at 37°C, the G-250 dye
was added, the absorbance read, and MMP-2/9 gelatinase activity
was calculated by subtracting absorbance between solution I and
solution A. MMP-2/9 protease activity was again expressed as
AD 595 nm-

Western blot analysis

For Western blots, lysates containing 20 pg protein were comple-
mented with 5x SDS loading buffer. Samples were pretreated by
heating except for ABC transporter blots, for which nonheated
samples were loaded to avoid aggregation of these highly
glycosylated membrane proteins. Samples were subjected to SDS-

177



LXR Signalling at the Blood-Brain Barrier

PAGE followed by Western blot analysis using primary antibodies
diluted 1:100 for ABCC1 and 1:1000 for all other proteins in 5%
skim milk and 0.1 M tris buffered saline containing Tween 20%
(TBS-T) (10, 22). Blots were digitized, densitometrically analyzed
and corrected for protein loading by means of the B-actin blots.
The following antibodies and recombinant proteins were used:
anti-LXRof (sc-1000), anti-LXRP (sc-1203), anti-calpain-1/2
(sc-58326), anti-calpastatin (sc-20779), anti-ABCB1 (sc-8313),
anti-ABCG1 (sc-11130), anti-occludin (sc-27151), anti-RhoA
monoclonal (sc-418), anti-RhoA polyclonal (sc-179), anti-Cdc42
(sc-6083), anti-CD31 (sc-8306), anti-Vav2 (sc-20803), anti-p-
Tyr(PY20) (sc-508), anti-Thr(1E11) (sc-81527), and protein A/G
plus-agarose (sc-2003) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Rhotekin (RTK)—Rho binding
domain (RBD)—glutathione S-transferase (GST) beads (RT02),
Wiskott-Aldrich syndrome protein (WASP)—Cdc42 binding
domain of WASP (CDB)—GST beads (WSO03), constitutively
inactive Cdc42-(T17N)—GST beads (C17G01) and constitutively
active Cdc42-(Q61L)—GST beads (C61GO01) were obtained
from Cytoskeleton Inc. (Frankfurt, Germany). Anti-p120 catenin
(4989), anti-cleaved caspase-3 (Asp175) (9661), anti-total-JINK1/2
(9252), anti-phosphorylated JNK1/2™18/Dr185 (9255)  anti-total
MMP-2 (4022), anti-total MMP-9 (3852) and anti-f-actin (4967)
were from Cell Signaling (Allschwil, Switzerland); anti-ABCA1
(NB400-105) was from Novus Biologicals (Cambridge, UK); anti-
Z0O-1 (40-2300) was from Invitrogen (Karlsruhe, Germany);
anti-LXRo. (ab28478) was from Abcam (Cambridge, UK); and
anti-ABCC1 (ALX-801-007-C250) was from Alexis Biochemicals.

Rho GTPase affinity binding (= pull-down) assays

Equal protein quantities (800 pg) of lysates obtained using a MgCl,
lysis buffer containing 50 mM Tris base, 100 mM NaCl, 2 mM
MgCl, and 1% NP-40 (pH 7.4) were added in Eppendorf tubes and
complemented to a total volume of 1 mL by adding MgCl, lysis
buffer. For Cdc42 affinity binding assay, 20 UL (20 pg) of recombi-
nant GST-WASP-CDB prefixed on agarose beads was loaded and
incubated under slight rotation overnight at 4°C. The next day,
samples were centrifuged for 30 s at 15 000 rpm, supernatants
were removed and pellets were washed three times in ice-cold
MgCl, lysis buffer. A volume of 20 uL of 2x SDS plus 5%
2-mercaptoethanol loading buffer was added to each sample and
boiled for 5 minutes (Heater Plate, Eppendorf, Germany), followed
by a short centrifugation at 4000 rpm to precipitate beads. Super-
natants from each sample were subjected to SDS-PAGE using
12.5% acrylamide-bis gel. For RhoA affinity binding assays, 50 uL
(20 pg) of GST-RTK-RBD prefixed on beads was loaded according
to the same protocol. For analysis of total Cdc42 and RhoA expres-
sion, 20 g of total protein lysates from each group was subjected
to 12.5% SDS-PAGE, followed by Western blot analysis. Pulldown
assays were digitized and densitometrically assessed.

