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Regulator of G-Protein Signaling 5
Maintains Brain Endothelial Cell Function in
Focal Cerebral Ischemia

Nikola Sladojevic, MD, PhD; Brian Yu, BS; James K. Liao

, MD

BACKGROUND: Regulator of G-protein signaling 5 (RGS5) is a negative modulator of G-protein—coupled receptors. The role of
RGS5 in brain endothelial cells is not known. We hypothesized that RGS5 in brain microvascular endothelial cells may be an
important mediator of blood-brain barrier function and stroke severity after focal cerebral ischemia.

METHODS AND RESULTS: Using a transient middle cerebral artery occlusion model, we found that mice with global and endothe-
lial-specific deletion of Rgs5 exhibited larger cerebral infarct size, greater neurological motor deficits, and increased brain
edema. In our in vitro models, we observed increased G, activity and elevated intracellular Ca?* levels in brain endothelial
cells. Furthermore, the loss of endothelial RGS5 leads to decreased endothelial NO synthase expression and phosphoryla-
tion, relocalization of endothelial tight junction proteins, and increased cell permeability. Indeed, RGS5 deficiency leads to
increased Rho-associated kinase and myosin light chain kinase activity, which were partially reversed in our in vitro model by
pharmacological inhibition of G, metabotropic glutamate receptor 1, and ligand-gated ionotropic glutamate receptor.

CONCLUSIONS: Our findings indicate that endothelial RGS5 plays a novel neuroprotective role in focal cerebral ischemia. Loss
of endothelial RGS5 leads to hyperresponsiveness to glutamate signaling pathways, enhanced Rho-associated kinase— and
myosin light chain kinase—mediated actin-cytoskeleton reorganization, endothelial dysfunction, tight junction protein relocali-
zation, increased blood-brain barrier permeability, and greater stroke severity. These findings suggest that preservation of
endothelial RGS5 may be an important therapeutic strategy for maintaining blood-brain barrier integrity and limiting the sever-
ity of ischemic stroke.

Key Words: blood-brain barrier m cell signaling m ischemic stroke ® vascular biology

family of transmembrane receptors. G-protein—

coupled receptors play a central role in virtually
every important physiological process, many of which
affect human diseases.! G-protein—coupled receptors
are negatively regulated by a class of GTPases called
regulator of G-protein signaling (RGS).2 RGS5 belongs
to the R4 subfamily of RGS proteins and is a potent
negative regulator of Ga, and Ga;. The R4 subfamily
structurally consists of a conserved RGS domain that
binds to the corresponding Ga subunit, dephosphor-
ylating the active GTP-bound Ga subunit through the

G -protein—coupledreceptors are alarge and diverse

GTPase-stimulating activity of the RGS domain. RGS5
is highly abundant in pericytes, vascular endothelial
cells, vascular smooth muscle cells, and some neu-
rons. Furthermore, limited expression of RGS5 has
been detected in the heart, liver, lung, brain, small in-
testine, placenta, and colon.®

Recent studies indicate that RGS5 plays an im-
portant role in the cardiovascular system.* For ex-
ample, RGS5 regulates systemic blood pressure,®®
affects the development of cardiac hypertrophy,’
and stabilizes blood vessel formation.® In pregnant
mice, RGS5 deficiency leads to hypertension and
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CLINICAL PERSPECTIVE
What Is New?

e Qur data suggest that global or brain microvas-
cular endothelial loss of regulator of G-protein
signaling 5 (RGS5) leads to increased blood-
brain barrier permeability and stroke severity
in a rodent model of transient focal cerebral
ischemia.

e RGS5 deletion in brain microvascular en-
dothelial cells leads to hyperresponsiveness
to glutamate signaling pathways, enhanced
Rho-associated kinase— and myosin light chain
kinase-mediated actin-cytoskeleton reorgani-
zation, decreased endothelial NO synthase
phosphorylation and expression, and increased
blood-brain barrier permeability both in vitro
and in vivo.

What Are the Clinical Implications?

e Qur findings indicate a novel neuroprotec-
tive role of endothelial RGS5 in focal cerebral
ischemia.

e These findings also suggest that preservation of
RGS5 may be an important therapeutic strategy
for maintaining blood-brain barrier integrity and
limiting the severity of ischemic stroke.

e Potential therapeutic benefits of brain en-
dothelial RGS5 upregulation as a therapeutic
target should be experimentally and clinically
evaluated.

Nonstandard Abbreviations and Acronyms

EC-Rgs5~- mice endothelial-specific RGS5-

deficient mice

HBMEC human brain microvascular
endothelial cell

MCAO middle cerebral artery
occlusion

MLCK myosin light chain kinase

OGD oxygen-glucose deprivation

Rgs5~- mice RGS5-deficient mice

RGS5 regulator of G-protein

signaling 5
conditional RGS5 mice
Rho-associated kinase

Rgs5ﬂox/flox mice
ROCK

preeclampsia.’ Indeed, several single-nucleotide
polymorphisms of RGS5 are associated with essen-
tial hypertension in Black and Chinese Han popu-
lations, although the precise mechanisms by which
RGS5 affects systemic blood pressure are not well
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characterized.®'° In endothelial cells, RGS5 is hypoxia
inducible and is highly upregulated during angiogen-
esis and after vascular injury." In tumorigenesis, loss
of RGS5 stabilizes newly formed vessels by recruit-
ing pericytes, thereby reducing vessel leakiness and
ischemia.'?

Because the blood-brain barrier (BBB) is composed
of cerebral microvascular endothelial cells, we hypoth-
esized that RGS5 plays a critical role in regulating BBB
function after ischemic stroke. The aim of this study,
therefore, is to determine the role of RGS5 in ischemic
stroke and to determine the mechanisms by which
RGS5 regulates endothelial and BBB function during
cerebral ischemia.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Animals

For in vivo experiments, we used 12- to 20-week-old,
age-matched, global (Rgs5~; total of 41 animals) and
endothelial cell-specific RGS5-deficient (EC-Rgs5™;
total of 43 animals) mice with corresponding controls.
To overcome the previously demonstrated intrinsic “is-
chemic protection” in young adult female mice,'® we only
used male mice in this study. All mice were congenic
strains on C57BI/6J background. To establish these
mouse lines, we made a conditional Rgs5™"* mouse
strain by introducing “flox” sequences that flanked the
RGS5-binding domain from exon 3 to 5 on chromo-
some 1. Global Rgs57~ and EC-Rgs5™x mice were
then generated by crossing the Rgs5™"°* mouse strain
with Pgk-Cre and inducible Cre recombinase under the
control of the vascular endothelial cadherin promoter
mice,'* respectively. To induce endothelial cell-specific
Rgs5 deletion, EC-Rgs5™ "X mice were treated with ta-
moxifen (20 mg/kg per day, IP, 5 days) (Sigma-Aldrich,
St. Louis, MO). Experiments using these mice were per-
formed at least 5 days after date of last tamoxifen injec-
tion. The controls for Rgs5~~ and EC-Rgs5~~ mice were
Pgk-Cre (total of 41 animals), Cah5-Cre™ " (total of 29
animals with tamoxifen treatment), and EC-Rgs5/ox
(total of 37 animals without tamoxifen treatment). Mice
were kept under 12:12-hour light/dark schedule (light
phase: white light 124 Ix from 6 am to 6 pv; dark phase:
red light <2 Ix from 6 pm to 6 am). Food (Harlan 2918) and
water were available ad libitum.

Invasive Blood Pressure Measurement

Mice were anesthetized with isoflurane (2% and 1.2%
for the initial dose and during surgery, respectively).



Sladojevic et al

Body temperature was monitored with a rectal ther-
mometer and maintained at 37°C +0.5°C with a heat-
ing pad. The neck area was shaved, and the right
carotid artery was isolated after middle neck incision.
The distal end of the right carotid artery was tied, and
its proximal end was temporarily closed. An intravas-
cular catheter (1F Millar catheter, SPR-1000; Millar
Instruments, Inc, Houston, TX) was inserted into the
carotid artery and advanced to the ascendant aorta.
The catheter was secured with a suture, and the blood
pressure and heart rate were recorded with a pres-
sure control unit (PCU-2000; ADInstruments, Colorado
Springs, CO) and Powerlab 35 series data acquisition
system with LabChart Pro (ADInstruments).

