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Abstract

Neonatal hypoxic-ischemic encephalopathies (HIE) occurs at an average of 4 in 1000 live
births in developed countries and contributes to about 74.72 billion dollars to clinical
management of neurological disabilities associated with the same. Although preterm infants are
more susceptible to HIE, it has also been documented in infants at term birth. The benchmark
effect of HIE insult to the neonatal brain is attributed to reduced blood flow resulting in
subsequent decrease in glucose and oxygen supply. The underlying cellular etiology of neonatal
HIE is not only a direct result of exicitotoxicity of neurons due to enhanced glutamate secretion,
inflammation and oxidative stress, but is also characterized by a metabolic imbalance due to an
arrest in oxidative phosphorylation. The accumulation of carbohydrate metabolites such as
succinate, alpha ketoglutarate and lactate due to Krebs cycle malfunctioning has been a hallmark
marker in several ischemia related pathophysiological conditions.

Lactate has been shown to play an important role in tumor angiogenesis, inflammation,
and wound healing. Recently, lactate was demonstrated to be a physiological ligand to a G-
protein coupled receptor (GPCR), called GPR81. Lactate acting through its GPR81 receptor has
been implicated in the inhibition of lipolysis in fat cells, modulating inflammation by suppressing
the secretion of pro-inflammatory cytokines in macrophages, as well as in the angiogenic

response in various cancer cell lines. However, how lactate/GPR81 interaction modulates
physiological and pathophysiological functions in brain and retina remains elusive. In this study,
we Firstly, demonstrate that GPR81 is expressed in the brain, specifically in the neurons.
Secondly, it governs postnatal brain developmental angiogenesis and protects the neonatal brain

after an HI insult in a Rice-Vannucci mice model. We determined that activation of GPR81 by

lactate after a HI insult is utmost essential in reducing brain infarct lesions via production of key
pro-angiogenic factors VEGF, ANG-1, ANG-2, PDGF BB and reducing the secretion of

angiostatic factor thrombospondin-1 (TSP-1). The repair mechanism was more prominent in the



penumbral region of the brain and near the site of intracerebroventricular injections. In addition,
lactate pro-angiogenic effect was confirmed by enhanced endothelial cell sprouting ex vivo and
in vivo experiments of aortic explants and intracerebroventricular lactate injections respectively.
On the contrary in GPR81-/- mice, angiogenesis was substantially reduced, making them

susceptible to brain injury after an HI insult.



Resume

Les encéphalopathies hypoxiques ischémiques (EHI) du nouveau-né surviennent en moyenne 4

sur 1000 naissances vivantes dans les pays développés et contribuent a environ 74,7 milliards de
dollars servant a la gestion clinique des déficiences neurologiques qui y sont associées. Bien que
les nouveau-nés prématurés soient plus susceptibles a I’EHI, cette condition a également été
documentée chez les enfants nés a terme. L’effet le plus considérable aux dommages des EHI
néonataux est attribué a la réduction du débit sanguin entrainant ultérieurement une réduction de
I’apport en glucose et en oxygene. L’étiologie cellulaire sous-jacente de I’EHI néonatal est non
seulement une conséquence directe de 1’excitotoxicité des neurones due a une augmentation de la
sécrétion de glutamate, de l’inflammation et du stress oxydatif, mais elle est également
caractérisée par un déséquilibre métabolique dii a un arrét de la phosphorylation oxydative.
L’accumulation de métabolites glucidiques tels que le lactate, le succinate et 1’alpha-
cétoglutarate, en raison d’un dysfonctionnement du cycle de krebs est un marqueur distinctif dans
plusieurs conditions physiopathologiques liées a I’ischémie. Le lactate a ét¢ démontré comme
jouant un role important dans 1’angiogeneése tumorale, I’'inflammation et dans la réparation
tissulaire. Récemment, il a été démontré que le lactate agit en tant que ligand physiologique d’un
récepteur couplé aux protéines (RCPG), appelé GPR81. Le lactate agissant via son récepteur
GPR&81 est impliqué dans I'inhibition de la lipolyse dans les cellules adipeuses, en tant que
modulateur inflammatoire en supprimant la sécrétion de cytokines pro-inflammatoires dans les
macrophages ainsi que dans la réponse angiogénique dans diverses lignées cellulaires
cancéreuses. Cependant, la maniere dont I’interaction lactate/GPR81 module les fonctions
physiologiques et physiopathologiques du cerveau et de la rétine reste difficile a définir. Dans
cette étude, nous démontrons tout d’abord que dans le cerveau, GPR81 est spécifiquement
localisé dans les neurones qui gouvernent le développement postnatal et protege le cerveau
néonatal apres une insulte hypoxique ischémique (HI) dans un modele de souris Rice-Vannucci.
Nous avons déterminé que l’activation de GPR81 par le lactate apres une agression IH est

primordiale pour réduire les lésions d’infarctus cérébraux via la production de facteurs
7



proangiogéniques clés tels que : VEGF, ANG-1, ANG-2, PDGF BB, et pour réduire le facteur
angiostatique thrombospondine-1 (TSP-1). Le mécanisme de réparation était notamment plus
important dans la pénombre ischémique du cerveau. En outre, I’effet proangiogénique du lactate
a été confirmé par la hausse de croissance cellulaire ex vivo et in vivo dans des expériences
utilisant des cellules endothéliales a partir d’explants aortiques et des injections
intracérébroventriculaires de lactates, respectivement. Au contraire, chez les souris GPR81-/-,
I’angiogenese était considérablement réduite les rendant susceptibles a des 1ésions cérébrales

apres une insulte liée a I'TH.
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neuronal GPRS&1.
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1.1 Introduction

Neonatal brain injury or perinatal hypoxic-ischemic encephalopathy (HIE), affects 4 in
1000 of newborns in developed countries, predisposing them to neurological abnormalities,
related to mental retardation, cerebral palsy, epilepsy, and visual impairment '. The pathogenesis
of HIE is a direct result of reduced blood supply to the neonatal brain with subsequent decrease
in oxygen and glucose impairment to neurons, astrocytes and endothelium. At the molecular
level, the pathology of HIE can be explained by primary insult associated with glutamate toxicity,
failure of Na/K+ ATPase pump and increased Ca* influx due to failure of Ca»/Na- transporters, as
a result of arrest in oxidative phosphorylation. The secondary energy failure is a result of
inflammation and free radical formation causing mitochondrial dysfunction and necrosis,
occurring after 6 to 24 hours after the primary insult. Although a wide variety of therapeutic
interventions for HIE have been documented and clinically trialed, hypothermia is the only
clinically accepted therapy for neonatal cerebral hypoxia **. However, hypothermia alone is not
sufficient to reduce long term neurological abnormalities leading to cerebral palsy, epilepsy, and
mental retardation’. There has been substantial evidence that angiogenesis plays a vital role in
overcoming the post-Hypoxic ischemic (HI) injuries. The most effective region for therapeutic
effectiveness of angiogenesis is the penumbra (a region surrounding the infarct which has high
cellular metabolic activity). If angiogenesis is restored in penumbra in a timely manner, there is
high probability of salvaging neurons from HI insult-.

