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Neuronal GPR8I1 regulates
developmental brain angiogenesis
and promotes brain recovery after
a hypoxic ischemic insult
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Abstract

Perinatal hypoxic/ischemic (HI) brain injury is a major clinical problem with devastating neurodevelopmental outcomes in
neonates. During HI brain injury, dysregulated factor production contributes to microvascular impairment. Glycolysis-
derived lactate accumulated during ischemia has been proposed to protect against ischemic injury, but its mechanism of
action is poorly understood. Herein, we hypothesize that lactate via its G-protein coupled receptor (GPR8I) controls
postnatal brain angiogenesis and plays a protective role after Hl injury. We show that GPR8I is predominantly expressed
in neurons of the cerebral cortex and hippocampus. GPR8I-null mice displayed a delay in cerebral microvascular
development linked to reduced levels of various major angiogenic factors and augmented expression of anti-
angiogenic Thrombospondin-1 (TSP-1) in comparison to their WT littermates. Coherently, lactate stimulation induced
an increase in growth factors (VEGF, Angl and 2, PDGF) and reduced TSP-1 expression in neurons, which contributed
to accelerating angiogenesis. HI injury in GPR8I-null animals curtailed vascular density and consequently increased
infarct size compared to changes seen in WT mice; conversely intracerebroventricular lactate injection increased
vascular density and diminished infarct size in WT but not in GPR8I-null mice. Collectively, we show that lactate
acting via GPR8I participates in developmental brain angiogenesis, and attenuates HI injury by restoring compromised
microvasculature.
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Introduction

Hypoxia-ischemic encephalopathy (HIE) in the neo-
nate is a major cause of neurodevelopmental injury,

which predisposes to neuropsychological disorders
like epilepsy, mental retardation, cerebral palsy and
learning disabilities.!? It is estimated that 4 in 1000
births are susceptible to HIE.® Current health care
focuses in understanding the pathophysiology of HIE
in order to develop effective interventions for newborns
at risk of cerebral hypoxic ischemia.' In this context
cerebral (hypoxic-ischemic) HI event triggers various
adverse processes including glutamate toxicity,
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generation of superoxide radicals, apoptosis, inflam-
mation resulting in neuronal cell death,** and associ-
ated with an underlying microvascular degeneration
which contributes significantly to the brain injury.*
Recent research in regenerative biology has shed
insights on brain’s innate ability to limit damage
during a recovery phase following HI insult.* The
recovery phase is characterized by neurorestorative
changes in neurogenesis, synaptic remodeling and
angiogenesis, which possess potential advantages over
conventional neuroprotective therapies.”’ Promoting
angiogenesis immediately after HIE could potentially
support tissue regeneration and neuron survival partic-
ularly as it pertains to the penumbra of the infarcted
brain region. However, molecular triggers of angiogen-
esis need to be better elucidated in order to develop
novel therapeutics for HIE.”® In this context, active
neurons utilize glucose and oxygen to stay metabolical-
ly and functionally active.'” But insufficient supply of
O, and nutrients causes neuronal distress and an aber-
rant cascade of mechanisms that partake in cerebrovas-
cular injury.""™"® Hence not surprisingly, disruption of
brain metabolism is a key element in HIE. For
instance, early phase of HIE is characterized by an
arrest in oxidative phosphorylation resulting in acute
accumulation of carbohydrate metabolites such as suc-
cinate, o-ketoglutarate and especially lactate.'*'®
However, nature has adapted itself such that these
ligands are not only intermediates of metabolism but
also coordinate physiological and cellular processes by
acting as recently shown through cognate G-protein
coupled receptors (GPCRs).>® Succinate was identified
as the ligand for GPRI1 present in the cerebral cortex
and implicated in revascularization after hypoxic-ische-
mia.'” o-ketoglutarate, the ligand for GPR99 is located
in retinal ganglion cell neurons and is known to play an
important role in axon growth.'” For its part, lactate
exerts its biological effects via GPR8I1, also known
as hydroxycarboxylic acid receptor (HCA1l or
HCARI1)."®!"” GPR81 has been implicated in several
functions including attenuation of inflammation'?-*°
and regulation of angiogenesis in the developing
retina as recently reported by us®' and cancer.'®!”
GPR&1 is expressed in several tissues including brain,
where its activation has been associated with neuronal
activity and energy metabolism.?> Others have pro-
posed that neuronal progenitors are strictly dependent
on lactate metabolism;> exogenous lactate supplemen-
tation immediately increases cerebral blood flow upon
cerebral ischemic insult.>* Conversely, some studies
have proposed that lactate receptor antagonism can
protect against ischemic brain injury;*> however, there
is uncertainty as to the interpretation of these
pharmacological results using the non-selective ligand
3-hydroxybutyrate, which  primarily stimulates