Transient Middle Cerebral Artery
Occlusion

Transient middle cerebral artery (MCA) occlusion was
used as a rodent model for ischemic stroke. Mice were
anesthetized with isoflurane, and the body tempera-
ture was maintained as above. MCA was transiently
occluded by the insertion of commercially available
6-0 silicon sutures (Doccol Corp, Redlands, CA) into
the internal carotid artery through a small incision on
the external carotid artery and by the advancement
of the sutures to the origin of MCA, =9 mm from the
common carotid artery bifurcation. Successful MCA
occlusion (MCAQO) was confirmed by measuring the
relative cerebral blood flow in MCA territory (>80% re-
duction of relative cerebral blood flow from baseline)
using transcranial laser Doppler flow (Moor VMS-LDF;
Moor Instruments, UK). The sutures were withdrawn
after 30 minutes, and reperfusion was confirmed with
relative cerebral blood flow (returning to >95% of base-
line), indicating complete reperfusion without residual
occlusion. For sham surgery, all animals underwent
the same surgical procedure for the same period but
without MCAQ. After the procedure, mice were rehy-
drated with subcutaneous injection of 0.5 mL of sa-
line and were treated with analgesic buprenorphine
(0.1 mg/kg). Mortality rate following surgery was <10%.
All mice were euthanized with CO, asphyxiation after
24 hours of reperfusion. Cerebral infarct size (volume)
was measured by triphenyltetrazolium chloride of 4
contiguous 2-mm-thick coronal brain sections.

Neurological Deficit Score

Neuromotor deficits were evaluated with a 6-grade
scoring scheme by investigators who were blinded to
the mouse genotype. The neurological deficit score
was determined by the following: 0 (no deficit), 1 (mild
deficit, circling without inconsistent rotation), 2 (consist-
ent circling), 3 (consistent strong circling and holding
of a rotation position for >2 seconds), 4 (severe rota-
tion and loss of righting reflex), and 5 (unresponsive,
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comatose). Animals with a score of 5 were excluded
from the study and euthanized. To minimize potential
bias, unresponsive and comatose animals were only
excluded after recommendation from a credentialed
veterinary technician. Sensorimotor function was eval-
uated using the adhesion tape test. In brief, mice were
pretrained for 5 days before MCAQ. A 2-mm? adhesive
tape was applied to the contralateral forepaw, and the
time to remove the tape was measured (maximum of
180 seconds).

Brain Edema

Brain edema was measured with the wet-dry method."®
Brains were quickly removed and weighed. Each brain
was separated into ipsilateral and contralateral hemi-
spheres and dried overnight at 95°C. Water content
was calculated as % H,O=100x(wet-dry weight)/wet
weight. Brain edema was also visually determined
by extravasation of the injected Evans blue dye. BBB
permeability was assessed after 2 hours of femo-
ral vein injection of fluorescein sodium salt (Sigma-
Aldrich), 5 kDa dextran—-Cascade Blue, and 40 kDa
dextran—fluorescein isothiocyanate (FITC) (Thermo-
Fisher Scientific, Waltham, MA) in mice in deep iso-
flurane anesthesia 22 hours after reperfusion. Before
dextran injection, mice were injected with saline. The
brain hemispheres were quickly separated to meas-
ure fluorescence after extraction by a methanol dye.
To visualize leakage of the injected dye, brains were
transcardially perfused with saline, fixed in 4% para-
formaldehyde, embedded in Tissue-Tek (OCT com-
pound; Sakura, Horgen, Switzerland), and imaged
with a confocal laser-scanning microscope (LSM 510;
Zeiss, Germany).

4-Amino-5-Methylamino-2',7'-
Difluorofluorescein Diacetate (DAF-FM)
Staining

Fresh brains were isolated, sliced into 2-mm sec-
tions, and stained with 5 pmol/L DAF-FM diacetate
(Invitrogen, CA) in dark for 20 minutes. Sections
were quickly washed in PBS and evaluated by fluo-
rescent microscopy (BZ-X700; Keyence, Itasca, IL) at
495/515 nm.

Cell Culture

Three identical genomic clones of primary iso-
lated human brain microvascular endothelial cells
(HBMECs) were purchased from ScienCell Research
Laboratories (Carlsbad, CA), propagated, and used
at passage 3. They were cultured at 37°C per manu-
facturer’s instructions. RGS5 was knocked down by
lentiviral-containing RGS5 shRNA particles (Sigma-
Aldrich) at passage 3. For control, HBMECs were
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transduced with nonmammalian shRNA particles.
Provided control GFP (green fluorescent protein) len-
tivirus construct was used as a visual confirmation of
successful transfection and delivery. For isolation of
mouse brain microvascular endothelial cells, we used
12- to 14-week-old mice. Mouse brains were isolated
and gray matter was dissected and minced in Hanks
balanced solution (Invitrogen Corp, Carlsbad, CA),
then homogenized in a Dounce homogenizer. The
microvessels were separated with a Percoll gradi-
ent (GE Healthcare Bio-Science, Chicago, IL) and
digested in 1 mg/mL collagenase/dispase (Roche,
Indianapolis, IN) for 30 minutes at 37°C. Mouse brain
endothelial cells were labeled with cluster of differen-
tiation 31/cluster of differentiation 102 antibodies (BD
Bioscience, San Jose, CA) and purified with mag-
netic beads (Dynabeads; Thermo-Fisher, Waltham,
MA). Endothelial cells were grown on plates coated
with collagen IV (BD Bioscience, San Jose, CA)
in endothelial cell medium (ScienCell Research
Laboratories) at 37°C and 5% CO.,,.

Oxygen-Glucose Deprivation With -
Glutamate Treatment

HBMECs were subjected to oxygen-glucose depriva-
tion (OGD; glucose-free DMEM in a gas mixture, 5%
CO,/95% N,) with L-glutamate treatment (1 mmol/L) for
3 hours at 37°C. Cells were then washed with PBS,
cultured in DMEM with glucose supplementation, and
placed in an incubator with 95% O,/5% CO, at 37°C
for 24 hours.

Western Blotting

Samples were lysed in a buffer (Cell Signaling
Technology, Danvers, MA) containing phenylmethylsul-
fonyl fluoride (1 mmol/L). After brief sonication, samples
were centrifuged (13 000g, 5 minutes) and supernatants
were collected. Protein concentration was determined
by the Bradford assay (Bio-Rad Laboratories, Hercules,
CA). Protein samples (25 pg) were separated on SDS-
PAGE and transferred to nitrocellulose membranes.
After blocking with 5% BSA, membranes were immu-
noblotted with primary antibodies at 4 °C overnight. For
immunodetection, we used horseradish peroxidase—
conjugated secondary antibodies (Tables S1 through
S3), and detection was accomplished using chemilu-
minescence (ECL Substrate; Bio-Rad Laboratories).
Images were obtained and quantitated using the
ChemiDoc MP System (Bio-Rad Laboratories).