Rho GTPase G-LISA™ activation assay

To study the activation of RhoA and Cdc42 in microvessels
of individual animals, a G-LISA™ Rho activation assay
(BK124; Cytoskeleton Inc.) and G-LISA™ Cdc42 activation assay
(BK127; Cytoskeleton Inc.) were established. Briefly, isolated
brain microvessels were lysated using the G-LISA™ cell lysis
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buffer and protein concentrations were estimated using Precision
Red™ advanced protein assay reagent (GL50; Cytoskeleton Inc.).
Five micrograms of brain microvessel lysates was equilibrated to
an equal volume of 50 uL using G-LISA™ cell lysis buffer. Fifty
microliters of blank control buffer, 50 uL of RhoA or Cdc42 posi-
tive controls, and 50 UL of equalized brain microvessel lysates
were added into the 96-well Rho-GTP or Cdc42-GTP binding
microplate and incubated at 4°C for 30 minutes. Wells were
washed, and 200 puL of antigen presenting buffer was added into
each well for 2 minutes. After washing, 50 uL of anti-RhoA anti-
body, diluted to 1:250 in antibody dilution buffer, or 50 uL of
anti-Cdc42 antibody, diluted to 1:20 in antibody dilution buffer,
was added to each well and incubated at room temperature for 45
minutes (for RhoA) or 30 minutes (for Cdc42). After primary anti-
body incubation, wells were washed and 50 pL of secondary HRP
labeled antibody, diluted to 1:62.5 in antibody dilution buffer, were
added to each well and incubated at room temperature for 45
minutes (RhoA) or 30 minutes (Cdc42). Afterwards, wells were
washed and 50 pL of freshly prepared HRP detection reagent (in
case of RhoA) or 70 uL (in case of Cdc42) were added to each well
and incubated for at 37°C for 15 minutes (RhoA) or 10 minutes
(Cdc42), respectively. Finally, 50 microliters or 140 uL of HRP
stop buffer (for RhoA and Cdc42, respectively) were added and
absorbance was measured at 490 nm using the iMark microplate
reader. RhoA and Cdc42 activation was expressed as absorbance at
490 nm units (A49onm)-

Co-precipitation assay with constitutively
inactive Cdc42

To study the interaction between inactive Cdc42 with p120 catenin,
50 uL (50 ng) of recombinant dominant negative (i.e. inactive)
GST-Cdc42-(T17N) prefixed on agarose beads was processed with
samples of equal protein quantities (600 pg) from lysates obtained
using MgCl, lysis buffer, as described in the affinity binding
assay protocol. Samples were subjected to SDS-PAGE using 10%
acrylamide-bis gel, following Western blot analysis for p120
catenin.

Immunoprecipitation assay

Equal protein quantities (800 ug) of lysates obtained using an
NP-40 lysis buffer containing 150 mM NaCl, 1% NP-40, 50 mM
Tris base (pH 8.0) were supplemented with sodium orthovanadate
(final concentration: 1 mM) and complemented with three equal
volumes of NET buffer (100 mM Tris, 200 mM NaCl, 5 mM
EDTA, 5% NP-40, pH 7.4). Six micrograms of anti-RhoA anti-
body, 10 pug of occludin or 6 ug of p-120 catenin were added to
each sample, and incubated overnight at 4°C under slight rotation.
The next day, 20 UL of protein A/G plus-agarose was added to the
samples and incubated over 1 h at 4°C. Finally, samples were cen-
trifuged for 30 s at 15 000 rpm at 4°C. Supernatants were dispersed
and pellets were washed three times in ice-cold NET buffer. Twenty
microliters of 2x SDS loading buffer was added to each pellet and
boiled for 5 minutes (Heater Plate), followed by a short centrifuga-
tion at 4000 rpm to precipitate beads. Supernatants were subjected
to SDS-PAGE using 10% acrylamide-bis gel followed by Western
blot analysis for p120 catenin, ZO-1, phospho-tyrosine, phospho-
threonine or Vav2. As control experiments for the immunoprecipi-
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tation, ischemic tissues from vehicle-treated ischemic mice were
used. A/G plus-agarose beads were added in order to clarify if the
beads used nonspecifically bind endogenous IgG or the proteins of
interest.