The protective effect of angiogenesis in cerebral hypoxia has been widely studied in diverse
HI models. For example, post HI intracereboventricular administration of vascular endothelial
growth factor (VEGF) in a transient middle carotid artery occlusion (tMCAQO) improved
neurological outcomes by increasing angiogenesis and neurogenesis in the striatal penumbral
region'’. In addition, the underlying role of extracellular matrix (ECM) in regulating angiogenesis
involving integrin (alphaSbetal) and its ligand fibronectin was elucidated ». A conditional KO of

alpha5 integrin in the endothelial cells subjected to cerebral hypoxia resulted in marked
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attenuation of angiogenesis. Decreased brain endothelial cell migration and proliferation was a
direct result of impaired interaction of fibronectin with alphaSbetal receptor®. Furthermore,
clinical data from stroke patients categorically showed a substantial increase in microvessels in
the ipsilateral region compared with the control contralateral region. This increase in vessel
density was directly proportional to survival times of these patients. Collectively, there is
substantial evidence from mice and human stroke pathogenesis, indicative of therapeutic
angiogenesis playing a vital role in attenuating size of brain lesions and their subsequent
neurological abnormalities ".

As briefly mentioned earlier, HIE results in arrest in oxidative phosphorylation leading to
accumulation of intracellular, succinate, alpha-ketoglutarate and lactate via anaerobic glycolysis.
Interestingly, these carbohydrate metabolites serve as physiological ligands for G-protein coupled
receptors GPR91, GPR99 and GPR&I1 respectively »=. The role of GPRII in retinopathy of
prematurity (ROP) and neonatal hypoxic-ischemia (HI) have been recently surfaced, wherein
activation of GPR91 by succinate reduces vaso-obliteration (VO) in retina and curtails brain
lesions via angiogenesis *. Herein, we reveal and discuss a vital and novel regulatory mechanism
of GPR8I in unveiling its unprecedented role in neonatal cerebral hypoxia via neuro-
angiogenesis.

Hypoxia-ischemic encephalopathy (HIE) is a major cause of neuronal morbidity in
premature infants, predisposing them 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, on understanding the pathophysiology of HIE to
develop effective interventions for newborns with risk of cerebral hypoxic ischemia ',
Physiologically, it is well characterized that a cerebral (Hypoxic-Ischemic) HI event implicates
glutamate toxicity, generation of superoxide radicals, apoptosis, inflammation and cell death in
neurons *. Perinatal complications have also been associated with hypercapnia, hyperoxia, and

hemodynamic alterations resulting in microvascular degeneration and traumatic brain injury *»».
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At molecular level, HIE pathophysiology is characterized by glycolysis and oxidative
phosphorylation arrest, resulting in accumulation of carbohydrate metabolites (lactate, succinate,
ketoglutarate). These physiological and cellular processes are well coordinated by G-protein
coupled receptors (GPRs) »s»=.

Recent research in regenerative biology, have shed insights on brain’s innate ability to
initiate penumbral repair mechanisms after HIE insult». The recovery phase is characterized by
neurorestorative changes in neurogenesis, synaptic remodeling and angiogenesis, which possess
potential advantages over conventional neuroprotective therapies "*»=. Enhanced angiogenesis is a
potential outcome in the HIE. Increased angiogenesis, supports tissue regeneration and neuron
survival, by restoring oxygen and glucose supply. However, the molecular mechanism of
angiogenesis has to be elucidated in order to develop novel therapeutics for HIE in infants>.
Active neurons utilize glucose and oxygen to remain metabolically and functionally active-.
Inadequate perfusion, results in hypoxic neuronal distress leading to aberrant vessel formation
and vascular degeneration *»»». To better understand the underlying mechanism between
neuronal GPCRs and angiogenesis, we previously demonstrated that neuronal sensitivity to
hypoxic stress is attributed to interplay between GPR91 and succinate. Furthermore, ensuing
GPRI1 plays a vital role in regulating angiogenesis via vascular endothelial growth factor
(VEGF), angiopoietins and thrombospondin-1 (TSP-1). Hence, elucidating the role of GPR91 as
an alternative target for revascularization after hypoxic-ischemia "».

TSP-1 is a molecule that inhibits angiogenesis and promotes vasculature stabilization.
While, VEGF is a pro-angiogenic secreted cytokine involved in neovessel formation. The
opposing effects of TSP-1 and VEGF in angiogenesis during cerebral hypoxia have been
previously discussed. A decrease in expression of TSP-1 and a corresponding increase in VEGF
after 24 hours after HI insult were evident, indicating an intricate balance between vessel
stabilization effect by TSP-1 and the pro-angiogenic effect of VEGF in vascular and metabolic

active region of the ischemic penumbra»=.
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Lactate injection, immediately after reperfusion has shown to provide
neuroprotection in cerebral ischemia by increasing cerebral blood flow=»++. It has also been
proposed that lactate participates in metabolic signalling pathways by interacting with
receptor GPR81"». GPR&1, a deorphanized receptor has been found to specifically interact
with lactate “»»+. It is highly expressed in the adipocytes and is considered to be a therapeutic
target for metabolic disorders including diabetes-induced hyperlipidemia~*. GPR81, being a
lactate receptor, we sought to elucidate the mechanism by which GPR81 could reverse injury
caused by cerebral hypoxia via angiogenesis in a post-natal hypoxic ischemic mouse model.
We hypothesized that not only GPR81 via VEGF and TSP-1 play a vital role
in regulating normal brain vasculature but also, lactate stimulation of GPR81
through VEGF and TSP-1 reduces infarct size after a hypoxic ischemic insult
via a neurorestorative angiogenic mechanism. The specific objectives were to
1. Determine expression and sublocalization of GPR81 in brain
2. Evaluate angiogenetic effects of lactate via GPR81 in primary neurons
3. Determine neurorestorative (angiogenesis) role of GPR81 in post-ischemic brain injury in

the mice model of Rice-Vannucci.