Real-Time Quantitative Polymerase Chain
Reaction

Total RNA was isolated using an RNA purification kit, ac-
cording to manufacturer’s instructions (Thermo-Fisher,
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Waltham, MA). RNA (0.5 pg) was reverse transcribed
into cDNA, and real-time quantitative polymerase chain
reaction was performed using the StepOnePlus Real-
Time PCR System (Thermo-Fisher Scientific, Waltham,
MA). Primer sets used were as follows: RGS5-exon1
(forward, 5-GAT TAT TGA AGT TTC CAC AGA CG-83;
and reverse, 5-GCC AGT CCC TTA CAC ATT T-3)),
RGS5-exon?2 (forward, 5-GTC AGC TGT TGA GAG GTT
C-3; and reverse, 5-TTT CCA GGC ATG AGT GC-3)),
RGS5 (forward, 5-TCAAGA TCA AGT TGG GAA T-35
and reverse, 5-GAG AAT CCT TCT CCA TCA G-3)),
and GAPDH (forward, 5-GCA GTG GCA AAG TGG
AGA TT-3; and reverse, 5-CAC ATT GGG GGT AGG
AAC AC-3"). PCR settings after initial denaturation (95°C
for 30 seconds) were as follows (40 cycles): denatura-
tion (95°C for 15 seconds), annealing/extension, and
plate read (60°C for 60 seconds) (Applied Biosystems,
StepOnePlus, Real-Time PCR System, Foster City,
CA). Expression level was normalized with GAPDH and
quantified using the 2226t method.'®

Immunofluorescent Staining

For immunofluorescence staining, HBMECs were
fixed with 4% paraformaldehyde, permeabilized with
0.5% Triton X for 5 minutes, and blocked with 1%
normal goat serum for 1 hour. Cells were incubated
with primary antibodies at 4°C overnight. Staining
was visualized after 1-hour incubation with fluoro-
phore-conjugated secondary antibodies (Tables S
through S3) with a fluorescent microscope (BZ-X700;
Keyence, ltasca, IL). To visualize F-actin formation,
we used phalloidin staining according to manufac-
turer’'s recommendations (Thermo-Fisher Scientific,
Waltham, MA).

Measuring Gq Activity and Intracellular
Calcium Concentration

To measure Gq activity, we used a commercially
available assay for detecting its downstream metab-
olite, inositol monophosphate, according to manu-
facturer’'s recommendations (HTRF, IP-one Assay;
Cisbio Bioassays, Bedford, MA). For quantification
of intracellular calcium concentration in HBMECs,
we used a commercially available assay according to
manufacturer’s recommendations (calcium detection
kit; Abcam, Cambridge, MA). To visualize intracellular
calcium levels, we used Fura2-AM staining accord-
ing to manufacturer’s recommendations (Abcam,
Cambridge, MA).

Dextran Transwell Permeability Assay

HBMECs were grown on transwell polycarbonate
membrane inserts (0.4-um pore size) at an initial den-
sity of 1x10° cells/mL for 7 days until confluency. Cells
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were then exposed to OGD with -glutamate treat-
ment. After treatment, FITC-labeled dextran (40 kDa)
was added to the upper chamber (1 pg/mL) and su-
pernatant from the lower chamber was collected after
24 hours. Fluorescence was measured (495/519 nm)
according to a standard curve on a plate reader (Tecan
200, Mannedorf, Switzerland).

NO Assay

To measure total NO production in the brain tissue, we
used a commercially available kit (Fluorometric Nitric
Oxide Assay Kit; Abcam, Cambridge, MA) for detect-
ing total nitrite concentration after conversion of nitrate
to nitrite by nitrate reductase. Nitrite concentration was
measured after reaction with the fluorescent probe
DAN (2,3 diaminonaphthalene) (360/450 nm) accord-
ing to a standard curve on a plate reader (Tecan 200,
Mannedorf, Switzerland).

Statistical Analysis

All analyses were conducted with GraphPad Prism
8 (La Jolla, CA) or R version 3.5.2. The results with
normal distribution are expressed as the mean+SEM,
and data without normal distribution are shown as
medianzxinterquartile range (IQR). Normality of data
was evaluated using Shapiro-Wilk test. To assess for
statistical significance of normal data, we used the
Welch t tests for comparisons between 2 groups. In
cases where the data were not normally distributed,
we used the Mann-Whitney U test for comparisons
between 2 groups. In data sets where there were
multiple comparisons, 1- or 2-way ANOVA with post
hoc Tukey test was conducted for normally distrib-
uted data sets and Kruskal-Wallis tests were used for
nonnormally distributed data sets. Statistical signifi-
cance in data sets using count data was tested with
the x2 test. For nonnormally distributed paired data
samples, we used the Wilcoxon signed-rank test. All
tests were 2 tailed, and P<0.05 was accepted as sta-
tistically significant.

Study Approval

All experimental animal protocols used in this study
comply with the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use
Committee at the University of Chicago.

RESULTS

Characterization of Global and Endothelial
Cell-Specific RGS5 Knockout Mice

The Rgs5 gene is localized on chromosome 1 and con-
sists of 5 exons. To generate Rgs5-specific deletion,
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the genomic sequence encoding the entire RGS5-
binding domain (from exon 3 to 5) was replaced by a
same domain flanked by /oxP sites. The neomycin cas-
sette, which was used for clonal selection, was flanked
by flippase recognition target sites. The “floxed” Rgs5
mice were first bred with Flp mice to remove the neo-
mycin cassette, and then bred with transgenic mice
expressing Cre recombinase under the control of the
phosphoglycerate kinase 1 promoter to generate mice
with global deletion of Rgs5 (Rgs5~~ mice) (Figure S1A).
Successful deletion was confirmed by Western blot-
ting, showing loss of RGS5 in the brain, lung, heart, and
liver of Rgs5~~ mice compared with control (Pgk-Cre)
mice (Figure 1A). Furthermore, efficient Rgs5 deletion
was confirmed by Western blotting and immunostain-
ing of sorted primary isolated brain endothelial cells
after 2 cycles of sorting with anti—platelet endothelial
cell adhesion molecule-1 and anti-intercellular adhe-
sion molecule-2 antibody-conjugated magnetic beads
(Figure S1B and S1C). Real-time quantitative polymer-
ase chain reaction analysis of exon 1, exon 2, and the
entire RGS5 mMRNA confirmed complete Rgs5 deletion
without the expression of truncated forms of exons 1
and 2 (data not shown). Rgs5~~ mice were fertile and
have similar body weight up to 8 weeks as transgenic
mice expressing Cre recombinase under the control of
the phosphoglycerate kinase 1 promoter (Figure S1D).
Using an invasive method for blood pressure measure-
ment under anesthesia, we observed that Rgs5~~ mice
have higher systolic (123.6+2.2 versus 113+0.9 mm
Hg; n=5; P=0.016), diastolic (83.4+1.4 versus 75.6+0.8
mm Hg; n=5; P=0.015), and mean arterial blood pressures
(97 [IQR, 98.5-95] versus 87 mm Hg [IQR, 89.5-87];
n=5; P<0.01) compared with that of transgenic mice
expressing Cre recombinase under the control of the
phosphoglycerate kinase 1 promoter. Heart rate did
not differ between the 2 groups of mice (458.6+9 ver-
sus 448.6+6.6 bpm; n=5; P=0.39) (Figure 1B). To cre-
ate EC-specific RGS5 knockout mice (EC-Rgs5™), we
bred Rgs5™"x mice with tamoxifen-inducible trans-
genic mice that express Cre under the control of the
vascular endothelial-cadherin (Cdh5) promoter (Cahb-
CrefR™) (Figure S1E). Western blotting analyses of cell
lysates from primary cultures of brain microvascular
endothelial cells of EC-Rgs5~~ mice (Figure 1C) and
from whole brains, hearts, and lungs of EC-Rgs57~
mice (EC-Rgs5™/fox with tamoxifen) showed endothe-
lial-specific RGS5 deletion compared with that of
control (EC-Rgs5™fox without tamoxifen) (Figure 1D).
The overall RGS5 expression in tissues was reduced in
the whole brain (18.4+1.4%; n=5; P<0.01), whole heart
(14.241.6%; n=5; P<0.01), and whole lung (29.4+2.1%;
n=5; P<0.01) of EC-Rgs5~~ mice compared with that
of controls (Figure 1D). The blood pressure of endothe-
lial-specific Rgs5-deficient mice (EC-Rgs5™¥/fox with-
out tamoxifen) did not significantly differ from controls
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Figure 1. Generation of global (Rgs5~'-) and endothelial cell-specific regulator of G-protein signaling 5 (RGS5) deficient

mice (EC-Rgs5~").

A, Western blotting of RGS5 in the brain, lung, heart, and liver of Rgs5~/- mice compared with control, transgenic mice expressing Cre
recombinase under the control of the phosphoglycerate kinase 1 promoter (Pgk-Cre). B, Blood pressure and heart rate of Rgs5~/~ and
Pgk-Cre mice (n=5). Western blot analysis of RGS5 expression in primary brain endothelial cells (C) and brain, heart, and lung of EC-
Rgs5~~ mice (D), with and without (Control) tamoxifen treatment (n=5). E, Blood pressure (BP) and heart rate of Control and EC-Rgs5~"~
mice (n=5-4). The Welch t test was used for normally distributed data, and the Mann-Whitney U test was used for all nonnormally
distributed data set comparisons. *P<0.05, **P<0.01. B.p.m. indicates beats per minute.

