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Loss of Regulator of G-Protein Signaling 5 Leads
to Neurovascular Protection in Stroke

TIlknur Ozen, PhD; Michaela Roth, MSc; Marco Barbariga, PhD; Abderahim Gaceb, PhD;
Tomas Deierborg, PhD; Guillem Genové, PhD; Gesine Paul, MD, PhD

Background and Purpose—In ischemic stroke, breakdown of the blood-brain barrier (BBB) aggravates brain damage.
Pericyte detachment contributes to BBB disruption and neurovascular dysfunction, but little is known about its regulation
in stroke. Here, we investigated how loss of RGS5 (regulator of G protein signaling 5) in pericytes affects BBB breakdown

in stroke and its consequences.

Method—We used RGS5 knockout and control mice and applied a permanent middle cerebral occlusion model. We
analyzed pericyte numbers, phenotype, and vessel morphology using immunohistochemistry and confocal microscopy.
We investigated BBB breakdown by measuring endothelial coverage, tight junctions, and AQP4 (aquaporin 4) in addition
to BBB permeability (fluorescent-conjugated dextran extravasation). Tissue hypoxia was assessed with pimonidazole
hydrochloride and neuronal death quantified with the terminal deoxynucleotidyl transferase dUTP nick end labeling assay.

Results—We demonstrate that loss of RGS5 increases pericyte numbers and their endothelial coverage, which is associated
with higher capillary density and length, and significantly less BBB damage after stroke. Loss of RGSS5 in pericytes
results in reduced vascular leakage and preserved tight junctions and AQP4, decreased cerebral hypoxia, and partial

neuronal protection in the infarct area.

Conclusions—Our findings show that loss of RGS5 affects pericyte-related BBB preservation in stroke and identifies RGS5

as an important target for neurovascular protection.

Visual Overview—An online visual overview is available for this article. (Stroke. 2018;49:00-00. DOI: 10.1161/

STROKEAHA.118.020124.)
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erebral ischemia is accompanied by vascular dysfunction

because of damage of the blood-brain barrier (BBB).!?
The BBB is a specialized barrier consisting of ‘endothelial
cells, tight junctions, pericytes, astrocytic end-feet processes,
and the basement membrane, crucial to establish a highly
regulated microenvironment that ensures proper neuronal
function.** Disruption of the BBB in stroke causes dramatic
changes in the chemical and cellular compositions of this
microenvironment,** making the BBB an important target to
reduce brain damage in stroke.

Pericytes are an important component of the BBB. They
are located between endothelial cells and astrocytes and line
the entire microvasculature.’” Pericytes support endothelial
cell survival and promote normal tight junction development.’
Ischemic injury causes detachment of pericytes from the vas-
cular wall®'* and their degeneration, leading to progressive

capillary reduction and BBB breakdown.'"'> The molecu-
lar mechanisms| regulating pericyte function and associated
BBB alterations under pathological conditions are still poorly
understood.

RGSS (regulator of G-protein signaling 5) is a marker highly
expressed in brain pericytes.>'* It is a member of the RGS
family proteins that modulate G protein—coupled receptors'
stimulating GTPase activity and inhibiting signaling down-
stream of G protein—coupled receptors.'®!” We have previously
demonstrated that RGSS5 is upregulated in pericytes in response
to ischemic injury before detachment from the blood vessels,
suggesting a possible role of RGSS5 in this process.® However,
little is known about the function of RGSS in the regulation of
pericyte coverage and BBB damage after ischemic stroke.

To investigate the effect of loss of RGSS in stroke, we
induced ischemic stroke in RGSS5-knockout mice." Our
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findings identify RGSS5 as a potential ischemia-inducible fac-
tor in pericytes that negatively regulates pericyte number and
endothelial coverage in stroke which in turn leads to BBB
preservation and neurovascular protection.

Methods

The data that support the findings of this study are available from the
corresponding author on reasonable request.