21



CHAPTER 2
LITERATURE REVIEW

22



2.1 G-PROTEIN COUPLED RECEPTORS (GPCRs)

GPCRs are evolutionary conserved family of proteins found in Eukaryotes and
Prokaryotes. About 700 GPCRs are found in the human genome, along with 160 in Drosophila «.
These unique proteins convey signalling information via heterotrimeric G proteins. They are
activated via diverse ligands ranging from nucleotides, peptides, amines to cations like calcium.
Use of single nucleotide polymorphism (SNPs) has increased our understanding in elucidating
the functional properties of GPCRs. SNPs has enabled researchers to discover new ligands for
orphan G-proteins coupled receptors. SNPs can also contribute in providing information on

structure activity relationships of GPCRs .

2.1.1 Classification of GPCRs
GPCRs on their structure and function are classified into:
Class A: GPCRs in class A are characterized by presence of DRY motif responsible for
maintaining receptor conformation. Examples include light receptors. As one of the largest class
of GPCRs they also include receptors which are activated by small peptides, amines and
glycoprotein hormones like luteinizing hormone (LH), follicle stimulating hormone (FSH) and
thyroid stimulating hormone (TSH) .
Class B: These receptors contain a long N-terminal domain of about 100 residues used for ligand
binding. Examples of ligands binding to these receptors are large molecular weights molecules
like glucagon and calcitonin ».
Class C: These are the smallest of the three class and consists of a very large N-terminal domain
required for ligand binding. In addition, they also contain several conserved Cysteine (Cys)
residues in transmembrane domains (TM). Examples are GABA receptors and calcium sensing
receptor *.
Somatic or germline mutations in GPCRs have been attributed to various disorders. This is

attributed to alter functioning of GPCRs, which is evident in diseases like X-linked nephrogenic
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diabetes insipidus (NPI) and retinitis pigmentosa (RP). Most of the studies use site-directed
mutagenesis to elucidate specific functions of each domains of GPCRs which are discussed in

further brief ««.

2.1.2 Domains of G-protein coupled receptors

The N-terminal Domain: The extra-cellular N-terminal domain of GPCRs are of varied
lengths, and functionally, involved in post translational modification like glycosylation
controlling intracellular trafficking. In addition, they also contains docking sites for ligand
binding and residues for receptor activation and down regulation =.

Receptor Down-regulation: Polymorphism in the N-terminal domain of Beta-adrenergic
receptors (B2-ARs) Argl6Gly and GIn27Glu results in degradation and subsequent
downregulation of the receptor. These SNPs were quite evident in children suffering from
nocturnal asthma. The homozygous variant of Gly16 was found to be more resistant to albuterol
bronchodilation compared to its Argl6 counterpart. Another naturally occurring downregulation
of N terminal mutation Gly22Ser of 5-hydroxytryptamine receptor (HT) increases sensitivity to
antipsychiatric drugs ».

Ligand binding: Cys23Ser polymorphism in SHT receptor, resulted in altered ligand binding
to schizophrenic drug clozapine. It was evident that this mutation was responsible for reduced
response to the drug =.

Receptor Trafficking: Post translation modification involving N-glycosylation are required
for cellular trafficking of the receptor to the plasma membrane. Henceforth SNPs mutations
affecting asparagine are associated with certain diseases. For examples, an Asn40Asp mutation in
opioid receptors confers higher binding affinity to endogenous endorphins. Similarly, a point
mutation in the rhodopsin receptor results in retinitis pigmentosa, in which the receptor losses its

ability to travel to the plasma membrane «.
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Transmembrane Domains (TM): The GPCRs in the plasma membranes are made up of
seven alpha helices in a ring like structure. Altogether the TMs consist of amino acids residues
necessary for protein folding, ligand binding and G-protein coupling sites. Hence mutations in
the TMs structure can be defective to protein structure and lead to deleterious consequences *.
Receptor Expression: Mutations in proline residues in the TMs can result in lower expression
and misfolding of vasopressin receptor leading to NDI. Another naturally occurring mutation in
the endothelin B receptor in the TM1 domain causes a congenital disease called the
Hirschsprung's disease. This is characterized by decrease ganglion cells in the intestinal tract
owing to improper processing, folding and expression of the receptor on the plasma membrane *.
Ligand Binding: On the other hand, mutations in the TMII and TMIII of the melanocortin I
receptor causes malformation of hydrophobic ligand pockets resulting in decreased agonist
binding of melanocyte stimulating hormone. A similar mutation in the TMIV (Val194Gly) in the
dopamine D4 receptor in the brain results in reducing binding of dopamine. These individuals
hence, have less sensitivity to D4 agonists like clozapine and olanzapine -.

Signalling transduction: In addition, certain mutations in the TMVI (Phe591Ser) domains
adversely affect G-coupled signalling pathways, an example is that of Follicle stimulating
hormone and Luteinizing hormone, wherein the ligand binding affinity is not affected, however
the receptors has lost their ability to inhibit and activate adenylyl cyclase via Gs respectively *.
Dimerization: Certain TMs in the GPCRs contain amino acid sequences for dimerization,
which is required for their proper functioning. Lost of TMV in Calcium sensing receptor (CaR)
via a frameshift mutation, as evident in hypercalcemia causes misdimerization leading to a
reduced expression of functional truncated CaR ~.

Intracellular Loop Domains (IL): The amino acids sequences in IL region bind to
regulatory and signalling proteins. B arrestins and G protein receptor kinase (GRK), interact with
IL domains leading to receptor phosphorylation. In addition, they also bind to NcK and Grb2

proteins which play a vital role in receptor internalization <.
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Signal Transduction: In D2 dopaminergic receptors variations in IL amino residues resulted
in marked difference in inhibition of adenylyl cyclase activity. However, there was a marginal
change in the ligand binding affinity of dopamine to D2 receptor. These variations were more
commonly seen in individuals with high substance abuse and schizophrenia <. Mutations in the
highly conserved DRY motif in the GPCRs of asparagine, degenerates the conformation of
certain receptors, wherein ILs cannot activate GRK2 kinases. In addition, the arginine in the
DRY motif is essential in providing correct conformation required for binding with the G protein.
Extracellular Loops (ELs): As compared to other GPCRs domains the ELs, disulfide
cysteine bridges functions in building a ligand and specificity binding site and protein receptor
folding. Nonetheless, the binding affinities of certain agonists are modulated by ELs =.