(systolic blood pressure, 113.3+2 versus 115+2.2 mm Hg
[P=0.52]; diastolic blood pressure, 72.8+41.2 versus
75.2+2.4 mm Hg [P=0.36]; mean arterial blood pres-
sure, 87 [IQR, 87-84.5] versus 88 mm Hg [IQR, 92.2—
84.5] [P=0.61]) (Figure 1E). EC-Rgs5~~ mice were fertile
and had a similar body weight as control mice up to
8 weeks (Figure S1F).

Neuroprotective Effect of RGS5 After
Focal Cerebral Ischemia

RGS5 expression is increased in the early period fol-
lowing the onset of ischemic injury,"" suggesting a
potential physiological role of RGS5 in focal cerebral
ischemia. Indeed, triphenyltetrazolium chloride staining
indicated Rgs5™~ mice had larger cerebral infarct sizes
compared with control (Pgk-Cre) mice (32.0+0.5%
versus 15.9+0.9%; n=10; P<0.01) (Figure 2A). This
was associated with more severe neurological motor
deficits (n=10) (Figure 2B), greater loss of coordination,
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as determined by the adhesive tape removal test
(122.4+6.7 versus 63.1+3.8 seconds; n=10; P<0.01)
(Figure 2C), and increased brain edema forma-
tion (84.8+0.4% versus 81.9+0.3%; n=10; P<0.01)
(Figure 2D) in Rgs5~~ mice. No differences in any pa-
rameters were observed between Rgs5”~ mice and
transgenic mice expressing Cre recombinase under
the control of the phosphoglycerate kinase 1 promoter
after sham surgery. Compared with control mice, BBB
permeability, as determined by leakage of Evan blue,
was greater in Rgs5” mice (n=5) (Figure 2E). Similar
findings of greater BBB permeability in Rgs5~~ mice
were observed in the ipsilateral brain hemisphere
after intravenous injection of 40 kDa FITC-labeled
dextran (18.3+0.45 versus 13.4+0.23 pg/g of tissue;
n=6; P<0.01) (Figure 2F) and in coronal cryosections
of brain peri-infarct areas, as visualized by fluores-
cent microscopy (Figure 2G). There were no changes
in BBB permeability with sodium-FITC and 5 kDa
dextran—Cascade Blue in sham operated animals



Sladojevic et al RGS5 and BBB Integrity in Ischemic Stroke

B Bl Score4 [Score 2 200-
* o Z24Score 3  BEScore 1 © *
— 519 -%
ug g9 o 1504 ]
R = 8 5 =
7 c 9 —
o g ¢ 2 $100- .
o g4 £2 |echme
o° S 3 23501 eqe
S 2 L
51 )
; — 20 £ : .
Pgk-Cre  Rgs57~ z = Pgk-Cre  Rgs57~

Pgk-Cre Rgs5~-
24 h after MCAO 24 h after MCAO 24 h after MCAO

D F o G Dextran 40 kDa CD31
—~95- o Ipsilateral 3257 u i
G (;:)s ?elat | ° |—| o Ipsilateral o
= on * = Contralatera ‘5 20 m Contralateral 5
€901 > axe Q
€ Q) [} L4
S 854 3 154 n?’
5. | &% e . ¥
Lgo{ e g
g ! L} 'l | | é
£ 751 c 54 <4
g g !
om >4 E e . ‘8
70 T T T T 3 0 T T T T —— >
Pgk-Cre Rgs57~ Pgk-CreRgs5™~ O  Pgk-Cre Rgs5-- Pgk-Cre Rgs5-- &
24 h after MCAO 24 h after MCAO
[0}
E H S
n
6 (0]
o5, o
Baf == T )
A - 23 S
N ' g’_z %
Pgk-Cre Rgs5™ /- (1} —eoveo— —Smwer— D
. . 4
24 h after MCAO Pgk-Cre Rgs5-- Pgk-Cre Rgss-- 1
Sodium FITC 5 kDa Dextran-Blue é’

Figure 2. Effect of global regulator of G-protein signaling 5 (RGS5) deletion on cerebral injury after transient middle
cerebral artery occlusion (MCAO).

A, Coronal brain sections of control transgenic mice expressing Cre recombinase under the control of the phosphoglycerate kinase
1 promoter (Pgk-Cre) and global Rgs5 deficient (Rgs5~-) mice stained with 2,3,5, triphenyltetrazolium chloride (left panel) with
corresponding quantification of cerebral infarct volume (right panel) (n=10). Neurological deficit score (B), sensorimotor impairment (C),
brain edema formation (n=10) (D), and Evans blue leakage (E) in Pgk-Cre (Control) and global Rgs5~"- mice 24 hours after MCAO (n=5).
Bar=1 mm. Quantification of blood-brain barrier (BBB) permeability (F) and microscopic visualization of fluorescein isothiocyanate
(FITC)-labeled dextran 40 kDa leakage (G), 24 hours after MCAO in Pgk-Cre (Control) and global Rgs5~'~ mice (n=6). Bar=50 pym. H,
BBB permeability for sodium-FITC and 5 kDa dextran—-Cascade Blue of sham operated animals (n=5). For comparisons between 2
groups, the Welch t test was used. For brain edema formation, and BBB permeability data sets, 2-way ANOVA (variables, ipsilateral vs
contralateral and Pgk-Cre vs Rgs5~) was conducted followed by post hoc Tukey tests. The ¥ test was used for neurological deficit
score data. *P<0.01.

(sodium-FITC P=0.23, dextran—Cascade Blue P=0.69; (83.8+0.3% versus 81.2+0.6% and 80.2+0.7%; n=5;
n=5; Figure 2H). P<0.01; Figure 3D) compared with control mice (EC-
Rgs5™iox mice without tamoxifen and inducible Cre

. . recombinase under the control of the vascular en-
Neuroprotective Effect of Endothelial dothelial cadherin promoter mice with tamoxifen).

RGS5 After Focal Cerebral Ischemia Furthermore, EC-Rgs57~ mice showed increased
Next, we examined the role of endothelial RGS5 in permeability of 40 kDa dextran-FITC in the ipsilateral
focal cerebral ischemia. As with Rgs57~ mice, EC-  hemisphere compared with control mice (17+0.5 ver-
Rgs5~~ mice also exhibited increased cerebral infarct  sus 13+0.3 pg/g of tissue; n=5; P<0.01) (Figure 3E),
size (24.5+£0.7% versus 14.8+1.0% and 14.7+0.7%; which was confirmed via visualization of coronal cry-
n=5-6; P<0.01; Figure 3A), more severe motor neu- osections of brain peri-infarct areas by fluorescent
rological deficits (n=5; Figure 3B), poorer coordina- microscopy (Figure 3F). These findings indicate that
tion, as measured by the adhesive tape removal test  endothelial-specific RGS5 plays a major role in BBB
(81.4+2.3 versus 45.8+1.7 and 48+2.1 seconds; n=5; integrity and limits the extent of injury following focal
P<0.01; Figure 3C), and greater brain edema formation cerebral ischemia.
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Figure 3. Effect of endothelial-specific regulator of G-protein signaling 5 deletion (EC-Rgs5~") on cerebral injury following
transient middle cerebral artery occlusion (MCAO).