Animals and Permanent Middle Cerebral Occlusion
All animal experiments followed the principles of labora-
tory animal care (National Institutes of Health publication No.
86-23, revised 1985), and experiments were approved by the
Ethical Committee at Lund University (M146-14). We random-
ized all mice and applied permanent middle cerebral occlusion
as described previously."” Experiments were performed by inves-
tigators blinded to the experimental condition of the animals.
For detailed description of the experimental conditions, see the
online-only Data Supplement.

Intravenous Injection of Dextran and Its Detection
To detect BBB permeability, 0.1 mL of lysine-fixable 10 kDa
dextran conjugated to Alexa 647 10 mg/mL in PBS (Invitrogen)
was injected into the tail vein 15 minutes before perfusion. As
controls both, intact mice injected with dextran-Alexa 647 and
stroke mice that received only PBS were used. Brain sections
were analyzed by confocal microscopy (Zeiss LSM510), and
extravasated dextran particles in the brain parenchyma were mea-
sured using Image J software. For details, please see the online-
only Data Supplement.

Immunohistochemistry

One day after permanent middle cerebral occlusion, mice were trans-
cardially perfused with PBS followed by 4% paraformaldehyde and
sections prepared as previously described.® The primary antibod-
ies used were rabbit anti-AQP4 (aquaporin 4; 1:1000, Millipore),
chicken anti-GFP (green fluorescent protein; 1:1000, Abcam), rab-
bit anti-claudin 5 (1:1000, Abcam), mouse anti-NeuN (neuronal
nuclei; 1:400, Millipore), rabbit anti-neural/glial antigen 2 (NG2;
1:200, Millipore), rabbit anti—platelet-derived growth factor receptor
(PDGFR)-f3 (1:200, Cell Signaling), anti—platatelet endothelial cell
adhesion molecule-1 (CD31; 1:400, BD), rabbit antivascular endothe-
lial-cadherin (1:1000, Abcam), rabbit anti—ZO-1 (zonula occludens 1;
1:500, Fisher), and staining revealed using species-specific fluoro-
phore-conjugated (Streptavidin Alexa 488, Molecular Probes; Cy3 or
Cys5, Jackson) or biotin-conjugated secondary antibodies (Jackson).
Biotinylated secondary antibodies were revealed using the ABC kit
(Vector labs). 4’,6-diamidine-2’-phenylindole (1 pg/mL, Sigma) was
used for counterstaining.

Image Processing and Cell Quantification
3,3’-Diaminobenzidine—stained sections were analyzed using
Olympus BX53 light microscope, and cells were counted using
CellSens digital imaging software. Fluorescent immunostain-
ings were visualized using an epifluorescence microscopy system
(Olympus BX53) or confocal microscopes (Zeiss LSMS510, Zeiss
LSM780). Figures were composed using Photoshop CS5 software.
For detailed description and quantification analysis, please refer to
the online-only Data Supplement.

For analysis of pericyte number and coverage, only GFP* cells
found on capillaries®®?' that displayed the morphology of typical peri-
cytes with a prominent cell body ‘and elongated processes were ana-
lyzed as previously done in studies using the same mouse strain.'"'#2>
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Figure 1. Loss of RGS5 (regulator of G-protein signaling 5) leads to increased pericyte numbers after stroke. A, Schematic representation of a coronal
brain section showing location of infarct core. Representative images showing GFP* (green fluorescent protein) pericytes in the infarct core in heterozygous
(HET; top) and knockout (KO; bottom) mice; scale bar, 20 um. Platelet-derived growth factor receptor (PDGFR) 3* pericytes in the infarct core of wild type
(WT; top), HET (middle), and KO (bottom) mice; scale bar, 20 um. B, Higher number of GFP* pericytes in infarct core in KO mice compared with HET (n=7,
**P<0.01, Student t test). C, Quantification of PDGFRf* pericytes in the infarct area in KO (n=5), HET (n=4), and WT (n=5) mice (***P<0.0001; ***P<0.001
1-way ANOVA, Tukey post hoc test). Data are expressed as cell numbers per mm?; mean+SD. Ic indicates ischemic core.
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Figure 2. Increased platelet-derived growth factor receptor (PDGFR) § and neural/glial antigen 2 (NG2) expression in pericytes in RGS5 (regulator of G-protein
signaling 5)-knockout (KO) mice after stroke. A, Confocal images show GFP+ (green fluorescent protein) pericytes around blood vessel (CD31, red) expressing
PDGFR{ (gray) in heterozygous (HET) and KO mice; seale bar, 20 pm. B, Quantification of GFP* pericytes expressing PDGFRf in HET and KO mice (n=6, **P<0.01
Student ¢ test). C, Confocal images show GFP* pericytes expressing NG2 (gray), around blood vessel (CD31, red) in HET and KO mice; scale bar, 20 pum. D, Quan-
tification of GFP* pericytes expressing NG2 in HET and KO mice (n=6, **P<0.01 Student ¢ test). Data are expressed as cell numbers per mm? mean+SD.