Statistics

Data were analyzed by unpaired #-tests (comparisons between two
groups) or one-way analysis of variance followed by least signifi-
cant differences tests (comparisons between =3 groups) using
SPSS for Windows (SPSS Inc., Chicago, IL, USA). Results are
presented as means = SD. P-values less than 0.05 were considered
significant.

RESULTS

Effect of LXR agonist T0901317 on ischemic
injury and vascular permeability

To evaluate effects of LXR activation on brain edema, vascular
integrity and ischemic injury, we first analyzed cresyl violet
stainings and histochemistries against extravasated serum IgG
of animals pretreated with T0901317. Reduced brain swelling
(Figure 1A) and decreased serum IgG extravasation (Figure 1B)
were noticed in ischemic animals receiving T0901317, indicating
preservation of the BBB by the LXR agonist. Infarct area did not
show any difference between groups (Figure 1C). LDF recordings
also did not differ between groups (not shown), indicating the
absence of hemodynamic differences between T0901317 treated
and vehicle-treated animals.

g >
¢

Figure 1. LXR agonist T0901317 decreases
brain edema and leakage, once administered
prior to stroke. Histochemical studies
analyze brain swelling (A) and serum IgG
extravasation (B), which are both reduced in
animals receiving the LXR agonist T0901317,
which in this study was delivered 1 week
prior to MCA occlusion. Note that infarct
area (C) is not influenced by LXR activation.
Western blots using brain capillary extracts
show that T0901317 robustly increases
LXRof expression (D). In (A) and (B),
representative cresyl violet and IgG
extravasation sections are also shown. Data
are means * SD [n = 8 animals per group
(A-C); n = 4 Western blots (D) using pools of
tissue samples from animals belonging to
the same group]. *P < 0.05/**P < 0.01
compared with nonischemic vehicle.

C = contralateral nonischemic microvessels;
| = ischemic microvessels; LXR = liver X
receptor; MCA = middle cerebral artery.
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Effect of T0901317 on LXR expression

To check whether T0901317 indeed elevates LXRaf3 levels, we
used Western blots with capillary extracts obtained from tissue
samples harvested from the MCA territories ipsilateral and con-
tralateral to the stroke demonstrating that LXRof expression was
indeed increased by T0901317, both in the ischemic and nonis-
chemic brain tissue (Figure 1D).

Regulation of calpain-1/2 and MIMP-2/9 activities
by T0901317

To elucidate the role of calpain-1/2 and MMP-2/9 in BBB preser-
vation induced by LXR activation, we evaluated their expression
and activity in cerebral microvessels by Western blots, calpain-1/2
caseinase microplate assay, gelatin zymography and MMP-2/9
gelatinase microplate assay. Western blots revealed that the overall
expression of calpain-1/2 and MMP-2/9 was neither influenced by
ischemia nor by T0901317 (Figure 2A).

The activities of calpain-1/2 and MMP-2/9, meanwhile,
strongly increased after stroke (Figure 2B-D), which is in line
with earlier studies from other groups (4, 39, 42). Importantly,
calpain-1/2 and MMP-2/9 activities were attenuated by the LXR
agonist (Figure 2B-D). In case of MMP-2 and -9, the inhibition of
protease activity was detected by means of gelatin zymography
and gelatinase microplate assay (Figure 2C,D) that evaluate
MMP-2/9 activity in the absence or presence of its endogenous
inhibitors, respectively. Based on the fact that both methods
rendered similar results, endogenous inhibitors of MMP-2/9 are
probably not essential for the inhibitory effect of LXR activation
on MMP-2/9.
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T0901317 increases the expression of LXR’s
target gene calpastatin