A, Coronal sections stained with 2,3,5, triphenyltetrazolium chloride (left panel) with quantification of cerebral infarct volume (right
panel) (=5 to 6). Evaluation of neurological deficit score (B) and sensorimotor impairment (C) in inducible Cre recombinase under
the control of the vascular endothelial cadherin promoter mice (Cdh5-CrefR™?) tamoxifen treated (Control+TMX), and EC-Rgs5~"~
with and without (Control) tamoxifen induction (n=5). D, Brain water content following MCAO in EC-Rgs5~~ and control mice (n=5).
Quantification of blood-brain barrier permeability (E) and microscopic visualization of fluorescein isothiocyanate-labeled dextran
40 kDa leakage (F), 24 hours after MCAO in EC-Rgs5~- and Cdh5-CrefRT2 tamoxifen treated (Control+TMX) (n=5). Bar=50 pm. For all
data sets, 1-way ANOVA (A and C) or 2-way ANOVA (D and E; variables, ipsilateral vs contralateral and type of mouse) was conducted
followed by post hoc Tukey tests. The 2 test was used for neurological deficit score data. *P<0.01.

RGSS Deficiency Leads to Higher Gq In RGS5 knockdown (RGS5-KD) HBMECs, Ga,, ac-
Activity and Increased Intracellular tivity was higher under basal conditions and after L-
Calcium Levels glutamate treatment in a concentration-dependent
RGS5 regulates the function of G-protein-coupled ~ Manner compared with control cells (n=5; P<0.05;
receptors by enhancing Ga,, GTPase activity and in- Figure 4B). Next, we examined the effect of RGS5

hibiting Ga,, signaling.? As Ga,, mediates increases deficiency on intracellular calcium levels. In RGS5-KD
in intracellu?ar calcium and calgium plays an impor- HBMECs, higher intracellular oglpium concentration
tant role in endothelial permeability,” we investigated ~ Was observed under basal conditions (0.10+0.02 ver-
whether the loss of function of RGS5 in HBMECs ~ Sus 0.04+0.01 pg/well; n=5; P=0.01; Figure 4C)
affects Ga,, activity in vitro, with and without 1-glu- ~ @nd after L-glutamate treatment (0.3+0.05 versus
S - .. 0.15+0.01 pg/well; n=5; P=0.01; Figure 4C) com-
tamate stimulation, which mimics glutamate release AOEUUT Hg/Well ' V1 Fgure £
during cerebral ischemia. Successful knockdown pared with control cells. The increase in intracellu-
of RGS5 by lentiviral sShRNA transduction was con-  lar calcium in RGS5-KD HBMECs was completely
firmed by Western blotting (Figure 4A). Furthermore, ~ @bolished by the cell-permeable Cakf'“/m chelator,
efficient transduction and delivery was confirmed  1,2-bis(0-aminophenoxy)ethane-N,N,N’,N"tetraacetic
by control GFP lentiviral transfection (Figure S1G).  acid-acetoxylmethyl ester (BAPTA-AM). Similarly,
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Figure 4. Effect of regulator of G-protein signaling 5 knockdown (RGS5-KD) on Gq activity, intracellular calcium levels, and
myosin light chain kinase/Rho-associated kinase (MLCK/ROCK) activity in human brain endothelial cells.

A, Western blotting evaluation of RGS5-KD. B, Gq activity measured before and after treatment with L-glutamate in a concentration-
dependent manner (*P<0.01, and TP<0.001; n=5). C, Quantification of intracellular calcium concentration after treatment with .-glutamate
and BAPTA-AM (n=5). D, Fura-2 staining following treatment with L-glutamate. Western blotting showing phosphorylation of myosin
phosphatase target subunit 1 (MBS) (E) and myosin light chain 2 (MLC2) (F), before and after treatment with -glutamate (n=5). G,
Phalloidin staining showing increased F-actin staining. Bar=50 um. Western blotting analysis of ROCK activity (MBS phosphorylation)
(H) and MLCK activity (MLC2 phosphorylation) (I) in control and RGS5-KD, with or without oxygen glucose deprivation and .-glutamate
stimulation (OGD+L-glutamate stimulation; 1 mmol/L for 3 hours), in the presence or absence of either ROCK (Y-27632; 20 pmol/L) or
MLCK (ML-7; 10 umol/L) pharmacological inhibition. Cell permeability, as determined by fluorescein isothiocyanate-labeled dextran
40 kDa of control or RGS5-KD human brain microvascular endothelial cells (HBMECs), with or without OGD+L-glutamate, in the
presence or absence of ROCK inhibitor (Y-27632; 20 pumol/L) (J) or MLCK inhibitor (ML-7; 10 umol/L) (K) (n=5). Wilcoxon signed-rank
test was used for the Gq activity data set. All other data sets used 2-way ANOVA followed by post hoc Tukey tests (variables, treatment
groups and control vs RGS5 knockdown). *P<0.05, **P<0.01.

the increase in intracellular

calcium concentration in

RGS5-KD HBMECs after L-glutamate treatment was
also observed with Fura-2 staining (Figure 4D).

RGS5 Regulates the Actin Cytoskeleton
Through Inhibition of Rho-Associated
Kinase and Myosin Light Chain Kinase
Rho-associated kinase (ROCK) and myosin light chain
kinase (MLCK) are 2 important mediators of the actin
cytoskeleton and, consequently, play central roles

J Am Heart Assoc. 2020;9:e017533. DOI: 10.1161/JAHA.120.017533

in endothelial barrier maintenance.”® To determine
the effects of RGS5 deficiency on ROCK and MLCK
activity, we measured the downstream phosphoryla-
tion targets of ROCK (Thr8%3-MBS) and MLCK (Ser/
Thr-MLC2). Compared with control cells, RGS5-KD
HBMECs exhibited higher ROCK activity (phospho-
myosin-binding subunit/total-myosin-binding subu-
nit, pMBS/tMBS) under basal conditions (1.42+0.07
versus 1.00+0.0; P<0.01; n=5) and after -glutamate
treatment (2.58+0.10 versus 2.12+0.14; P=0.03; n=>5)
(Figure 4E). Similarly, RGS5-KD HBMECs exhibited
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Figure 5. Effect of regulator of G-protein signaling 5 knockdown (RGS5-KD) on actin cytoskeleton reorganization and
cellular permeability during oxygen glucose deprivation and L-glutamate stimulation (OGD+L-glutamate; 1 mmol/L for

3 hours) and reperfusion treatment.

Western blotting analysis of myosin phosphatase target subunit 1 (MBS) and myosin light chain 2 (MLC2) phosphorylation, before and
after treatment with Gq inhibitor (10 pmol/L; YM254980) (A), metabotropic glutamate receptor (mGIuR) inhibitor (10 mmol/L; JNJ16259685)
(B), and ligand-gated ionotropic glutamate receptor (NMDAR) inhibitor (10 mmol/L; MK-801) (C). Cell permeability, as determined by
fluorescein isothiocyanate—labeled dextran 40 kDa in the presence or absence of Gq inhibitor (D), mGIuR (E), or NMDAR inhibitor (F).
n=5 for all above experiments. Normally distributed data sets used 2-way ANOVA (variables, treatment groups and control vs RGS5-KD)
followed by post hoc Tukey tests, whereas nonnormally distributed data sets used Kruskal-Wallis tests. *P<0.05, **P<0.01.

higher MLCK activity (phospho-myosin light chain
2/total-myosin light chain 2) under basal (1.47+0.06
versus 1.00+0.0; P<0.01; n=5) and L-glutamate treat-
ment conditions (2.93+0.14 versus 1.88+0.13; P<0.01;
n=>5) (Figure 4F). Indeed, RGS5-KD HBMECs showed
greater F-actin staining under basal conditions and
with L-glutamate treatment compared with controls
(Figure 4G).

An in vitro model of ischemia-reperfusion injury
consisting of exposing HBMECs to OGD with t-glu-
tamate (ischemia) followed by replenishment with
oxygen and glucose but without L-glutamate (reper-
fusion) was used to gain further mechanistic insight.
Using this model, we found that ROCK and MLCK
activities were both increased by OGD and L-gluta-
mate (Figure 4H and 4l). Cotreatment with Y-27632,
an inhibitor of ROCK, or ML-7, an inhibitor of MLCK,
prevented the increase in ROCK and MLCK activi-
ties in both control and HBMEC-RGS5-KD cells,
respectively. This correlated with a reduction in

J Am Heart Assoc. 2020;9:e017533. DOI: 10.1161/JAHA.120.017533

OGD/1-glutamate—induced RGS5-KD HBMEC cell
permeability with either ROCK inhibition (control,
6.43+0.34 versus 3.13+0.3, n=5, P<0.01; HBMEC-
RGS5-KD, 9.86+0.73 versus 2.66+0.34, n=5, P<0.01;
Figure 4J) or MLCK inhibition (control, 7.06+0.43
versus 4.78+0.25, n=5, P<0.01; HBMEC-RGS5-KD,
10.48+0.54 versus 5.12+0.3, n=5, P<0.01; Figure 4K).
These findings indicate that RGS5 deficiency leads
to activation of ROCK and MLCK, enhanced F-actin
staining, and increased cell permeability in a ROCK/
MLCK-dependent manner.