Protein Extraction and Western Blot
Please see the online-only Data Supplement.

Quantification of Gene Expression by Quantitative
Polymerase Chain Reaction
Please see the online-only Data Supplement.

Hypoxia Detection

To detect hypoxia in the infarct area after stroke, we applied
Hypoxyprobe-1 kit (Hypoxyprobe, Inc, Burlington, MA).
Quantification of the hypoxia area was performed using CellSens
digital imaging software. For quantification analysis, please refer to
the online-only Data Supplement.

TUNEL

Apoptotic cells were assessed by terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay according to the manufacturer
instructions (Roche). Please see the online-only Data Supplement.

Statistical Analysis

Statistical analyses were done with Graph Pad Prism version 5.04
software. Data are expressed as mean+SD. Two group comparison
was performed by using Student # test and multiple group comparison
by 1-way or 2-way ANOVA followed by Tukey post hoc test. For
Western blot, after normalization to the actin signal, the ipsilateral

expression of each junction protein was compared with the contralat-
eral expression, using a 2-way ANOVA, followed by Tukey post hoc
test. Significance was set at P<0.05.

Results

Loss of RGSS Leads to Increased Pericyte Numbers
After Stroke

Pericyte loss is a hallmark for stroke; however, its molecu-
lar mechanism remains largely unknown.®!1> We first inves-
tigated whether deletion of RGSS changes pericyte numbers
after acute ischemic injury.

Under physiological conditions, knockout mice did not
show any differences in pericyte numbers, both GFP* and
PDGFRf* as compared with their controls heterozygous
(HET) and wild type (WT) (Figure IA-IC in the online-only
Data Supplement).'® On stroke, however, the number of GFP*
pericytes was 80% higher in the infarct core of knockout mice
compared with HET mice (262+27 and 148+9; n=7; Figure 1A
and 1B). The number of PDGFR* pericytes was =45% higher
in the infarct core of knockout mice compared with HET and
WT mice (189+12; 129+20; and 123+13; n=5 [knockout] n=4
[HET], n=5 [WT]), whereas there was no difference between
HET and WT mice (Figure 1A and 1C).
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Figure 3. Loss of RGS5 (regulator of G-protein signaling 5) is associated with higher pericyte coverage and vascular density after stroke. A, Confocal images
show GFP* (green fluorescent protein) pericyte coverage around the blood vessels (CD31, red) in heterozygous (HET) and knockout (KO) mice; scale bar, 20
um. Quantification of GFP* pericyte coverage in HET and KO mice (n=5 *P<0.05, Student t test). Data are expressed as mean+SD. B, Endothelial cell staining
(CD31, red) shows higher vessel density in KO vs HET and wild type (WT) mice; scale bar, 10 um. C, Quantification shows significantly higher blood vessel
density in KO vs HET and WT mice. Data expressed as percentage of capillary area; mean+SD (n=6 [WT], n=8 [HET], n=10 [KO],**P<0.01, 1-way ANOVA;
left). Quantification of total blood vessel length shows significant increase in KO compared with WT mice. Data expressed in pm; mean+SD (n=7 [WT], n=4
[HET], n=6 [KO], **P<0.01, 1-way ANOVA; middle). Quantitative reverse transcription polymerase chain reaction shows higher mRNA levels of CD31 in the
infarct core of KO mice vs WT; mean+SD (n=7 [KO and HET], n=5 [WT], **P<0.01, 1-way ANOVA, right).