The C-terminal Domain: The C terminal domain of GPCRs provides sites for GRK
activation and signalling. They also contain cysteine residues, which undergoes palmitoylation.
Mutations in these cysteine amino acids confer a delayed change in second messenger, which in

turn diminish the pharmacological effect of activated receptor *.

2.1.3 GPCRs and signalling pathways

GPCRs activation is attributed to various stimuli, ranging from light, odorants, hormones
and neurotransmittors “. The heptahelical GPCRs forms a cavity on the cytoplasmic side serving
as a docking site for G-proteins *. Upon sufficient activation of the receptor the Guanine
nucleotide exchange from guanine diphosphate (GPD) to guanine triphosphate (GTP)
commences the signalling transduction #. The dissociation of GTP a-subunit and fy-subunits
activates ion channels, enzymes or other G proteins to elevate signal amplification *~. Since,
GPCR activation costs a lot of energy, inactivation of the signal is utmost important to conserve
the energy of the cell. This is brought about by a two-step mechanism, involving the

phosphorylation of G-protein receptor kinases and [-arrestin .
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G-protein coupled receptor dependent pathway

The G protein dependent signalling pathways comprises of activating G proteins (Gas,
Gai/o, Gag/11 and Ga12/13) and Gy subunits ». Upon ligand binding, a conformational change
in the receptor results in active binding of GTP to Ga and subsequent dissociation of Go. and
Gpy subunits. The Ga in turn stimulates adenylyl cyclase to produce cAMP and proteinkinase A
to initiate a cellular response. cAMP in turn also activates exchange protein activated by cAMP
(EPAC). EPAC unlike, cAMP, sequentially activates phospholipase C, proteinkinase C and
calmodulin-dependent protein kinase II (CAMKII) =. GPy, on the other hand acts as a scaffold
protein intiating a response via increased phosphoinositide-3-kinase (PI3K) activity «. Gaqg/11
controls Ca levels via phospholipase C § (PLCf). PLCf converts inositol phospholipids to
inositol triphosphate (IP3) and diacylglycerol (DAG) «.

G-protein receptor kinases

G-protein receptor Kinases (GRKs): GRKs are soluble proteins, capable of
phosphorylating GPCRs «. The GRK mediated signalling transduction was pioneered in early
1970s, on rhodopsin and Beta-adrenergic receptors *. GRKs were found to bind and
phosphorylate the G-proteins to minimize their activation. The GRKs have a characteristic
pleckstrin homology (PH) domain, which binds to the GBg subunit of G protein to inhibit cell
signalling. In addition, they also undergo prenylation at their C terminal domain, which localizes
them to the plasma membrane . Some GRKs, which lack PH domain, undergo palmitoylation of
at their C terminal end =. GRKSs through their phosphorylation of rhodopsin and beta-adrenergic

receptors reduce G protein coupled signalling, they do not completely stop it.

Arrestins and arrestin mediated signalling
Arrestins are 40kD proteins, which are classified into visual arrestins and B arrestins. For

about 700 know GPCRs there are 4 arrestin proteins, two visual and two
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non-visual. Visual arrestins functions by preventing the interaction of phosphorylated rhodopsin
to transducin ~. Similarly, GRK?2 and [-arrestins perform complete inhibition of Gs signalling .
Visual arrestins compete with G proteins to bind to the GPCRs at their inter-helical cavity and
phosphorylated parts of the receptor ». The non-visual arrestins are also called as [-arrestins,
binds to clathrin and AP-2 complex via their C terminus. This additional binding of [3-arrestins
enables receptor internalization leading to more efficient signal reduction ».

As mentioned earlier, the GRKSs are able to diminish the G protein signalling. However,
to bring the signalling to a complete halt, another set of proteins called arrestins play a crucial
role ». Together the GRKs and arrestins inhibit rhodopsin and [-adrenergic receptor signalling
via physical blockade of guanosine nucleotide exchange factor (responsible for converting GDP
to GTP) ~. In addition to their suppressing effects on G protein signalling, B arrestin was found to
promote cellular signalling via ERK1/2, p38 and c-Jun N kinases by acting as scaffold protein. 3-
arrestins unique ability to form endocytotic vesicles via interactions with clathrin was recently
studies in GPCR signalling. These activated endosomes were evident in Angiotensin 1A receptor
(AT1aR) mediated ERK phosphorylation. In this study angiotensin was able to promote ERK
phosphorylation at 2 min and 30 mins respectively. It was found that the latter signalling effect
was attributed to a delayed response required for receptor internalization and in subsequent [3-

arrestin GPCR complex formation in the endosomes *.

2.1.4 G-Protein coupled receptor 81 or Hydroxyl carboxylic acid-1
(GPR81/HCAT1)
GPR81 or HCAL is activated by an endogenous carbohydrate metabolite called lactate.
The physiological effective concentration (EC50) of activation was found to be 5 mM. However,
the concentration of lactate varies between SmM to 20mM in pathophysiological conditions like
cerebral hypoxia, cancer and metabolic disorders like diabetes, dyslipidemia, indicating that

GPR81 could be an attractive target in the aforementioned diseases. In addition to the elevated
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levels, lactate, has a low affinity and a fast turnover rate, hence derivatives of lactate with higher
affinity would be more suitable to further elucidate functional properties of GPR81. Moreover,
lactate can be converted into glucose by process of gluconeogenesis *.