Inhibition of G,-Coupled Metabotropic
Glutamate Receptor 1 and Ligand-Gated
lonotropic Glutamate Receptor by RGS5
Mediates Changes in ROCK and MLCK
Activity and Cell Permeability

Because-glutamateisknowntoactivate Ga,-coupled
metabotropic glutamate receptor 1 (mGIuR1) and

10
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Figure 6. Effect of regulator of G-protein signaling 5 knockdown (RGS5-KD) on brain endothelial tight junction proteins.

A through C, Immunofluorescent staining of tight junction proteins, zonula occludens 1 (ZO1), occluding, and claudin-5 before after
stimulation with oxygen glucose deprivation and L-glutamate treatment (OGD+L-glutamate; 1 mmol/L for 3 hours), with and without
metabotropic glutamate receptor inhibitor (10 mmol/L; JNJ16259685), ligand-gated ionotropic glutamate receptor inhibitor (10 mmol/L;
MK-801), Gq inhibitor (10 pmol/L; YM254980), Rho-associated kinase (ROCK) inhibitor (Y-27632; 20 umol/L), or myosin light chain

kinase (MLCK) inhibitor (ML-7; 10 pmol/L) (n=5). Bar=10 um.

ligand-gated ionotropic glutamate receptor (NMDAR)
in the brain, we investigated whether selective in-
hibitors of Ga,, mGIuR1, and NMDAR could reverse
the effects of OGD/-glutamate—induced ROCK/
MLCK activity and cellular permeability in control
and RGS5-KD HBMECs. Cotreatment with the Ga,
inhibitor, YM254980, blocked the increase in ROCK
activity (0.96+0.06 versus 1.48+0.03; n=5; P<0.01)
and MLCK activity (3.5 [IQR, 4-2.6] versus 5.34
[IQR, 5.6-4.3]; n=5; P=0.02) in RGS5-KD HBMECs
(Figure 5A). Similarly, cotreatment with the mGIuR1
inhibitor, JNJ 16259685, prevented the upregula-
tion of ROCK activity (0.86+0.08 versus 1.48+0.02;
n=5; P<0.01) and MLCK activity (1.04+0.03 ver-
sus 2.05+0.05; n=5; P<0.01) in RGS5-KD HBMECs
(Figure 5B). Finally, cotreatment with the NMDAR in-
hibitor, MK-801, also inhibited the increase in ROCK

J Am Heart Assoc. 2020;9:e017533. DOI: 10.1161/JAHA.120.017533

activity (1.12+0.04 versus 1.45+0.02; n=5; P<0.01)
and MLCK activity (0.97 [IQR, 1.16-0.92] versus 1.54
[IQR, 1.57-1.33]; n=5; P<0.01) in RGS5-KD HBMECs
(Figure 5C). These inhibitory effects of YM254980,
JNJ 16259685, and MK-801 on ROCK and MLCK
activities in RGS5-KD HBMECs correlated with de-
creases in cell permeability, as measured by FITC-
labeled 40 kDa dextran (Ga, inhibition: 4.16+0.3
versus 10.08+0.75, n=5, P<0.01; mGIuR1 inhibition:
3.58+0.2 versus 9.16+0.6, n=5, P<0.01; NMDR in-
hibition: 4.48+0.19 versus 9.62+0.43, n=5, P<0.01)
(Figure 5D through 5F). These findings suggest that
inhibition of Gaq, mGIuR1, and NMDAR, and their
downstream targets, ROCK and MLCK, by RGS5 in
HBMECs is critical for maintaining endothelial cell in-
tegrity and limiting cell permeability in response to
OGD/1-glutamate.
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Maintenance of Endothelial Junctional junction proteins before or after MCAO or OGD/L-
Proteins and Endothelial NO Synthase glutamate treatment in our in vivo and in vitro mod-
Expression by RGS5 els of ischemic stroke, respectively (P>0.05; n=5-8)

(Figure S2A and S2B).
Loss of membrane junctional proteins through cellular  We have previously shown that ROCK is an important
relocalization is an important mechanism that leads to negative regulator of endothelial NO synthase (eNOS)
increased cell permeability in response to ischemia-  expression and activity.?%2! Because RGS5 deletion/
reperfusion injury.” Indeed, immunofluorescent stain-  deficiency leads to increased ROCK activity, we first
ing for endothelial junctional proteins, including zonula investigated the effects of RGS5 on eNOS expression

occludens-1, occludin, and claudin-5, showed in-  and activity. RGS5-KD HBMECs exhibited lower phos-
creases in membrane relocalization of these junction  phorylation of eNOS at Ser'"”” under basal conditions

proteins in RGS5-KD HBMECs after OGD/1-glutamate (0.8 [IQR, 0.84-0.65] versus 1.0; n=5; P<0.01) and after
treatment (Figure 6A through 6C; n=5). The relocaliza-  OGD/L-glutamate treatment (0.95 [IQR, 0.84-0.65]
tion of these junction proteins was prevented by inhibi-  versus 1.33 [IQR, 1.12-0.9]; n=5; P<0.01) (Figure 7A).
tion of Rho/ROCK, MLCK, Ga,, mGluR1, and NMDAR.  Furthermore, eNOS expression was lower in RGS5-KD
There were no differences in total expression of tight HBMECs before (0.82 [IQR, 0.88-0.80] versus 1.0;
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Figure 7. Effect of regulator of G-protein signaling 5 deficiency (RGS5) on endothelial NO synthase (eNOS) expression in
human brain microvascular endothelial cells (HBMECs) and brain tissue before and after middle cerebral artery occlusion
(MCAO).

A, Western blotting analysis and quantification of eNOS phosphorylation and expression in control and RGS5 knockdown (RGS5-KD)
HBMECs, with and without oxygen glucose deprivation and L-glutamate treatment (OGD+L-glutamate; 1 mmol/L for 3 hours) (n=5). NO
production measured in whole brains before MCAO (B) and in contralateral and ipsilateral hemispheres after MCAO (C) of controls
and endothelial Rgs5 deficient (EC-Rgs5~") mice (n=5). Rho-associated kinase (ROCK) activity, measured by myosin phosphatase
target subunit 1 (MBS) phosphorylation (D) and eNOS phosphorylation (E) and expression in contralateral and ipsilateral hemisphere
after MCAO of control and EC-Rgs5~~ mice. F, DAF-FM staining of EC-Rgs5~~ and control mice coronal brain sections 24 hours after
MCAO (n=3). Bar=1 mm. For all data sets, 1-way ANOVA (B) or 2-way ANOVA (C through E; variables, ipsilateral vs contralateral and
type of mice) followed by post hoc Tukey tests. Nonnormally distributed data sets were analyzed by Kruskal-Wallis tests (A). *P<0.05,
**P<0.01, #P<0.001. Control indicates EC-Rgs57°¥°x without tamoxifen; Control+TMX, Cdh5-CrefR™ with tamoxifen; and EC-Rgs5~"-,
endothelial cell-specific RGS5-deficient mice.
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n=5; P<0.01) and after OGD/L-glutamate treatment
(0.94 [IQR, 0.99-0.90] versus 1.16 [IQR, 1.24-1.14];
n=5; P<0.01) (Figure 7A).