a different receptor, specifically HCAR2.%¢ Hence, the
role of GPR&1 and its ligand lactate during brain devel-
opment and ischemic brain injury, and mechanisms
implicated remain unclear. In this study, we seek to
elucidate the involvement and mechanism by which
GPR81 can affect cerebral hypoxia-induced brain
damage in a post-natal model of hypoxic-ischemic
injury in mice. Our findings reveal new evidence that
GPRS81 contributes to brain vascular development and
protects against hypoxic-ischemic damage, at least
partly through release of angiogenic factors and sup-
pression of anti-angiogenic ones.

Material and methods

Animals

C57BL/6 mice were obtained from The Jackson
Laboratory. Adoptive lactating CD-1 females were
purchased from Charles River Inc. (Montreal, CA) to
tend to C57BL6/J pups. GPR81—/— mice were
obtained from Lexicon Pharmaceuticals (Texas,
USA). The GPR81—/— mice were backcrossed with
adult C57BL/6 mice (The Jackson Laboratory) to
obtain a pure C57/BL, as described by us.”'?” The
transmembrane domain 2 of murine GPR81 coding
region (100 base pairs) is replaced by a 4-kb IRES-
lacZ-neo cassette. Mice were maintained on standard
laboratory chow under a 12:12 light:dark cycle and
allowed free access to chow and water. All experimen-
tal protocols were approved by the Animal Care
Committee of Sainte-Justine’s Hospital and conducted
in accordance with guidelines established by the
Canadian Council on Animal Care and the Animal
Research Reporting In Vivo Experiments (ARRIVE)
guidelines.”®

Immunohistochemistry

GPR&81 protein localization was performed on 12 um
coronal or sagittal sections of brain tissues or in pri-
mary neurons cultures fixed with 4% paraformalde-
hyde. The brains were then adequately dehydrated in
sucrose 30% solution for 48 to 72h at 4°C. Brain sec-
tions or slides with neurons were then blocked with 5%
bovine serum albumin and 0.1% TritonX-100 (T-8787;
Sigma) in PBS and were subsequently incubated over-
night with rabbit anti-GPR81 (Sigma; 1/500), mouse
anti-NeuN (Millipore; 1/100), mouse anti-GFAP
(IFO3L-100ug (Millipore), 1/100) mouse anti-TSP-1
(Abcam 1:200) or anti-VEGF (Santa Cruz 1:200).
Secondary antibodies conjugated with Alexa Fluor
(Molecular Probes) directed against mouse (1:1000;
Alexa Fluor 488, #A11070) and rabbit (1:1000; Alexa
Fluor 594, #A11012) were incubated for 2 hours at
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room temperature. Nuclei were stained with DAPI
(Invitrogen; 1/1000); notably, tissues from GPRSI-
null mice did not display immunoreactivity to GPR81
antibody (Suppl Fig. 1A). Images were captured using
20x and 40x objective with Eclipse ES800 (Nikon) fluo-
rescence microscope.