None of the GFP* pericytes were positive for TUNEL
(n=300 GFP* pericytes quantified in total), and GFP*/
PDGFR@* pericytes of each genotype did not show any
characteristics of apoptotic morphology at 1 day after isch-
emic injury (Figure IIA and IIB in the online-only Data
Supplement).

We next investigated whether loss of RGS5 has an
impact on the marker expression profile of pericytes. In
knockout mice, the number of GFP* pericytes expressing
PDGFRf* pericytes in the infarct core was 2-fold higher
than in HET mice (122+13 and 66+5; n=6; Figure 2A and
2B). NG2 is another marker for pericytes, in particular acti-
vated pericytes.®?*? The number of GFP* pericytes express-
ing NG2 was >2-fold higher in the infarct core of knockout
mice versus HET mice (131£16 and 70+19; n=6; Figure 2C
and 2D).

Our findings show that loss of RGSS5 in pericytes results
in an increase in numbers of pericytes, as well as increased
both NG2 and PDGFf3 expression in GFP* pericytes at 1 day
after stroke.

Loss of RGSS5 Is Associated With Higher Pericyte
Coverage and Vascular Density After Stroke
In stroke, pericyte detachment from the capillaries is associ-
ated with an increase in RGS5 expression in pericytes.* When
assessing GFP* pericyte coverage of blood vessels 1 day after
stroke (Figure 3A), we found a 3-fold higher pericyte cover-
age in the infarct core of knockout mice compared with HET
mice (62.5%+2.5% and 19%=+3.8%; n=5; Figure 3A).

We next examined changes in capillary density in the
infarct core as pericytes have been shown to promote endothe-
lial cell survival.*® Under physiological conditions, capillary
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Figure 4. Loss of RGS5 (regulator of G-protein signaling 5) in pericytes preserves tight junctions (TJs) and AQP4 (aquaporin 4). A, Confocal images show
costaining of TJs markers ZO-1 (zonula occludens 1), and claudin-5, and vascular endothelial (VE)-cadherin (cyan) with CD31 (red) in the infarct core of wild
type (WT) and knockout (KO) mice, scale bar, 5 um. B, Representative Western blots and quantification of ZO-1, claudin-5, and VE-cadherin in the infarct
area of WT and KO mice. Contralateral hemisphere of each group served as a control. Data expressed in band intensity; mean+SD (n=3 per group for ZO-1,
n=5 per group for claudin-5 and VE-cadherin, *P<0.05, 2-way ANOVA, Tukey post hoc test). C, Representative confocal pictures show AQP4 expression in
the infarct area of WT and KO mice; scale bar, 200 um. D, Quantification of the areas lacking AQP4 expression was significantly higher in WT mice as com-

pared with KO mice; mean+SD (n=3, **P<0.01, Student t test).

density was not affected in knockout mice compared with
HET and WT (Figure IC in the online-only Data Supplement).
However, the capillary density was significantly higher in the
infarct core of knockout mice compared with HET and WT
mice (11.06+1.4; 9.29+1.8; and 7.58+1.4; n=10 [knockout],

n=8 [HET] n=6 [WT]; Figure 3B and 3C). When we quanti-
fied CD31 capillaries in the infarct core, we found that the
total vessel length was 22% higher in knockout mice com-
pared with WT (10.36+0.89, 10.62+0.63, and 8.44+0.95 mm/
mm?; n=6 [knockout], n=4 [HET], n=7 [WT]; Figure 3C). The
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higher capillary density was also reflected in a 30% increase
in CD31 mRNA in the infarct core of knockout mice in com-
parison to WT (5271+216, 4837+634, and 4028+216; n=7
[knockout], n=7 [HET], n=5 [WT]; Figure 3C).