Given that eNOS appears to be implicated in our
in vitro data, we sought to evaluate the role of RGS5
in our in vivo model of ischemic stroke. Although
basal NO production in whole brains of EC-Rgs5~~
mice did not differ compared with that of control
mice (P>0.05; n=5) (Figure 7B), EC-Rgs57 mice
showed decreased overall NO production in isch-
emic brain hemispheres following transient MCAO
(64.4+4.6 versus 90.2+4.7 and 93.2+3.7; n=5;
P<0.01) (Figure 7C). ROCK activity in the ipsilateral
brain hemisphere was also higher in EC-Rgs5™~
compared with controls (1.13+0.08 versus 1.75+0.25;
n=5; P=0.04) (Figure 7D). This higher ROCK activ-
ity correlated with decreased eNOS expression and
phosphorylation in the ipsilateral hemisphere (phos-
phorylated eNOS, 1.52+0.08 versus 1.25+0.03, n=8,
P=0.015; eNOS, 1.41+£0.04 versus 1.16+0.04, n=8,
P<0.01) (Figure 7E). Furthermore, we visualized the
decreased NO production in EC-Rgs5~-, compared
with controls, by DAF-FM staining following transient
MCAO (Figure 7F). The fluorescent staining, corre-
sponding to NO production, was greater in the infarct
area of control mice (EC-Rgs57°¥x without tamoxifen
and inducible Cre recombinase under the control of
the vascular endothelial cadherin promoter mice with
tamoxifen) compared with that of EC-Rgs5~~ mice.
These findings indicate that RGS5 is an important
mediator of endothelial function, and maintains en-
dothelial function under ischemic conditions.

DISCUSSION

We have shown that RGS5 stabilizes and maintains
BBB after focal cerebral ischemia through inhibi-
tion of Ga, and its coupled receptors, mGIluRs and
NMDARSs. This leads to attenuation of ROCK and
MLCK signaling pathways, which affect actin cy-
toskeletal reorganization, endothelial tight junction,
cell permeability, and stroke severity. Indeed, both
global and endothelial RGS5 deficiency lead to in-
creased BBB permeability, greater brain edema for-
mation, larger cerebral infarct size, and worsened
neurologic function. These findings suggest that
RGS5 plays an important role in maintaining en-
dothelial function and BBB integrity during focal cer-
ebral ischemia.

The BBB is composed of endothelial cells, peri-
cytes, and astrocyte end-feet processes, and plays a
critical role in maintaining brain homeostasis.?®> Thus,
alteration of BBB can lead to increased brain edema,
ion dysregulation, immune cell infiltration, entry of
blood-borne molecules, and energy disbalance, which
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can cause neuronal dysfunction and death.?® Recent
experimental and clinical studies support the notion
that BBB dysfunction is an important contributor to the
outcome of neurological diseases, such as ischemic
stroke, brain trauma and tumorigenesis, multiple scle-
rosis, epilepsy, and Alzheimer disease.?® However, the
complex mechanisms by which BBB is regulated, both
under homeostatic and pathophysiological conditions,
are not well understood. Our findings implicate RGS5
as a novel regulator of BBB integrity, suggesting that
RGS5 can be therapeutically exploited to attenuate
the severity of neurological diseases affected by BBB
alterations.

A new finding of this study is the effect of glutamate
on nonneuronal cells, such as brain microvascular
endothelial cells, as it pertains to BBB permeability
and stroke severity. The release of glutamate, an im-
portant excitatory neurotransmitter, is an important
mediator of rapid neuronal death, especially during
ischemic stroke. Indeed, glutamate accumulation in
neurons during ischemic stroke leads to early ne-
crosis or delayed apoptosis.?* Although the effects
of glutamate on mGIuRs and NMDARs are known
in neuronal cells, the physiological role of these re-
ceptors in HBMECs, a vital component of the BBB,
has not been fully characterized.?®=?” Some studies
suggest that stimulation of NMDARs by glutamate
may be the primary cause of increased endothelial
permeability, whereas other studies have suggested
that inhibitors of mGIuRs may have neuroprotec-
tive effects after ischemic stroke.?8=3° The precise
mechanisms by which glutamate receptors exert
their BBB-disruptive effects, however, are unknown.
Because RGS5 is known to modulate the activities
of Ga, and Ga;,* 2 G-protein subunits that are cou-
pled to mGIuRT1, it is likely that RGS5 can negatively
modulate mGIuR1 signaling in brain endothelial cells
during ischemic stroke. Indeed, inhibition of mMGIuR1
partially reversed the deleterious effects of RGS5
deficiency in brain microvascular endothelial cells by
improving endothelial function and decreasing BBB
permeability.

The expression of RGS5 is restricted to certain
tissues. For example, RGS5 is abundantly expressed
in vascular cells, such as endothelial cells, smooth
muscle cells, and pericytes, but has limited expres-
sion in neurons.®"32 Although our findings support
endothelial RGS5 as an important mediator of BBB
maintenance and stroke outcome, it is possible that
RGS5 in other cell types, such as vascular smooth
muscle, pericytes, and immune cells, also plays im-
portant roles in maintaining BBB integrity.®334 Indeed,
we found greater BBB leakage and worse stroke
outcomes in global Rgs5™~ mice compared with en-
dothelial-specific EC-Rgs5™~ mice, suggesting that
other cell types lacking RGS5 may also influence
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BBB stability and stroke outcome. Interestingly, a
recent study showed that the loss of RGS5 affects
pericyte coverage of endothelial cells, thus affecting
BBB formation and integrity.3® In contrast with our
findings, their results do not show any differences
in cerebral infarct size and brain edema formation
between Rgs5~~ and control mice following cerebral
ischemia. It is uncertain why their results differ from
ours, but a potential explanation could be the differ-
ence in the generation of the RGS5 knockout ani-
mals and the model of cerebral ischemia used. Ozen
et al®® used mice created by replacing the in-frame
RGS domain of Rgs5 from part of exon 2 to exon 5
by a GFP reporter. It is possible, therefore, that the
GFP cassette could introduce hypomorphic features
in their mice, including a decrease in blood pressure.
Furthermore, it is unclear whether their mice retained
the expression of exon 1 of Rgs5, which could also
produce a confounding phenotype. In contrast, we
confirmed complete absence of the Rgs5 gene, in-
cluding the lack of expression of truncated forms of
exons 1 and 2. Another potential difference between
their findings and ours is the difference in the model
of cerebral ischemia used. Ozen et al performed per-
manent middle cerebral artery occlusion model by
electrocoagulation of the distal part of the middle
cerebral artery after craniectomy, whereas we used
a transient, intraluminal filament model of middle ce-
rebral artery occlusion.

Hypertension is associated with poor outcome and
hemorrhagic transformation after ischemic stroke.®® In
concordance with the results of other studies, we show
that global RGS5-deficient mice have elevated blood
pressures, which may potentially affect the outcome of
acute ischemic stroke.>® However, for the first time, we
show that endothelial-specific RGS5 deletion does not
have a major impact on blood pressure. Consequently,
worsened BBB stability and infarct size in ischemic
stroke may be caused by endothelial dysfunction, as
shown in this study, rather than an increase in blood
pressures.

The increased Ga,, activation and intracellular cal-
cium concentration in brain microvascular endothe-
lial cells, both in basal conditions and in response
to glutamate, can likely be attributed to the lack of
Ga, inhibition with RGS5 deficiency. The activation
of Ga,-coupled mGIuR1 by glutamate leads to the
upregulation of phospholipase C and hydrolysis of
phosphatidylinositol 4,5-biphosphate to diacylglyc-
erol and inositol triphosphate.®” Inositol triphosphate
induces the release of calcium from the endoplas-
mic reticulum, thereby increasing intracellular cal-
cium concentration. Similarly, the activation of
NMDARs by glutamate could also directly lead to
increases in intracellular calcium. Because MLCK is
a calcium-calmodulin binding protein, an increase in
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intracellular calcium would lead to MLCK activation
and MLC phosphorylation.®3% MLC phosphorylation
is a prerequisite for actomyosin formation, cellular
contraction, relocalization of tight junction proteins,
and cell permeability.*° In addition, the activation of
Ga;- and Ga,-coupled receptors in RGS5-deficient
endothelial cells may also lead to activation of the
Rho/ROCK signaling pathway, which could likewise
maintain MLC phosphorylation through the inhibition
of myosin light chain phosphatase or by direct phos-
phorylation of MLC.*' Thus, the combined activation
of ROCK and MLCK by glutamate through mGIluR1s
and NMDARs may potently stimulate endothelial cell
contraction and BBB permeability. The mechanisms
of Ga, activation of Rho/ROCK are not fully under-
stood. According to previously published studies,
Ga, can promote Rho/ROCK activity directly by acti-
vating RhoA. Ga,, can also activate other Rho family
members, such as Rac and Cdc42, which lead to
activation of their downstream effectors rather than
through RhoA activation. The existence of a large
number of Rhoguanine nucleotide exchange factors
(GEFs) may give us new candidates that can me-
diate Ga,, activation of Rho, including p63RhoGEF
and Trio, in addition to the RGS domain containing
RhoGEFs that are activated by Ga,, and Ga,; +'~*®