Lectin staining

Brain tissue samples were collected after perfusion
fixation with 4% paraformaldehyde as previously
described.? Briefly, following anesthesia with 3% iso-
flurane, the animals were cut open below the dia-
phragm and the rib cage was cut rostrally on the
lateral edges to expose the heart. A small hole was
cut in the left ventricle and the needle was inserted
into the aorta and clamped, then the right atrium was
cut to allow flow. The animals were transcardially per-
fused with PBS for 4-5 minutes or until liver was
cleared of blood. Next, we perfuse mice with 4% para-
formaldehyde for 4 minutes. Then, entire brain was
dissected and further immerse in 4% paraformaldehyde
for 24h at 4°C. Tissue was then transferred to 30%
sucrose solution overnight and then cut. Vessels density
was evaluated on 12 pm brain cryosections stained with
Griffonia simplicifolia (1:100, Sigma). The vessel density

in the cortical area was calculated by averaging 4-5
consecutive (20X magnification) sections from 5
animal brains per group using image J software (NIH
software) as previously reported.®!” The density of the
vessels in the cortical area of GPR81KO mice was com-
parable to the cortical area in control animals injected
with vehicle (PBS). Vessel density was expressed as the
percentage total area covered by lectin staining.

Primary neuronal cell culture

C57BL/6 pups (P0-P3) were decapitated following cry-
oanesthesia, then their brains were rapidly removed
and transferred into ice-cold dissociation solution
(Na,SO4 90 signaling; K>SO430 signaling; MgCl, 5.8
signaling; CaCl,; HEPES 10 signaling; glucose
20mM; pH 7.4). The brain was then cut into two
halves by at the mid hemisphere. The meninges were
carefully removed, and the cerebellum was discarded.
Under the dissecting microscope the midbrain and
thalamus were carefully removed until the horseshoe
structure of hippocampus was seen. By using a pair
of forceps, the meninges surrounding the hippocampus
was removed and discarded. The isolated hippocampi
were transferred to dissociation medium and washed
twice each with 10 ml volume. Hippocampi isolated

(a) Cerebral cortex

DAPI
Hippocampus

(b) Pyramidal neurons WT

Figure |. Lactate receptor GPR8I localization in mouse brain. (a) Representative confocal images of brain sections showing
colocalization of GPR81 (green) with the specific neuronal marker NeuN (red) in cerebral cortex and hippocampus. Nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) and merged images (yellow) show the colocalization. Scale bar, 150 pum.
(b) Immunoreactivity to GPR8I (green) was also present in NeuN+ (red) pyramidal hippocampal primary cell. Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) and merged images (yellow) show co-localization. Scale bar, 25 pum.
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from the brain was minced and rinsed in HBS solution
under sterile condition. Minced tissues were treated
with trypsin and were incubated for 20 mins at 37°C.
Cells were then separated by trituration using polished
pipettes. The dispersed cells were then plated on
polylysine-coated slides in petri dishes. After plating,
cells were incubated at 37°C in 5% CO2 and incubated
for 2 to 5 days. After which the cells were subjected to
immunohistochemistry analysis or western blotting.

Hypoxic treatment of neurons

Primary neurons were cultured on poly-lysine coated
12 well plates in an external hypoxic chamber (5% O,
[5% CO,, 37°C])) for 24 hours® in presence or absence
of lactate. PBS and lactate-conditioned media was col-
lected after this time and used to determine the produc-
tion of angiogenic factors, or to evaluate angiogenic
response in ex-vivo aortic explants after 96 hours of
incubation with the media.

Real time PCR

Brain tissues were snapped freeze in solid CO, and
mRNA was isolated from the cerebrum as per the man-
ufactures protocol. The RNA concentration and
integrity were measured with a NanoDrop 1000 spec-
trophotometer. Reverse transcription was carried out
using MMLV kit protocol from life technologies or
cDNA synthesized using iScript ¢cDNA SuperMix
(Biorad laboratories). Primers were obtained from
alpha DNA, forward primer (sequence) and reverse
primer (sequence). Quantitative gene expression analy-
sis was performed on Stratagene MXPro3000
(Stratagene) with SYBR Green Master Mix
(BioRad). Expression was normalized to 18S universal
primer (Ambion) and calculation made using the Ct
method. The PCR reaction was carried out at 95C-
Smins, 95°C-30sec, 58°C-30sec, and 72°C-30sec.
Dissociation curves were also acquired to test primer
specificity.