To identify factors responsible for calpain-1/2 deactivation, we
studied the expression of its specific inhibitor calpastatin, which
is transcriptionally regulated by LXR (21), by means of Western
blots. Reduced expression levels of calpastatin were observed
in ischemic microvessels of vehicle-treated mice (Figure 2E).
T0901317 increased calpastatin expression above levels in nonis-
chemic vessels (Figure 2E). Our data suggest that calpastatin may
be responsible for the inhibition of calpain-1/2 by the LXR agonist.

LXR activation by T0901317 stabilizes
p120 catenin

To define downstream targets of calpain-1/2 that might mediate
BBB preservation induced by LXR activation, we assessed the
expression of p120 catenin, a target protein degraded by calpain-
1/2 (31), using Western blots. In correlation with calpain-1/2
activation, pl120 catenin expression was reduced in ischemic
microvessels of vehicle-treated mice (Figure 2F). Conversely,

180

C | | = ischemic microvessels; LXR = liver X
receptor; MMP = matrix metalloproteinase.

T0901317, which inhibited calpain-1/2, elevated p120 catenin
expression in ischemic brain capillaries even above levels in nonis-
chemic vessels (Figure 2F).

LXR activation by T0901317 differentially
regulates RhoA and Cdc42 activity

To understand whether and how LXR activation influences the
activity of Rho GTPases involved in the regulation of BBB integ-
rity, we next performed pull-down assays for RhoA and Cdc42.
These studies revealed that both RhoA and Cdc42 are activated
upon ischemia in cerebral microvessels (Figure 3A,B). Interest-
ingly, T0901317 inhibited RhoA (Figure 3A), at the same time
further elevating Cdc42 activity in ischemic, but not non-ischemic
vessels (Figure 3B).

p120 catenin controls RhoA and Cdc42 activity
in ischemic microvessels

As p120 catenin acts as GDI for RhoA (1, 40) and also binds GEFs
that specifically activate Cdc42 (29), we investigated the role of
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Figure 3. p720 catenin controls RhoA and Cdc42 activation. Pulldown
assays detecting GTP-bound (ie, activated) RhoA and Cdc42 reveal that
LXR induction reduces RhoA activation (A) and increases Cdc42 activa-
tion (B) in ischemic microvessels. Western blots of total RhoA and
Cdc42 expression reveal no differences among groups (A, B). Immuno-
precipitation experiments demonstrate that RhoA binding to p120
catenin is abolished upon ischemia, but restored upon T0901317 treat-
ment (C). Co-precipitation studies show that inactive Cdc42 does not
bind p120 catenin neither under normal nor ischemic microvessels of

p120 catenin in the differential regulation of RhoA and Cdc42 by
T0901317. In immunoprecipitation studies, we showed that RhoA
binds physically to p120 catenin in vehicle-treated, nonischemic
cerebral microvessels, whereas this RhoA interaction with p120
catenin was absent in ischemic brain capillaries (Figure 3C).
T0901317 restored the RhoA binding to p120 catenin in ischemic
microvessels (Figure 3C), suggesting that RhoA interaction with
this GDI is responsible for the RhoA inhibition by the LXR
agonist.

However, we found that inactive GST-Cdc42 binds p120 catenin
in TO901317, but not in vehicle-treated nonischemic and ischemic
microvessels (Figure 3D), which may have been facilitated by the
restoration of p120 catenin expression in ischemic capillary cells.
Active GST-Cdc42 did not reveal interaction with p120 catenin
(not shown). Moreover, we observed that Vav2 interacts with p120
catenin (Figure 3D), suggesting that p120 catenin promotes Cdc42
activation by enhancing the access of Cdc42 to its GEF.