Loss of RGSS in Pericytes Maintains

BBB Integrity After Stroke

The number of pericytes and their endothelial coverage are
important for the maintenance of endothelial tight junction,
adherens proteins, and BBB integrity.5"’

Tight junctions in the brain endothelial cells maintain
BBB integrity and consist of different proteins, such as
claudins, cadherins, and occludins.?® We first examined the
expression pattern of ZO-1, claudin-5, and vascular endo-
thelial-cadherin in capillaries of the infarct core. Whereas
in WT mice, the pattern of tight junctions staining in the
infarct core was clearly disrupted, and knockout mice
showed a relatively homogenous distribution (Figure 4A).
Consistently, protein levels of claudin-5, ZO-1, and vascular
endothelial-cadherin were reduced in the infarct core of WT
mice but not in knockout mice even though the reduction
of vascular endothelial-cadherin did not reach significance
(Figure 4B).

AQP4 is a water channel protein expressed on astro-
cytic end-feet and plays an important role in BBB integrity.”
Ischemic injury caused loss of AQP4 in the infarct core of
both WT and knockout mice (Figure 4C) that was significantly
higher in WT compared with knockout mice (4.88+0.12 and
2.16+0.04 mm?section, n=3; Figure 4D).

We next investigated BBB permeability after stroke and
found that the fluorescent tracer leaked out from vessels and
accumulated in the parenchyma of the infarct area. Compared
with WT mice, in knockout mice the amount of extravascular
dextran was reduced by 3.5-fold (0.73£0.02 versus 0.26+0.03;
n=3 group; Figure 5A and 5B).

RGSS5 Loss Leads to Reduced Hypoxia and
Increased Neuronal Survival After Stroke

In ischemic stroke, neuronal damage is a result of BBB
leakage and hypoxia.*® To further evaluate the effect of
RGS5-related changes, we next analyzed the infarct volume,
hypoxia levels, and neuronal death in the infarct core. There
were no significant differences in infarct size and edema
between WT and knockout mice (Figure IIIA-IIID in the
online-only Data Supplement). However, we found a signifi-
cant decrease in hypoxic areas (pimonidazole-positive areas)
in the infarct area of knockout in comparison to WT mice
(0.033+0.006 and 0.067+0.003 mm?/section; n=3; Figure 6A
and 6B). We observed that NeuN-expressing neurons were
positive for pimonidazole in the peri-infarct area (Figure 6A,
bottom). Using TUNEL, we detected apoptotic cells in the
entire infarct core in both genotypes (Figure 6C). Compared
with WT mice, the number of TUNEL-positive cells was
significantly reduced by 50% in the infarct core in knock-
out mice (609+111.4 and 287+19.8; n=3; Figure 6D, top).
We next analyzed whether neuronal apoptosis decreased in
the infarct core of knockout mice compared with WT mice
(Figure 6C, bottom). We found that the percentage of NeuN+
cells expressing TUNEL was 2-fold higher in the infarct
core of WT mice than knockout mice (48+3.41 and 25+4.03;
Figure 6D, bottom).

Discussion
Our findings show that RGS510ss does not significantly affect
cerebral pericyte numbers=under physiological conditions,
but when exposed to ischemic stroke, RGS5-knockout mice
showed an increased number of pericytes in the infarct core.
Both RGS5.and PDGER} are expressed not only by developing
pericytes in the perinatal brain but also in the vascular bed in
tumors.* ¥ PDGFRf is’ known to mediate pericyte survival.>3*
PDGFRp binds PDGF-BB and thereby facilitates recruitment
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Figure 5. Maintained blood-brain barrier integrity in RGS5 (regulator of G-protein signaling 5)-knockout (KO) mice in stroke. A, Distribution of 10 kDa dextran-
tracer (cyan) in the infarct area in wild type (WT) and KO mice. Dextran is mainly intravascularly distributed in CD31-positive blood vessels (red) in KO mice,
whereas it leaks more into the brain parenchyma in WT mice. Right, Higher magnification of framed areas in WT and KO mice; scale bars, 50 um (left), 20 um
(middle), and 10 um (right). B, Quantification of extravasation of the 10 kDa dextran of KO mice vs WT after stroke; mean+SD (n=3 ***P<0.001, Student t test).
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Figure 6. RGS5 (regulator of G-protein signaling 5) loss in pericytes is associated with reduced hypoxia and increased neuronal survival after stroke. A, Rep-
resentative confocal images showing pimonidazole (PIMO) staining in the infarct area of wild type (WT) and knockout (KO) mice; scale, 50 um. Arrows indi-
cate NeuN expressing neurons positive for PIMO in the framed area in (A), scale bar, 10 um. B, Quantification of PIMO-positive area in the infarct area of WT
and KO mice; mean+SD (n=3, *P<0.05, Student t test). C, Confocal images showing TUNEL* (terminal deoxynucleotidyl transferase dUTP nick end labeling)
cells (top; scale bar, 50 um) and TUNEL* neurons (NeuN, bottom; scale bar, 20 um) in WT and KO mice. D, Quantification shows significantly less TUNEL*
cells in KO vs WT mice; mean+SD (n=3, *P<0.05 Student ¢ test). The percentage of NeuN cells colabeling with TUNEL is significantly lower in KO than WT