Western blotting

Proteins from homogenized brains were lysed in RIPA
buffer and quantified using Bradford’s method
(Bio-Rad). 50 ug of protein sample was loaded onto
SDS-PAGE gel and electrotransferred onto PVDF
membranes. Aged match tissue samples (P7, P9 and
P11) and neurons from WT and GPR81-null mice
were plated up to 400,000 cells per well in 12 well
plate and incubated overnight in Neurobasal media
with B27 supplement. Cells were treated with PBS or
lactate (10 mM) for 24 h, and the ligand binding reac-
tion was inhibited by addition of 2ml ice-cold PBS.

300 ul of ice-cold RIPA buffer was added to lyse the
cells. The cells were scraped off and agitated on a rock-
ing platform for 1h at 4°C. The lysate was further
centrifuged for 30 mins at 13000xg at 4°C. The super-
natant was electrophoresed on 15% polyacrylamide gel
for 2 h, after which it was transferred to a PVDF mem-
brane. The membranes were immunoblotted using
anti-GPR81 (SAB1300790, Sigma-Aldrich) antibody
(1:250), anti-TSP-1 (Abcam, 1:200), anti VEGFA
(Santa cruz 1:200) and were detected with their respec-
tive secondary antibodies conjugated to HRP sub-
strate. Enhanced chemiluminescence (GE Healthcare)
was used for detection using the ImageQuant LAS- 500
(GE Healthcare, Little Chalfont, United Kingdom).
Relevant herein, GPR81 immunoreactivity was absent
in tissues of GPR81-null mice (Suppl Fig. 1).

Aortic explants

Aortas were extracted from adult C57BL/6 mice, cut
into 1 mm rings, and placed in growth factor reduced
Matrigel (BD Biosciences) in 24-well tissue culture
plates as previously reported.® The explants were cul-
tured for 5 days in media conditioned by primary
neurons from WT and GPR81—/— mice previously
exposed to normoxia (21% O,) or hypoxia (5% O»).
Neutralizing antibodies against TSP-1 (1.2 pg/ml;
EMD Millipore) were wused in some cases.
Microvascular sprouting of the individual explants
was quantified by measuring the area covered by out-
growth of the aortic ring with image J software (NIH
software) as reported.’’ Briefly, the images were ana-
lyzed for total outgrowth using color-based threshold
to record only microvascular outgrowth and not the
aortic segment. Vascular outgrowth was measured as
the percent of the total image area occupied by vascular
structures.

Animal experimentation and Rice-Vannucci model

Cerebral hypoxia-ischemia was generated on C57BL/6
wild-type and GPR81—/— mice using the Rice-
Vannucci model. Briefly, 7-day-old (P7) mice were
anesthetized in 3% isoflurane in oxygen and subject
to permanent unilateral ligation of the common carotid
artery, followed by exposure to 7% O, for 120 min at
37°C.*? Intracerebroventricular injections of lactate
were performed on pup mice at P4 as previously
reported.!” Briefly, pup mice were anesthetized with
3% isoflurane. Then, a 10pL Hamilton syringe
(Hamilton, Reno, NV) was used to inject 2pulL of
100 mM lactate [estimated brain volume 0.1 ml]'"* or
PBS (for control animals) into the right cerebral
ventricle  (stereotaxic  coordinates:  PA-1.0mm,
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lateral-1.0 mm from bregma and ventral —2.0 mm rel-
ative to dura).

Infarct volume

Infarct volumes were measured using 2,3,5-
Triphenyltetrazolium chloride (TTC) staining as
described.***> The principle is based on mitochondrial
damage, lesser insult results in faint pink staining called
the penumbra, and normal cells show bright reddish-
pink staining indicating normal active metabolic tissue.
This is a semi-quantitative method used for determin-
ing the infarct size. After 96h of hypoxic-ischemic
exposure of the pups the brains were rapidly removed
and frozen in isopentane solution. The cryofrozen fresh
tissue was stored at —20°C until further use. The whole
brain was immersed in the solution for topical TTC
staining to determine global infarct area. The slices
and or whole brain were then quickly transferred to a
0.1% TTC solution prepared in PBS buffered at pH 7.
The brains were then incubated at 37°C for 30 min
away from light. The area of infarcted region on the
ipsilateral side and the undamaged region on the con-
tralateral side were measured using ImagelJ.*¢

Statistical analysis

All data were analyzed using GraphPad Prism software
version 6.0 (GraphPad Software, San Diego, CA).
Only mice that survived the full Rice-Vannucci model
protocol were included in the experiments. Normality
was assessed by the Shapiro-Wilk test. Two variants
were compared by t-test (two-tailed) for independent
samples for results of GPR81 WT vs KO comparison.
Comparisons between several groups were performed
using ordinary one-way ANOVA; Dunnett’s multiple
comparison method was used as a post-hoc test
when treatments were compared with one control.
Descriptive statistics, including means SD, have been
reported. P<0.05 was considered statistically
significant.