Regulation of occludin and Z0O-1 by LXR
agonist T0901317

To further elucidate how LXR activation influences BBB integrity,
we studied the expression, phosphorylation and interaction of the
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vehicle-treated mice (D). Interestingly, LXR activation induces binding
of inactive Cdc42 to p120 catenin, which also binds Vav2, a Cdc42 GEF
(D). For these experiments, T0901317 was administered prior to the
stroke. Data are means = SD (n =4 pull-down assays using pools of
tissue samples). p120 catenin Western blot from Figure 2F is used for
illustration purposes. *P < 0.05/ **P < 0.01 compared with nonischemic
vehicle; TP<0.05 compared with ischemic vehicle. C = contralateral
nonischemic microvessels; | =ischemic microvessels; LXR =liver X
receptor.

tight junction proteins occludin and ZO-1 by Western blots and
immunoprecipitation studies. In accordance to previous studies
(6, 38), the overall expression and threonine phosphorylation
of occludin decreased, the tyrosine phosphorylation of occludin
increased and the association of occludin with ZO-1 decreased
upon ischemia in vehicle-treated microvessels (Figure 4A-D),
reflecting the breakdown of BBB integrity following stroke. Inter-
estingly, T0901317 selectively prevented the downregulation of
occludin and ZO-1 on ischemic microvessels (Figure 4A,B), at
the same time reversing occludin threonine phosphorylation and
abolishing occludin tyrosine phosphorylation, thus enhancing the
assembly of occludin with ZO-1 (Figure 4C,D).

LXR agonist T0901317 deactivates JNK1/2 and
caspase-3 pathways

The activation of JNK-1/2 via phosphorylation represents a
cellular stress signal that promotes endothelial apoptosis (35). To
analyze how LXR activation influences JNK1/2 phosphorylation
state, we performed Western blots using antibodies detecting
either phosphorylated or total (ie, phosphorylated and unphospho-
rylated) JNK1/2. In vehicle-treated mice, JNK phosphorylation
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was decreased in ischemic microvessels (Figure SA). T0901317
further reduced JNKI1/2 phosphorylation levels in ischemic
microvessels (Figure 5A).

It has been shown that calpain-1/2 facilitates the activation of
caspase-3, thus promoting neuronal apoptotic injury (2). To inves-
tigate how T0901317, which deactivates calpain-1/2, influences
caspase-3 activity, we examined the expression of cleaved, that
is, activated caspase-3 by Western blots. Our results showed that
caspase-3, which is strongly activated upon ischemia, is deacti-
vated by the LXR agonist (Figure 5B). Our data reveal a survival-
promoting effect of T0901317 on cerebral microvessels.

T0901317 upregulates ABC transporters at
the BBB

It has previously been shown that the cholesterol transporters
ABCAL1 and ABCGI are upregulated on noncerebral microvessels
upon LXR activation (28). By means of Western blots, we now
observed that the cholesterol transporters ABCA1 and ABCG1

A

Vehicle T0901317

B

Vehicle

non-ischemic microvessels; |, ischemic
microvessels. *P < 0.05/**P < 0.01
compared with nonischemic vehicle;

P < 0.01 compared with ischemic vehicle.
C = contralateral nonischemic microvessels;
| = ischemic microvessels; LXR = liver X
receptor; ZO = zona occludens.

are also upregulated on cerebral microvessels upon T0901317
treatment (Figure 6A,B). Strikingly, LXR activation also elevated
ABCBI expression (Figure 6C) and restored the reduced ABCC1
expression that was observed in ischemic vehicle-treated mice
(Figure 6D). As such, T0901317 increased the overall abundance
of ABCB1, ABCC1, ABCAI and ABCGI transporters without
influencing luminal (ABCB1, ABCA1, ABCG1) and abluminal
(ABCC1) transporters in a differential way.