Although there is some evidence for cross talk be-
tween mGIUR and NMDAR pathways, the potential
regulation of NMDARs by G-protein—coupled path-
ways, such as by RGS5, requires further evaluation.*44°
The activation of Src-family tyrosine kinase by certain
Ga, coupled receptors might potentially explain the
cross talk of RGS5 with NMDARs.*® Nevertheless, in
our study, we find that inhibition of Ga,, mGluR1s, or
NMDARSs leads to reversal of ROCK/MLCK activation
and cellular permeability in RGS5-deficient brain mi-
crovascular endothelial cells.

Our findings indicate that glutamate and RGS5
play important roles in ROCK activation in brain en-
dothelial cells in a model of ischemic stroke. Because
ROCK also plays an important role in the pathogen-
esis of endothelial dysfunction, hypertension, va-
sospasm, cardiac hypertrophy, heart failure, and
stroke,* %% RGS5 may play a broader role in car-
diovascular disease through its inhibitory effects on
ROCK. Indeed, RGS5-deficient brain microvascular
endothelial cells exhibit lower eNOS expression and
activity, likely mediated by the increased ROCK ac-
tivity in these cells.?0 This is consistent with lower NO
synthesis in the brain of EC-Rgs5~~ mice, although
the decrease in NO could also be because of lower
activities of inducible NO synthase and neuronal
NO synthase. Because RGS5 deficiency leads to
impaired NO synthesis and more severe stroke out-
comes, the observed decrease in NO production in
the brains of EC-Rgs5~ mice is most likely caused
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by the downregulation of eNOS rather than down-
regulation of inducible NO synthase or neuronal NO
synthase, which tend to have neurotoxic effects.®!
Indeed, we found that the deletion of RGS5 in mice
leads to higher systolic and diastolic blood pres-
sures. Again, there are conflicting reports on the role
of RGS5 in blood pressure regulation,®?-%* perhaps
because of different approaches in the generation
of Rgs5~~ mice. The finding that our Rgs5~~ mice
have higher blood pressure is consistent with the
loss of RGS5 in gestational hypertension.® Similarly,
different single-nucleotide polymorphism variants of
RGS5 have been linked to essential hypertension in
Black and Chinese Han populations.®'© Our finding
that RGS5 is an important positive regulator of eNOS
and endothelial function may provide the basis for the
observed blood pressure elevation in Rgs5™~ mice.

There are a few limitations to our study. First, we
decided to use primary HBMECs to evaluate the trans-
latability of our findings in mice. It is possible that the
data from HBMECs after OGD/L-glutamate treatment
may not fully encapsulate the molecular signaling
pathways underling the phenotypic differences in our
murine model of MCAQO. Furthermore, as we implicate
ROCK in RGS5 deficiency, it is likely that alternative
mechanisms aside from tight junction relocalization are
involved in BBB disruption. For instance, pinocytosis
after transient focal ischemia, as regulated by ROCK,
may be involved in disruption of the BBB, and was not
evaluated in this article. Finally, as animals with a score
of 5 on the neurological deficit score were excluded,
survivorship bias may lead to the animals used in the
study providing more optimistic parameters.

Nonetheless, we have identified endothelial RGS5
as an important regulator of mGIuR1 and NMDAR sig-
naling through its inhibition of Ga,,. Global or endothe-
lial-specific loss of function of RGS5 leads to increased
BBB permeability and stroke severity. It remains to be
determined, however, whether RGS5 is a clinically
useful therapeutic target for stroke and cardiovascular
disease.
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SUPPLEMENTAL MATERIAL



Resources Tables

Table S1. Animals used in the study.

Species Source Background Strain Sex
Rgs57-mouse Our laboratory C57Bl/6J male
Pgk-Cre mouse The Jackson C57BI/6J male

Laboratory
EC-Rgs5-mouse | Our laboratory C57Bl/6J male




Table S2. Antibodies used in the study.

lgG-HRP
Conjugate

Laboratories,
Hercules, CA

Target antigen Source Catalog # Working
concentration

RGS5 Sigma-Aldrich, | HPA001821 | 1:100
St. Louis, MO

RGS5 Santa Cruz sc-390245 | 1:100 (IF)
Biotechnology,
INC

phospho-Thr8%3 MilliporeSigma, | 36-003 1:1000

MBS Burlington, MA

MBS BioLegend, San | 925101 1:5000
Diego, CA

phospho-specific | Cell Signaling 3674 1:1000

Thr8/Serl® MLC2 | Technology,
Danvers, MA

MLC2 Abcam, ab92721 1:5000
Cambridge, MA

phospho-specific | MiliporeSigma, | 07-428 1:1000

Sert’7eNOS Burlington, MA

eNOS BD Bioscience, | 610296 1:1000
San Jose, CA

Z01 Thermo-Fisher, | 33-9100 2ug/ml (WB)
Waltham, MA 8ug/ml (IF)

Claudin 5 Thermo-Fisher, | 35-2500 1:1000 (WB)
Waltham, MA 1:100 (IF)

Occludin Thermo-Fisher, | 71-1500 2ug/ml (WB, IF)
Waltham, MA

GAPDH GeneTex, GTX100118 | 1:5000
Irvine, CA

p-actin Sigma-Aldrich, | A5441 1:5000
St. Louis, MO

CD31 Abcam, ab28364 1:50 (IF)
Cambridge, MA 1:500 (WB)

NG2 Abcam, ab50009 1:200
Cambridge, MA

PDGFRp Abcam, ab32570 1:10000
Cambridge, MA

Goat Anti-Mouse | Bio-Rad 170-6516 1:2000

IgG-HRP Laboratories,

Conjugate Hercules, CA

Goat Anti-Rabbit | Bio-Rad 170-6515 1:2000




Goat anti-Mouse
IgG (H+L) Highly
Cross-Adsorbed
Secondary
Antibody, Alexa
Fluor 594

Thermo-Fisher,
Waltham, MA

A-11032

2 pg/mL

Goat anti-Rabbit
IgG (H+L) Cross-
Adsorbed
Secondary
Antibody, Alexa
Fluor 594

Thermo-Fisher,
Waltham, MA

A-11012

2 pg/mL

Goat anti-Mouse
IgG (H+L) Cross-
Adsorbed
Secondary
Antibody, Alexa
Fluor 594

Thermo-Fisher,
Waltham, MA

A-11005

2 pg/mL

Goat anti-Rabbit
IgG (H+L) Cross-
Adsorbed
Secondary
Antibody, Alexa
Fluor 488

Thermo-Fisher,
Waltham, MA

A-11008

4 pg/mL

Purified NA/LE
Rat Anti-Mouse
CD31

BD Bioscience,
San Jose, CA

553369

1 mg/ml

Purified NA/LE
Rat Anti-Mouse
CD102

BD Bioscience,
San Jose, CA

553325

1 mg/ml




Table S3. Cultured Cells used in the study.

Name Source
Primary human brain ScienCell Research
microvascular endothelial Laboratories (Carlsbad,
cells CA)
Mouse brain endothelial Generated in our
cells laboratory
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Figure S2. Effect of regulator of G protein signaling 5 deficiency (RGS5-KD) on total tight junction proteins. Western blotting analysis of tight junction
proteins (zonula occludens-1 (ZO-1), occludin,and claudin-5) in A) control and RGS5-KD human brain endothelial cells (HBMEC), with and oxygen glucose
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