Results

GPR8I receptor is prominently localized in neurons
of the developing brain

We evaluated the localization of GPRS8I1 receptor
by dual immunohistochemical labeling using an
anti-GPR&1 antibody and specific cell markers against
endothelial cells (Lectin+4), astrocytes (GFAP+),
mononuclear phagocytes (microglia [Iba-1]) and neu-
rons (NeuN+) on coronal sections of brain tissue;
GPR81 immunoreactivity is absent in GPR81KO

animals (Suppl. Fig. 1). GPR81 expression predomi-
nated in neurons (NeuN-+ cells) of cerebral cortex
and hippocampus (Figure 1(a)); GPR81 did not co-
localize with endothelial cells, astrocytes and microglia
(Suppl. Fig. 1). Presence of GPR81 in neurons was
validated in cultured primary neonatal pyramidal neu-
ronal cells isolated from the hippocampus of WT
GPRS1 (Figure 1(b)); as expected, brain homogenates
from GPRS81-null mice were devoid of GPRSI
(Figure 2(a) and Suppl. Fig. 1D).

GPR8I participates in developmental brain
angiogenesis by controlling angiogenic factors

GPRS81 mRNA and protein expression increased grad-
ually from P5 to P9 at which time it reached a peak
(Figure 2(a) and (b)). Based on previous findings that
GPRS81 regulates deep neuro-retinal vascular develop-
ment,?' we predicted that GPR81 may have a similar
role in postnatal brain vascular development. Brain
microvasculature evaluated by confocal microscopy
revealed a developmental delay in GPRS81-null mice
compared to WT animals prior to P15 (Figure 3);
thereafter, possible compensatory mechanisms partici-
pate in catch-up development.®”-**

GPR&81 and other receptors for metabolic intermedi-
ates such as GPRI1 (succinate receptor) are reported to
control angiogenic processes.' >33 We evaluated the
expression of select major angiogenic and inflammato-
ry factors (known to affect angiogenesis) in the devel-
oping brain (Figure 4 and Suppl. Fig. 2) of WT mice,
notably VEGF-A, Ang-1, Ang-2, PDGFBB, CCL2,
COX-2 and anti-angiogenic TSP-1. All angiogenic fac-
tors measured increased during early post-natal life and
peaked by P9 (Figure 4), akin to GPR81; while TSP-1
expression displayed a decreased expression during the
same period; CCL2 and COX-2 had a modest <2-fold
decrease over the same age span (Suppl Fig. 2). GPR81
gene knock out reversed changes in all factors mea-
sured over the same age period, including increases in
TSP-1 and in pro-inflammatory COX-2 and CCL-2
(Fig. 4; Suppl Fig. 2). By P15 the expression levels of
all factors normalized in GPR81-null mice coinciding
with catch-up of brain microvascular density (Figures 3
and 4 and Suppl. Fig. 2). These observations suggest
that GPRS81 regulates key factors associated with the
control of the cerebral microvascular development
during early postnatal ontogeny.

Based on presence of GPR81 in neurons we sur-
mised that lactate stimulation of these cells would
induce generation of major angiogenic factors;
indeed, lactate stimulation of GPRS8]1 in isolated neu-
rons increased VEGF-A expression and conversely
decreased the expression the anti-angiogenic factor
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(187 bp) was used as an internal control. Real-time quantitative PCR was used to determined ontogenic expression of GPR8I at
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TSP-1 (Figure 5(a); Suppl Fig. 3). Correspondingly,
conditioned media of lactate-stimulated isolated neu-
rons induced microvessel sprouting of aortic explants
in Matrigel (Figure 5(b)); neurons devoid of GPRS&I
did not respond to lactate.