Through mutational analysis it was determined that GPR81, although similar to their GPR109a
(activated by niacin) and GPR109b (3-OH-Octanoic acid) counterparts, is only activated by
lactate . This selective activation of GPR81 is due to unique position and interaction of alpha
hydroxyl group of lactate. Furthermore, the presence of a highly conserved sequence Cys-Glu-
Ser-Phe motif in the extracellular loop 2 (EL2) of GPR81 was essential for activity. Mutations in
the above-mentioned residues resulted in completed abrogation of receptor activity. Glu interacts
with hydroxyl group of lactate, while Phe is responsible maintaining a stable docking site,
thereby indirectly controlling GPR81 and lactate interaction. Furthermore, six conserved cysteine
residues in the extracellular domains may interact to form homodimers and receptor surface
expression. The six-cysteine residues also form disulphide bonds forming a Cys knot. The Cys
knot enhances interaction with lactate by bringing the extracellular domains and N terminus is

close proximity to each other, thereby, forming a rigid binding pocket *.
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Figure 2.1 GPRS81 actions in different pathological conditions. A) Increased
expression of GPR81 was evident wide varieties of cancer cell lines (lung, breast, pancreas,
cervical) resulting in increased survival. B) In pre-term labour GPR81 reduced inflammation by
modulation the secretion of IL-1B. C) In brain, GPR81 reduced neuronal firing thereby
protecting the brain in the model of epilepsy. D) GPR81 acts as an anti-inflammatory receptor by
inhibiting the action of NLRP3 inflammasome. E) In retina, GPR81 modulates inner retinal
vasculature via norrin and promotes therapeutic angiogenesis in mice model of retinopathy of

prematurity (ROP). F) GPR81 reduces lipolysis in adipocytes in a synergistic manner along with

insulin.

GPRS81 and lipolysis

The first and initial studies of GPR81 were focused on adipocytes. The expression
analysis shows that GPR81 is highly expressed in the white adipose, which is consistent among
different species. With the help of mutational analysis and binding assays, the scientists were able

to validate L-lactate as a physiological ligand for GPR81 and put forth the mechanism that
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Lactate/GPR81 interaction inhibits adenylyl cyclase and lipolysis in adipocytes. In addition, it
was also predicted there is a direct binding of lactate to GPRS8I1, resulting in receptor
internalization. There have been contradicting evidence of GPR81 during intense exercise, the
plasma concentration of lactate increases to about 10 to 20mM, which in turn inhibits lipolysis in
adipocytes. This physiological effect is due to body's inherent ability to use fatty acid as a source
of ATP production when glycolysis and mitochondrial respiration are arrested. On the other
hand, aerobic glycolysis and abundant glucose supply results in inhibition of lipolysis (Changlu
et al). In contrast, it is also documented that lactate levels of 3mM and 10mM were unable to
inhibit lipolysis in adipocytes (Fain et al and Ahmed et al). However, GPR81/lactate interaction
along with insulin/insulin receptors in adipocytes synergistically, downregulates cAMP and
thereby, decreases lipolysis in an autocrine or paracrine manner. This elucidated the hormone like

role of lactate »».

GPRS81 and Cancer

The hallmarks of all cancers are characterized by increased lactate accumulation in the
tumor microenvironment. The expression of GPR81 was found to be elevated in various cancer
cells lines ranging from colon, breast, lung, cervical and pancreas. Recently, it was shown that
GPR&81 expressing cancer cells in the presence of lactate were more prone to survival. In order to
determine the underlying mechanism, the GPR81 was silenced in Capanll cells via shRNA and
were compared with sham control. The activation of GPR81 by lactate resulted in increased gene
expression of monocarboxylate transporter-1 (MCT-1), co-activator of peroxisome proliferator
activated receptor (PPAR) PGC-1alpha, CD-147 and MCT-4. MCT-1 and MCT-4 are highly
expressed in oxygen and hypoxic rich area of the tumor regulating lactate influx and efflux
respectively. CD-147 is an important caperone protein, which is critical in regulating the
expression of MCT-1 and MCT-4 on the plasma membrane. Increase expression of all the above

genes increased the survival of cancer cells. In addition, the silenced GPR81 cells, reduced lactate
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uptake and mitochondrial activity ». Furthermore, GPR81 is implicated in conferring resistance to
doxorubicin by increasing the expression of ATP binding cassette ABCBI in cervical cancer
cells. Although the effect of GPR81 would be cell specific, its effects of other ATP binding
cassette proteins (ABBC1, ABCG2) have to be elucidated in other cell lines*. Since, uncontrolled
cancer cells require precise DNA damage repair mechanism to promote replication and in turn
cellular proliferation. The two DNA repair enzymes controlling DNA repair activity are histone
acetyltransferases (HAT) and histone deacetylase (HDAC). Hyperacetylation is favoured by
HAT, facilitates easy of transcription, whereas HDACs hypoacetylation hinders transcription.
Lactate along with GPR81 were able to control the expression of certain DNA damage repair
genes (NBSI1, LIG4 and APTX) along with decrease in HDAC activity leading to increase in
DNA protein kinases (DNA PKs) involved in Non-homologous end joining (NHEJ). Together,
these contribute to increased double stranded break (DSB) repair in cell cycle favouring cancer
cell growth ». In breast cancer cell lines, an increased expression of GPR81 and GPR109A caused
an increased fatty acid production. The proliferation of breast cancer cells was in turn inhibited
by use of etomoxir and perhexiline (inhibitors of fatty acid metabolism), in addition silencing
GPR&81 and GPR109A mediated cancer cell death via caspase activation®. In breast cancer cell
line MCF-7, heruglin interaction with HER2/HER3 receptor complex leads to reduced GPR81
expression and increased extracellular lactate via MAP3K and G-protein interacting protein
(GIT). Silencing either GIT or MAP3K diminished GPR81 expression. This also confirmed,
MAP3K and GIT interaction is utmost important for GPR81 expression *. Similarly, in MCF-7
breast cancer cell line, GPR81 expression was related to increase angiogenesis by increasing
phosphoinositide 3-OH kinase (PI3K)/Akt-cAMP response element binding protein (CREB)
mediated effect of amphiregulin (AREG). Silencing GPR81 by shRNA resulted in abrogation of
amphiregulin *. In non-cell small lung cancer (NCSLC), GPR81/lactate promotes increased
expression of programme cell death protein (PD-1) via increased TAZ/TEAD transcriptional

regulation by reducing the expression of second messenger cAMP and proteinkinase A.
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Unphosphorylated TAZ is restricted to the cytoplasm of the cancer cells, however upon lactate
activation of GPR81 phosphorylated TAZ enters the nucleus and binds to TEAD inducing PD-1
expression *.
GPRS81 and inflammation