mice; mean+SD (n=3, *P<0.05, Student t test).

of pericytes to endothelial cells.*> PDGF-BB might downregu-
late RGS5°% pointing to their opposing functions. In addition,
RGS5 may also play a role in the migration of pericytes by
regulating their response to migratory factory cues, such as
PDGF or sphinogosine-1-phosphate.'*373 Pericytes lacking
RGSS in the infarct core were highly positive for NG2 that
serves as an activated pericyte marker but also plays an impor-
tant role in pericyte recruitment, survival, and migration.?>?
Therefore, the increase in pericyte numbers in knockout mice
may be a result of increased survival, possibly because of the
fact that pericytes lacking RGS5 do not loose their contact
with the blood vessel wall to the same extent as in WT mice.

RGSS5 has been shown to modulate tumor vessel morphol-
ogy, where lack of RGSS5 led to a reduction in tumor hypoxia,
normalization of the vasculature, and subsequently improved
tumor tissue destruction.® Similarly, we found that loss of
RGSS5 in pericytes preserves capillary density’*! in ischemic
stroke, most likely by improving endothelial cell survival and
thereby increasing capillary density.>”+

Tight junctions have an important role in the maintenance
of the BBB and their unique expression in the brain correlates
with BBB permeability.?® In acute stroke, there is degradation of
tight junctions resulting in loss of vascular integrity.*! We show
that loss of RGSS in pericytes led to preservation of different
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tight junctions on ischemic stroke. The increased coverage by
pericytes most likely improved both their contact and interac-
tion with the damaged capillaries, leading to maintenance of
the BBB by promoting better preservation of tight junctions.®

In addition, we found preserved levels of AQP4 in the
infarct core of knockout mice, where we also observed higher
pericyte coverage of capillaries, consistent with a crucial role
of pericytes in the regulation of astrocytic polarity.’

Our findings of reduced BBB leakage in mice with
higher pericyte coverage are in line with previous reports
in a transgenic mouse model of pericyte loss showing that
BBB leakiness is closely associated with decreased pericyte
coverage of cerebral microvessels.” Progressive pericyte
loss has also been shown to increase vascular permeability
because of higher rates of transcytosis in endothelial cells.*
However, we cannot completely exclude the possibility that
the observed decreased vascular permeability in RGS5-
knockout mice may be because of changes in vasodilation
signaling that maintains blood pressure independently of
changes in pericyte coverage.'®#

Importantly, loss of RGSS is significantly associated with
reduced apoptotic neuronal death in the infarct core, possibly
because of the decreased hypoxia and improved vasculariza-
tion or decreased extravasation of toxic molecules. Impaired
BBB function increases hypoxia levels, which are closely
linked with neuronal damage.*~¢ Given that loss of RGS5
in pericytes leads to partial BBB and vessel protection in
the infarct area, this may result in reduced hypoxia levels in
knockout mice after stroke. Also, pericytes are known to regu-
late neurovascular functions necessary for neuronal survival®
and may potentially supply neurotrophic or immunmodula-
tory support’#® into the injured ischemic area-and-thereby
reduce neuronal damage.***

Conclusions
In the present study, we have established the role of RGSS5 in
BBB maintenance in stroke and recognize RGSS5 as a poten-
tial target in pericytes for pharmacotherapeutic intervention to
protect the BBB. This opens new therapeutic opportunities to
prevent aggravation of brain damage in stroke.
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