Consistent with ex vivo observations (Figure 5(b))
intra-cerebroventricular injections of lactate in vivo at
P4 accelerated brain vascularization (measured at P5)
in WT but not in GPR81-null subjects (Figure 6(a)).
Coherently, lactate augmented levels of proangiogenic
VEGEF-A, Ang-1, Ang-2, PDGF, and suppressed that
of angiostatic factor TSP-1 (Figure 6(b)) in WT

animals (Figure 6(b)); lactate was ineffective in

GPRS81-null mice.

Lactate reduces infarct size secondary to
perinatal HI insult

To further explore the role of GPR81 we investigated
its involvement in brain hypoxia-ischemic (HI) insult.
Newborn mice (P7) were subjected to permanent left
carotid artery ligation followed by hypoxic (8% O,)
exposure for 1.5 hours as documented;®'” lactate (esti-
mated intra/periventricular concentration: 10 mM) was
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injected at P4. Lactate reduced infarct size by ~50%
96 h post-HI in WT mice; conversely, infarct size was
increased in GPRS&1-null mice, where lactate was inef-
fective (Figure 7(a). Consistently, vascular density in
the peri-infarct area (penumbra) was augmented by lac-
tate in WT mice and diminished in GPR81-null mice at
48 and 96h post-HI. (Figure 7(b)). Lactate-induced
angiogenesis was associated with a coherent increase
in pro-angiogenic factors (VEGF-A, PDGF-BB, Ang-
1 and Ang-2) and suppression of anti-angiogenic TSP-1

in WT animals (Figure 7(c)); lactate was ineffective in
GPRS81-null mice.

Angiogenic effects of hypoxic neurons were corrob-
orated in vitro by exposing to hypoxia (5% O») primary
neurons from WT and GPRS81-null mice. After 24 h the
conditioned media was collected and used in aortic
explants to evaluate the pro-angiogenic activity.
Vascular sprouting was increased by lactate-treated
neurons and abolished in conditioned media from neu-
rons of GPR&1-null mice (Suppl Fig. 4A), in line with
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followed by the Dunnett’s test for multiple comparison with control. (b) Representative microvascular sprouting of Matrigel-
embedded aortic explants treated with conditioned media from WT- and GPR8I-null mice-derived neurons previously stimulated
with lactate (10 mmol/L) or vehicle (PBS) after 48 hours. Histogram represent the quantification of the aortic vessel sprouting (blue
dotted lines). Values represent mean & SD; n =5 aortic explants per group. **¥p < 0.00] compared to WT PBS neurons, one-way
ANOVA followed by the Dunnett’s test for multiple comparison with control.

coherent changes in VEGF-A and TSP-1 (Suppl
Fig. 4B). Role of TSP-1 was established using a neu-
tralizing antibody in the conditioned media from
GPR81-KO neurons (treated with lactate); anti-TSP-1
antibody restored angiogenic sprouting in aortic
explants (Suppl Fig. 4A).

Discussion

A number of major angiogenic factors such as VEGF,
PDGF, Ang-1/2, FGF contribute to fetal/neonatal
brain vascular development.*’ Yet, the most prominent
physiologic process that triggers brain vascular devel-
opment is hypoxia.'"*'*>  Relevantly, similar

mechanisms also contribute to angiogenesis following
HIE where recovery after a HI insult is attributed to an
intricately organized process of neovascularization.*®*
In both ontogenic and pathogenic conditions angiogen-
esis restores blood perfusion to reinstate adequate O,
and nutrient supply.** In addition to well established
hypoxia-triggered HIF-loo and adenosine formation
which exhibit relatively short durations of action
(hours vs days of development),* other mechanisms
are likely to participate in this more prolonged pro-
cess.*® In this context, lactate is well known to accu-
mulate during hypoxia. For long this metabolite was
simply thought to be an inert intermediate of metabo-
lism. Later, lactate was found to exhibit a number of
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Figure 6. Lactate acting via GPR8I| augments brain vascular density by increasing VEGF expression and suppressing TSP-1.
(a) Representative confocal images of lectin-stained (red) brain cross-sections (in P5) showing a marked (25%) increase in cerebral