T0901317 decreases brain edema also when
delivered after the stroke, and its effect is
mimicked by a calpain-1/2 inhibitor

To test whether postischemic LXR activation preserves BBB integ-
rity similar to pretreatment, we evaluated brain edema, infarct area,
calpain-1/2 activity, MMP-2/9 activity and RhoGTPase activity in
animals receiving T0901317 1 h after MCA occlusion by means of
cresyl violet stainings, calpain-1/2 caseinase and MMP-2/9 gelati-
nase microplate assays, and RhoGTPase G-LISA. Similar to LXR

10901317 Figure 5. LXR agonist T0901317
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caspase-3  caspase-3 cleavage (B) in ischemic
microvessels. T0901317 was administered
prior to the stroke. Data are means = SD
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samples). *P < 0.05/**P < 0.01 compared
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C = contralateral nonischemic microvessels;
| = ischemic microvessels; JNK = Jun
N-terminal kinase; LXR = liver X receptor.
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agonist pretreatment, brain edema (Figure 7A) was reduced by
T0901317 in animals receiving the agonist during reperfusion. In
addition, a reduction of infarct area was seen (Figure 7B). Further-
more, calpain-1/2 activity was decreased in ischemic microvessels
(Figure 7C) as was MMP-2/9 activity, which was nonsignificantly
reduced (Figure 7D). The deactivation of calpain-1/2 went along
with the deactivation of the Rho GTPase RhoA (Figure 7E) and
overactivation of Cdc42 (Figure 7F). Importantly, calpain-1/2 inhi-
bition using the pharmacological inhibitor MDL28170 mimicked
the effects of T0901317 on brain swelling (Figure 7A), calpain-1/2
(Figure 7C), MMP-2/9 (Figure 7D), RhoA (Figure 7E) and Cdc42
(Figure 7F) activities, indicating that calpain-1/2 inhibition may
causally be involved in T0901317’s effects at the blood—brain
interface. Conversely, calpain-1/2 inhibition incompletely mim-
icked the effect of the LXR agonist on infarct area (Figure 7B),
indicating that the neuroprotective effect of the LXR agonist
involves mechanisms other than calpain-1/2.

LXR agonist GW3965 also decreases brain
edema and increases calpastatin and p120
catenin expression

To verify that the changes observed are indeed induced by LXR
activation, we also administered a second LXR agonist, GW3965,
1 h after MCA occlusion, and examined brain edema, infarct
volume and the expression of LXRo, LXRp, calpastatin and p120
catenin by means of cresyl violet stainings and Western blots.
Similarto T0901317, GW3965 reduced edema volume (Figure 8A)
and infarct volume (Figure 8B). LXR activation induced LXRa
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expression (Figure 8C) on cerebral endothelial cells, without
affecting LXR expression (Figure 8D). Calpastatin expression was
increased on ischemic brain capillaries by GW3965 (Figure 8E) as
was p120 catenin (Figure 8F).

DISCUSSION

Using in vivo experiments of mice submitted to focal cerebral
ischemia, which we combined with protein expression and interac-
tion studies, we demonstrate that LXR activation promotes BBB
integrity by mechanisms involving upregulation of LXR’s target
gene calpastatin, deactivation of calpain-1/2, a known target of
calpastastin, and stabilization of p120 catenin, calpain-1/2’s down-
stream target. p120 catenin specifically interacts with RhoA and
Cdc42, the former of which is inhibited and the latter overactivated,
thus restoring the postischemic expression and phosphorylation of
tight junction proteins and promoting their assembly. Our data
provide a detailed analysis of signaling pathways involved in BBB
regulation after stroke. In parallel to its effects on tight junction
integrity, LXR activation decreases the activation of the stress
kinase JNK1/2 and caspase-3 and increases the abundance both of
the luminal endothelial drug transporter ABCB1 and the abluminal
endothelial drug transporter ABCC1 on ischemic brain capillaries.
Our results show that LXR activation promotes the integrity of
cerebral endothelial cells in several ways.