Lactate and GPR81 role in liver and pancreas is related to reduction in macrophages and
monocytes are well elucidated. LPS induction of IL-1B in macrophages and monocytes was
substantially reduced by lactate via GPR81 by reducing caspase-1 activity, thereby reducing IL-
1B production. In addition, there was a significant decrease in NRLP3 inflammasome activity *.
However, it should be noted that this effect is mainly due to GPR81 expressed on macrophages
and monocytes. A similar effect in the acinar cells of pancreas in case of acute pancreatitis is
highly unlikely, since reduction in intracellular pH by lactate will induce premature secretion of
proteases in acinar cells through activation of trypsinogen and cathepsin K. Hence lactate via
GPR81 in acute pancreatitis confers anti-inflammatory effect in a cell and dose dependent
manner *. Inflammation of LPS stimulation via TLR-4 and zymogen mediated TLR-2 resulted in
prominent decrease GPR81 mRNA levels in adipocytes. On the contrary to the findings of hoque
et al, lactate was shown to inhibit proinflammatory response to LPS in GPR81 independent
manner in the bone derived marcophages ». However, there was a decrease in Lipinl 3T3-L1
cells treated with cytokines. A plausible reason for this discrepancy could be the presence of
other pro-inflammatory factors that are responsible of inhibition of GPR81 in adipocytes. GPR81
mRNA expression was also reduced in the diabetic ob/ob mice associated with mild

inflammation . Colitis is a pathophysiological condition characterized by upregulation of pro-
inflammatory cytokines IL-1f, Interferon gamma, TNFa and IL-6. These effects of pro-

inflammatory cytokines signalling are tightly regulated by antigen presenting cells like, dendritic
cells and macrophages. GPR81 diminishes the aforementioned response by precise regulation of
immuno regulatory factors. GPR81 expressed in colonic dendritic and macrophages mediated

reduction of Th1/Th17 cell differentiation and a corresponding increased expression of IL-10, RA
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and IDO immunoregulatory factors. Thereby regulating intestinal homeostasis by reducing
inflammation. PPARy mediated signalling regulation of GPR81 in APCs may contribute to its

anti-inflammatory effect ».

GPRS81 and retina

GPR&81 expression in retina is mainly restricted to retinal ganglion cells, retinal pigmental
cells and muller glia. Recently the protective role of GPR81 via Wnt/Norrin signalling was well
elucidated in the pathophysiological condition of retinopathy of prematurity (ROP) ». The
absence of GPRS81 caused a significant time and age dependent decrease in inner retinal
vasculature, with a corresponding decrease in norrin, wnt ligands and its cognate receptors
frizzled (FDZ), low density lipoprotein receptor (LRP-1). Furthermore, in pathophysiological
condition like ROP, there was a significant increase in vaso-obliteration and neovascularization
in the GPR81 deficient mice. This classical ROP phenotype was rescued by subretinal LV
injections of Norrin in the GPR81 deficient mice, indicating GPR81 regulated norrin expression
was sufficient to promote pro-angiogenesis, thereby preventing vaso-obliteration and subsequent
neovascularization. The scientists further were able to elucidate that GPR81 mediated norrin
regulation was dependent on ERK1/2 pathway . Furthermore, activation of GPR81 by lactate
resulted in increased survival of Muller glia. The dual role of lactate as a metabolite and
signalling molecule contributes to the aforementioned survival of Muller cells. Metabolic effect
is directly related to increase mitochondrial metabolism. As a signalling molecule via interaction
with GPR81 it increases the expression of MCTs, therein, increasing the intracellular

concentration of lactate, which is used as a primary energy substrate *.

GPRS81 and Brain
Although GPR&8]1 is lower expressed in the brain as compared to the adipocytes, its role in

neuronal signalling has been well elucidated. Lactate shuttling into neurons from astrocytes is a
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prime source of energy for neurons to promote neuronal excitability. With the use of KO mice of
GPR81 it was evident that GPR81/ lactate interaction decreases neuronal excitability as
compared to the KO mice. GPR81 mediated this effect via Gi protein signalling reduction of
adenylyl cyclase, cAMP and protein kinase A activity. In addition, interaction of GPR81 with
adenosine receptor, GABAa and a2 adrenergic receptors contributed to the fine-tuning of the
neuronal firing ». Indeed to support the aforementioned result, Bozzo et la, were able to deduce
GPR81 specifically reduced neuronal firing in the cortical neurons. This was evident with a
decrease in calcium spiking frequency upon lactate and 3,5 DHBA treatment:. Indeed, to
determine the GPR81 effect is mediated to Gi coupled proteins; primary neuronal cells were
incubated in the presence of pertussis toxin (PTX), (potent inhibitor of Gi activation). The results
showed there was a significant reduction in neuronal firing frequency in the GABAnergic and
principal glutaminergic neurons solely with lactate treatment, on the contrary the effect was
completely nullified with pre-incubation of PTX. Bacterial meningitis, a pathophysiological
condition associated with inflammation associated with increased infiltration of leukocytes,
production of pro-inflammatory cytokines and eventually neuronal cell death. LPS injections in
mice have found to disturb the integrity of the blood brain barrier (BBB) by reducing the
microvasculature integrity of endothelial cells. This is attributed to increased secretion of pro-
inflammatory cytokines (IL-1f, IL-6 TNF-a and chemokines)*. Apparently, LPS also increases
lactate production and via GPR81 stimulates mitochondrial biogenesis. Boitsova et al elucidated
that LPS induced a decrease in GPR81 and MCT-1 expression leading to loss of BBB integrity,
indicating that GPR81 plays a vital role in maintaining tight JAM junctions of BBB and thereby

preventing subsequent leakage~.

2.2 LACTATE: A ligand for GPR81
Lactate was first discovered in 1780 and isolated by Carl Wilhelm Scheele from milk.

The old paradigm was based on the fact lactate produced from glycolysis lacks function in the
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organism other than contributing to pathological muscle acidosis during high intensity exercise *.
Berzelius, a Swedish chemist in 1808, proposed lactic acid as an energy donor in muscle
contraction ”. It was considered to be a metabolically inert product with no physiological role at
the molecular level. However, in late 1940s, Embden and Meyerhof elucidated the glycolysis
pathway and determined that there are high levels of lactate accumulation in hypoxia. In last 4
decades of research it has become more evident that lactate plays a crucial role in as a signalling
molecule and is contributed in several pathophysiological conditions®. Daily normal lactate
circulation in the human body is about 1500 mM, the main contributors are skin, skeletal
muscles, brain, RBC and intestine. The excess lactate is cleared from the blood by the liver via a
process of gluconeogenesis (conversion to glucose) and ATP production (oxidative
phosphorylation, kreb cycle) ». Lactate transported is facilitated across the cell membrane by
several monocarboxylated transporters (MCTs). Out of the 14 MCTs discovered, MCT-1 to
MCT-4 are well studied. These primarily transport monocarboxylates, like lactate, pyruvates,
acetoacetates and B-hydroxybutyrate. MCT-1 are more prominently expressed in major organs
like brain, kidney, liver and skeletal muscles. As mentioned in detail before, lactate activates
GPR81 with an effective concentration of 1mM to 5 mM. In, addition higher concentration of
lactate from 10mM to 30mM in pathophysiological conditions of cerebral hypoxia and cancer

have also found to activate GPR&1 .