vasculature in the cortex from WT mice compared to age matched

GPR8 I -null mice, 24 hours after intra-cerebroventricular lactate

injections. Histogram represent the quantification of the brain vascular area in the cortex area from WT versus KO GPR8I-null mice
at P5. Values represent mean 4 SD; n =5 animals per group. *p < 0.05, **p < 0.0 compared to WT PBS, one-way ANOVA followed

by the Dunnett’s test for multiple comparison with control. (b) Real-

time quantitative PCR analysis showing the mRNA expression of

proangiogenic factors VEGF, ANG-2, PDGF; anti-angiogenic factor TSP-I and pro-inflammatory factors COX-2 and CCL-2 in WT mice
and GPR8I-null mice, 24 hours after intra-cerebroventricular lactate injections. Values represent mean & SD; n =4-5 samples per
group. *p < 0.05, ¥p < 0.0 compared to their respective control; one-way ANOVA followed by the Dunnett’s test for multiple

comparison with control.

properties such as synaptic plasticity*’ neuroprotec-
tion,*® suppression of inflammation,* and induction
of angiogenesis.”®>' Interestingly, as observed for
other receptors of intermediate metabolism> a receptor
for lactate was identified, specifically GPR81,”* which
transduces signals for more sustained effects.
Consistent with high extracellular concentrations of
lactate, GPR81 displays affinity in the millimolar
range.>* Other than in adipocytes where originally
detected,” GPRS8! is also found in endothelium,

macroglia, and mononuclear phagocytes.”* Given that
GPR3I1 is a receptor for a hypoxia-accumulated ligand
namely lactate, that developmental expression in
GPR81 can affect vascular development,®' and that
basal GPCR activity can exist independent of ligand
activation,’® we surmised that GPR81 is a worthy can-
didate to contribute to ontogenic brain vascular devel-
opment as well as that elicited during HI insult. We
hereby show that the metabolic sensing receptor
GPRS81 is predominantly expressed in brain neurons,
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Figure 7. Lactate reduces infarct size and concordantly augments cerebral vascular density following perinatal HI insult.

(2) Tetrazolium chloride (TTC) staining in brains showing infarct

size (dotted lines) in WT compared to GPR8I-null mice after

intra-cerebroventricular lactate (10 mmol/L) injections. Histograms represent infarct size (percentage) in WT versus GPR8I-null
mice. Values represent mean & SD; n =4 animals per group. *p < 0.0l compared to WT PBS; one-way ANOVA followed by the

Dunnett’s test for multiple comparison with control. (b) Represe
(in P5) showing vasculature mostly in the periinfarct area of cortex
lactate or PBS (vehicle) and evaluated after 48 hours and 96 hour:
versus GPR8I-null mice after lactate treatment. Values represent

ntative confocal images of lectin-stained (red) brain cross-sections
from WT mice and age matched GPR8I-null mice pre-treated with

s post-HI. Histograms represent percentage of vessel area in WT
mean + SD; n =4 animals per group. *p < 0.05, *p < 0.0l com-

pared to WT PBS; one-way ANOVA followed by the Dunnett’s test for multiple comparison with control. (c) Real-time quantitative

PCR analysis showing the mRNA expression of proangiogenic fac

tors VEGF, ANG-1, ANG-2, PDGF; anti-angiogenic factor TSP-I in

brain tissues from WT and GPR8I-null mice, 48 hours after HI insult and intra-cerebroventricularly injected or not with lactate. Data
represent mean £ SD; n=>5 samples per group; *p < 0.05, *¥p < 0.01, **p < 0.00] compared with WT PBS, one-way ANOVA
followed by the Dunnett’s test for multiple comparison with control.

and plays a significant role in brain angiogenesis during
development as well as in response to HI insult, by
oppositely modulating the expression of pro- and
anti-angiogenic factors (see schematic diagram in
Suppl Fig. 5).