It has previously been shown that the cysteine protease calpain-
1/2 increases BBB permeability and exacerbates brain edema
(4, 36). The signal pathways via which this protease leads to BBB
breakdown remained unknown. We now provide evidence that
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ischemia induces calpain-1/2 activation in brain microvessels
by downregulating its endogenous inhibitor calpastatin (13, 36),
which reduces p120 catenin levels in ischemic microvessels, thus
resulting in the loss of RhoA binding to its GDI p120 catenin
(1, 29) and inducing RhoA overactivation. Indeed, the delivery of
LXR agonists restored calpastastin, a known LXR target based on
transcriptional profiling studies (21), deactivated calpain-1/2 and
stabilized p120 catenin, reconstituting p120 catenin interaction
with RhoA and Cdc42, which resulted in RhoA deactivation and,
as p120 catenin binds GEFs specifically activating Cdc42, such
as Vav2, in Cdc42 overactivation. The effects of LXR activation
on brain swelling, RhoA and Cdc42 activity were mimicked by
MDL28170, a calpain-1/2 inhibitor, indicating that calpain-1/2 is
causally involved in the stabilization of the BBB. That LXR
activation deactivates calpain-1/2 is new, and modulation of Rho
GTPases by LXR agonists to the best of our knowledge, has not yet
been shown.

In migrating cells, RhoA activation is followed by Cdc42 activa-
tion (25). That both Rho GTPases differentially respond to LXR
activation is noteworthy and may offer a clue about why the LXR
agonist treatment promotes BBB integrity. RhoA and Cdc42 have
opposite effects on BBB integrity. RhoA activation destabilizes
tight junction complexes via stress fiber formation, thereby induc-
ing BBB leakage (7, 18, 33), whereas Cdc42 activation promotes
the assembly of tight junction proteins, thus enabling BBB tight-
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ness (5, 12). In our studies, the shift between RhoA and Cdc42
balance was accompanied by profound changes in the expression,
phosphorylation and interaction of tight junction proteins occludin
and ZO-1. We presume that the differential response of RhoA and
Cdc42 to LXR activation is a consequence of specific interactions
with p120 catenin, which has differential effects on the activation
of both small GTPases (1, 30).

Besides modulating the activation of Rho GTPases, LXR activa-
tion also deactivated MMP-2/9, INK1/2 and caspase-3 in cerebral
microvessels, which may at least partly represent downstream
signals of the reduced calpain-1/2 activity. Previous studies already
suggested a role of calpains in MMP-9 activation in the stroke
brain (39). In microvascular endothelial cells, calpain-1 was shown
to translocate into mitochondria upon activation, inducing oxida-
tive bursts activating MMP-2/9 (27). Indeed, calpain-1 inhibitors
blocked the formation of reactive oxygen species and prevented
the MMP-9 activation (38). Regarding caspase-3, the proteolytic
capacity of calpain-2 to facilitate the activation of this executer
caspase is well known. As such, calpain-2 degrades the caspase-3
full-length proform into a 29 kDa fragment that may subsequently
be cleaved more easily to active forms (2). This degradation has
been shown to contribute to neonatal hypoxic—ischemic neuronal
injury (2).

In our study, the LXR agonist T0901317 protected the brain
from ischemic injury when the compound was delivered after but

Brain Pathology 22 (2012) 175-187
© 2011 The Authors; Brain Pathology © 2011 International Society of Neuropathology



EIAli & Hermann

>

T 30 [ ]venicle
E [Ecewases
o 20 I

5 *

T 10

£

o

o (-

Vehicle
[+ | C |

GW3965

C

-—— - -- «LXRa

cs * % |_|Venhicle
B E [Clewsoes
% 5200
22
.
<100
g5
X9
T 0

O

c |

E Vehicle GW3965
[o] [ C ]