The new lactate paradigm on the contrary challenged the old believe that lactate is merely an
excretion product. Rodergs et al proposed that all carbohydrate metabolites including lactate of
glycolysis have low pK at the body pH levels and exists in their basic forms*. The signalling
effect of lactate was evident with studies in muscle fibers. Muscles fibers are further classified

into:

1. Glycolytic fibers
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During high intensity exercise, the glycolytic fibers promote glycolysis leading to catabolism of
glucose to increase production of pyruvate. However, increased consumption of pyruvate by
glycolytic fiber leads to production of lactate with aid of the enzyme lactate dehydrogenase A
(LDH A). The lactate is then transported out of the cell fibers by MCT-4. The lactate in the

intercellular space is later taken in by oxidative fibers with help of MCT-1.

2. Oxidative fibers

Lactate in the oxidative fibers is converted into pyruvate by the enzyme lactate dehydrogenase
(LDH B), which further enters into aerobic oxidative phosphorylation. Hence export of lactate
out of the glycolytic fibers, protects them intracellular acidosis and at the same time acts an
energy source by oxidative phosphorylation. This lead to the generation of lactate shuttle
(Astrocyte-Neuron lactate shuttle hypothesis) theory, wherein lactate can act as a signalling
molecule and has the ability to be produced in cells and tissues away from their site of action .
The molecular mechanism of ANLSH is based on the ability of neurons to produce glutamate
after neuronal firing. The glutamate is taken up by astrocytes via Na transporters. Increase
production of glutamate results in increase uptake of glucose and increase activation of Na-K
Atpase pump and glutamine synthetase. This causes an increase in lactate export out of astrocytes
into extracellular space, which is taken up by neurons as an energy source. Although this
proposed mechanism is perfectly sound for glutaminergic neurons, its role in non-glutaminergic

neurons has to be well elucidated.

2.2.1 Role of Lactate as signalling molecule
Lactate and HIF: Hypoxia inducible factor (HIF) la and 1b production is directly dependent
on lactate. Under normal oxygenated conditions, HIF1a is hydroxylated by prolyl hydroxylases.
The hydroxylated HIFla is recognized by Van hippel lindau ubiquitin ligase (VHL) for

ubiquitination-mediated degradation. However, during hypoxic condition the inhibition of prolyl
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hydroxylase, which decreases HIF-1a degradation and promotes increased HIF mediated gene

expression. HIF-1a promotes increased expression of glycolytic, and pro-angiogenic genes ™.

Lactate and inflammation: Immune dendritic cells, when treated with lactate increased anti-
inflammatory productions of interleukin-10 (IL-10) and decreases pro-inflammatory cytokine
productions of IL-12 mediated via Toll-like receptor stimulation of LPS. A similar effect of
lactate on natural killer cells resulted in decreased cytotoxic activity of NK cells via
downregulation of NKP-46 (NK activating receptor). Indeed, NMDA receptors in neurons also
play a major role in anti-inflammation. However, it would be interesting to elucidate if NMDA
and GPRS81 synergistically are responsible for controlling secretion of anti-inflammatory

cytokines .

Lactate and memory formation and neuroprotection: Lactate plays a crucial role in
synapse formation and synaptic plasticity. By activation of Arc, cFOS, Zif268 genes lactate
modulated the expression of NMDA receptor (receptor critical in long term memory and
learning). The expression of NMDA receptor at the molecular level was associated with
increased cellular NADH, intracellular calcium activation and ERK1/2 activation. Impaired
cognitive function associated with acute and chronic stress is related to increased cAMP levels.
Similarly, aging is concerned with increased expression of glutamate receptor and over activation
of glutamate signalling. Lactate via GPR81 activation can reduce cAMP and glutamate mediated

signalling and would be a potential target to prevent memory decline and senile dementia .

Lactate and synaptic plasticity: Synaptic plasticity is a unique feature of the central
nervous system wherein; the strength of synapse formation between two or more neurons confers
the neural basis of memory formation and storage. Memory can in layman term, be divided into

short term and long-term memory. Synaptic plasticity can be further divided into functional
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(related to efficiency of neuronal signalling transmission) and structural (related to information
storage) memory. With the aid of electrophysiological recordings, changes in function synaptic
plasticity can be elucidated on the basis of long-term depression (LTD) and long-term
potentiation (LTP). Generally, LTP is associated with formation of stronger and larger synapsis
and dendrite spines. On the contrary, LTD is associated with weaker and smaller synapsis.
Experiments with lactate have shown that at physiological concentration, lactate can induce
expression of key synaptic plasticity genes (BDNF, Arc and Zif268). Indeed, lactate was able to
abrogate the blocking effect of 1,4-dideoxy-1,4-imino-D-arabinitol (DAB) on LTP when injected
into the hippocampus (DAB specifically inhibits glycogen transport rather than glucose
metabolism). Peripheral administration of lactate was also able to produce anti-depressant effects

associated with dysfunctional synaptic plasticity. Microglia has been shown to play a major role
in modulating synaptic plasticity via secretion of TNFa in the model of fear memory. Indeed,

lactate can also affect synaptic plasticity by maintaining pH homeostasis .