An important feature of this study applies to the
mechanism by which GPRS81 activation enhances
angiogenesis and limits ischemic brain injury. GPR&I
expression was found to increase during early post-
natal brain development, particularly as it applies to
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neurons. Lactate has been reported to exert neuropro-
tective effects.””>® GPR81 was recently shown to rescue
ischemic retinal tissue by inducing angiogenesis in an
ischemic retinopathy model.>! We found that lactate
increases brain vascular density and when administered
prior to HIE in newborns it substantially diminishes
infarct size; conversely lactate exposure in GPRSI1-
null pups did not decreased infarct size, indicating
that the protective effect of lactate is mediated by
GPRSI1. Beneficial angiogenic effects of lactate acting
via GPR81 were associated with an induction of vari-
ous pro-angiogenic factors such as VEGF, ANG-2 and
PDGFB and a significant decrease in TSP-1 as seen in
isolated neurons, consistent with role of these factors
on brain microvascular development.®®*® One cannot
fully exclude that the effects of lactate could be
ascribed to other functions mediated via the same*->°
or other cell types.®"** Hence restoration of appropri-
ate perfusion by inducing angiogenesis during stroke
can ameliorate ischemia and improve outcome as
previously suggested.®> A similar paradigm had
been proposed for the succinate receptor GPRII
in HIE; GPR91 promoted brain revascularization
via a prostaglandin-mediated secretion of pro-
angiogenic factors including VEGF, ANG-1, ANG-2
and IL-6.%°

TSP-1 is also an important endogenous inhibitor of
angiogenesis. TSP-1 is produced and secreted by neu-
rons and astrocytes in the brain, where it exerts an
important role in neuronal and vascular develop-
ment.**®” However, its link to GPR81 has not been
investigated. We found that TSP-1 expression is
inversely associated to that of GPR81 during ontogeny
and in response to HI insult, as observed during devel-
opment, upon lactate stimulation, and by GPRS81 gene
knockout; this association between TSP-1 and GPR&1
expression is reproduced in vitro on isolated neurons.
TSP-1 exerts its effect by interacting with CD-36 and
CD-47 receptors on endothelial cells, resulting in
decreased proliferation via Akt and PI3K dependent
signaling pathway;®® TSP-1 also reduces VEGF-A®
and nitric oxide mediated angiogenic response,’®
enhancing anti-angiogenic TSP-1 effects. Other than
angiogenic factors, the pro-apoptotic anti-angiogenic
TSP-1 can increase excitatory synapse formation via
its interaction with brain voltage-dependent calcium
channel 0231 receptor, leading to recurrent depolariza-
tions and cytotoxicity;’" this effect is inhibited by gaba-
pentin which interferes with interaction of TSP-1 with
its a281 receptor.””

In addition to elevated TSP-1 levels in absence of
GPRS1, we also observed a corresponding increase in
inflammatory factors CCL-2 and COX-2 in GPRSI1-
null mice that could be detrimental to neuro-
vascularization. This regulation of inflammatory

mediators by GPRS81 is well documented by us and
others."”?” Collectively, GRP81 controls brain vascu-
larization by governing expression of angiogenic and
inflammatory factors.

GPR&81 was largely localized in neurons, consistent
with previous reports.®> Others have also identified it in
vascular/perivascular brain cells.> We detected an
increased expression of GPR&1 during brain develop-
ment from P7 to P11 in WT mice that normalized at
P15 and coincided with vascular development as
inferred to by delay in vascular development in absence
of GPR&1, and conversely its acceleration upon lactate
stimulation. This suggestion is consistent with a
GPR&81-dependent regulation of angiogenesis by mod-
ulating the expression of several growth factors as
shown here and elsewhere.'?-?!64

Current treatments for HI stroke are based on ther-
apies that involve rescue of neuronal insult via hypo-
thermia, thrombolysis, and possible use of various
growth factors and/or inhibitors of inflammation.”
We have explored the role of the receptor for the
metabolite lactate acting via GPRS81 during develop-
ment and post-HI brain vasculature, and have found
it to be important in attenuating brain injury after HI
stroke by enhancing revascularization via upregulation
of angiogenic factors including VEGF-A and signifi-
cantly down-regulating TSP-1. We surmise that selec-
tive long-acting GPR81 agonists may exert favorable
outcomes in HI insults.”®
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