N —— -

«calpastatin

5200
150
<100 *%

¥ [[venice
[ cewaess

*

Calpastatin expression
of

(Percen
(4]
o

o
(@)

c |

Figure 8. LXR agonist GW3965 also reduces brain edema, increasing
LXRa, calpastatin and p120 catenin. Histochemical studies examine
brain edema (A) and infarct volume (B), as well as Western blots evaluat-
ing the expression of LXRa (C), LXRP (D) calpastatin (E) and p120 catenin
(F) in animals receiving the LXR agonist GW3965 that was administered
1 h after MCA occlusion. Similar to postischemic T0901317, GW3965
delivery reduces brain swelling (A) and infarct size (B). Besides, GW3965

not prior to the stroke. Interestingly, calpain-1/2 deactivation by
MDL28170 only partly mimicked the effect of LXR activation on
infarct area, indicating that mechanisms other than inhibition of
calpain-1/2 are involved in their neuroprotective effects. Neuropro-
tection induced by LXR activation has previously been described
in models of focal cerebral ischemia (26). In that earlier study,
T0901317-induced neuroprotection involved anti-inflammatory
effects, namely reduction of nuclear factor kB transcriptional activ-
ity. That in our study neuroprotection was noticed only following
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increases LXRa expression (C) without affecting LXRB (D), and potently
induces the expression of calpastatin (E), thereby stabilizing p120
catenin (F) in ischemic microvessels. Data are means = SD [n=5
animals per group (A, B); n=4 Western blots]. *P< 0.05/**P < 0.01
compared with nonischemic vehicle; "P < 0.05 compared with ischemic
vehicle. C=contralateral nonischemic microvessels; |=ischemic
microvessels; LXR = liver X receptor; MCA = middle cerebral artery.

postischemic, but not preischemic, T0901317 delivery might
suggest that inflammatory responses are influenced by single vs.
repeated LXR activation in a different way. Our data argue in favor
of a specific effect of LXR agonists at the ischemic BBB, which is
independent of neuronal survival.

We did not use LXR-deficient mice in our present study to assess
the effect of LXR activation on BBB integrity. As LXR activation
by T0901317 agonist has been shown to activate other nuclear
receptors to some extent, namely farnesoid X receptor (FXR) (19),
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we administered a second LXR agonist, GW3965, which was
shown to be a selective activator of LXR based on reporter gene
assays (8). We found that GW3965 mimicked the effects of
T0901317 on brain edema, ischemic injury, and endothelial calp-
astatin and p120 catenin expression. The combined evidence of the
two agonists strongly suggests that the BBB changes we observed
are indeed specific for LXR.

Besides influencing paracellular BBB permeability, the LXR
agonist T0901317 increased expression levels of ABC transporters
on ischemic cerebral endothelial cells. As such, not only the choles-
terol transporters ABCA1 and ABCG1, which are known targets of
LXR based on transcriptional profiling studies (21, 28) and which
have been shown to be induced by T0901317 on noncerebral
vessels (3, 9), but also the drug transporters ABCB1 and ABCCI1,
were elevated on cerebral microvessels. It is noteworthy that both
ABCBI, which is expressed predominantly on the luminal mem-
brane of brain capillary cells (37), and ABCC1, which is found
mainly on the abluminal endothelial membrane (22), were upregu-
lated in response to T0901317. Both transporters are regulated in
opposite ways after focal cerebral ischemia, ABCB1 being upregu-
lated and ABCC1 being downregulated in response to stroke
(22, 37).

We did not perform chromatin immunoprecipitation in this
study. As such, we are unable to answer whether the abchl and
abccl genes are direct or indirect targets of LXR. Transcriptional
regulation of the abcbl and abccl genes by LXR has so far not
been shown. It has previously been reported in human primary
blood monocytes that abch] mRNA is regulated by T0901317 (23).
Whether the abebl gene was a direct target of LXR or whether it
was controlled by downstream transcription factors was also not
assessed in that earlier study. We did not perform ABC transporter
functionality studies in this report. As such, we cannot draw any
conclusions whether the changes of ABC transporter expression
induced by LXR activation are relevant for drug biodistribution. As
LXR activation stabilizes cerebral endothelial cells in several
ways, increasing paracellular BBB tightness, reducing cellular
stress responses and caspase-3 activation, and increasing ABC
transporter abundance, this receptor may represent an interesting
target for therapeutic interventions aiming at the stabilization of
blood vessels under conditions of pronounced BBB breakdown, for
example, under conditions of malignant brain edema.
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