Lactate and angiogenesis: Lactate in the presence of oxygen was found to initiate formation
of mature blood vessels. This was evident when lactate polymer was implanted to improve
wound healing. There was a substantial increase in collagen deposits, along with increase
expression of angiogenic factors like VEGF, TGFB, and lowering of IGF-1. Indeed, the
concentration of lactate was found to increase from 6mM to 9mM. These results were indicative
of the fact the lactate participates in wound healing process via production of angiogenesis, and
also participates in redox control mechanism. Lactate mediates the redox system by tricking the
cell to believe that it’s in a hypoxic state leading to formation of HIF1a. Furthermore, lactate also
reduces ADPRibosylation pathway resulting in increased angiogenesis and collagen deposition.
Collagen deposits are essential for vessel maturation and without it, results in vessels which are
weak and leaky as seen in diseases such as scurvy . The question how lactate modulates certain

signalling transduction pathways to promote angiogenesis was also elucidated in endothelial

39



cells. It was determined that lactate via tyrosine kinases activation of Axl, Tie-2 and VEGFR2
enhances phosphatidylinositol-3-kinase (PI3K)/Akt pathway. Increased activation of the
aforementioned receptors were essential in proper lumen formation and vessel sprouting. Indeed,

lactate also increased production of proangiogenic ligands Gas6, angiopoietin and VEGF .

2.2.2 Warburg Effect

Otto Warburg discovered the Warburg effect in 1920s. The effect was mainly studied in
cancer cells where Warburg and his colleagues found that tumors cells had high rate of glycolysis
as compared to normal cells and interestingly, glucose was converted to lactate by cancer cells
even in the presence of oxygen, which he termed as aerobic glycolysis. This ground-breaking
work was further confirmed by Herbert Crabtree, who further discovered that tumors are
heterogeneous and have different rate of aerobic glycolysis".
Although it is widely accepted that oxidative phosphorylation is more energy efficient in
producing ATP from a single molecule of glucose, the rate of glucose metabolism by glycolysis
is 100 times faster than mitochondrial oxidative phosphorylation. Hence for a given time the ATP
production by glycolysis will be similar to oxidative phosphorylation=. With the advent of
genomics and pharmacological studies it was unequivocally proved that Warburg effect is
necessary for the survival of cancer cells. Besides, uncontrolled cell proliferation is a hallmark of
cancer progression and hence to support increased proliferation high rate of glycolysis can
contribute to de novo lipid synthesis via the pentose phosphate pathway. High glycolysis rate is
also associated with increased production of NAD+ from the conversion of pyruvate to lactate.
At the cell signalling level the Warburg effect also modulates the production of reactive oxygen
species (ROS) . The sufficient levels of ROS are maintained by redox potential in the cells via
NADH. Glycolysis is able to maintain the NADH balance via malate-aspartate shuttling through
the mitochondria . Indeed, increased pentose phosphate pathway and denovo serine metabolism

is responsible for the production of NADPH and glutathione which also regulate ROS levels.
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Moreover, there is increase DNA repair and gene transcription in the cancer cells due to
increased histone acetylation and increased activity of enzyme called ATP citrase (aids in
conversion of citrate to acetyl COA). These studies have suggested that there is a direct link in
between DNA chromatin structure and glycolysis .

The Warburg effect hence also is applied to other pathophysiological conditions that are
attributed to metabolic dysfunction like cerebral hypoxia to further elucidate the underlying

functioning and cellular mechanis

2.3 The Brain
The brain, a master regulator of the body is a highly complex and an extraordinary organ
in the central nervous system. The brain is capable of performing diverse functions, ranging from
simple proprioception, to complex ones of decision-making, thought processing and critical
thinking. Structurally, the brain is divided into three major parts: cerebrum, cerebellum, and

brain stem.

2.3.1 Cerebrum
The cerebrum is the largest part of the brain, which is divided into two hemispheres. The cerebral
hemispheres are further divided into four lobes each specialized in performing specific functions.
The frontal lobes are located in the anterior parts of the cerebral cortex. It is responsible for
co-ordinating body movements, speech (Broca’s area) and complex cognitive tasks. The latter
function is performed in conjunction with sensory and motor cerebral association cortices of
parietal lobe. Injury to the frontal lobe impairs creative thinking, speech, contributes to
personality changes and affects language learning in an individual. Furthermore, there is
significant reduction in executive functions associated with reduced decision-making ability,
attention span and future planning. Less common side effects seen in frontal cortex damage are

attributed to confabulation, reduplicative paramnesia and capgras delusion. Indeed,
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pathophysiological brain conditions such as, schizophrenia, depression and obsessive-compulsive
disorder have been associated with abnormal frontal cortex functioning .

The parietal lobes are situated posterior to the frontal lobes and superior to the occipital
lobes. Their major function is to receive and process sensory information by the somatosensory
cortex located in the parietal lobes. In order words, the parietal lobe is responsible for object
recognition (2D, 3D discrimination, graphesthesia, localization) via sense of touch. In association
with other lobes of the brain, the parietal lobe carries out specialized function of spatial
recognition, precise navigation, performing complex mathematical calculations and processing
writing and reading information. Damage to the specific parts of parietal lobe can causes number
of difficulties. For example, lesion in the dominant hemisphere of parietal lobe contributes to
dyslexia, apraxia, agnosia, and problems associated with performing mathematical calculations .
On the contrary, damage to the non-dominant hemisphere results in spatial disorientation and
anosognosia ™.

The temporal lobes are located anterior of occipital lobe and inferior to frontal and
parietal lobes. Their main functions are associated with hearing and contain the primary auditory
cortex, which is responsible for converting the sensory inputs into precise speech and words. The
auditory inputs from the cochlea are also processed in the primary auditory cortex, relating the
information to cerebral cortex . In, addition the temporal lobes perform complex visual
functions, spanning from face to object recognition =. In conjunction, with the Broca’s area of
frontal lobes the temporal lobes Wernicke’s area performs the complex speech comprehension
function. The temporal lobes also contain the hippocampi, which are essential for memory
storage>. Damage to the temporal lobes are associated with difficulty in speech, visual agnosia,
anterograde amnesia and complex hallucinations ™.

The fourth lobes are called the occipital lobes, which are located in the posterior part of
the brain contains the primary visual cortex. The visual cortex is further divided into ventral and

dorsal streams each containing visual areas. The V2 and V5 visual cortical areas in the ventral
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stream are responsible for storing vital sensory information in memory. The dorsal stream (V3
and V5 visual cortical areas), in turn processes this information to respond to external stimuli =.
Lesions to the occipital lobes results hemianopsia vision loss, visual hallucinations, agraphia and

idiopathic epilepsy ™.

2.3.2 Cerebellum

The cerebellum is located under the two cerebral hemispheres and makes up a large portion of the
hindbrain. Cerebellum is functionally connected to the cerebrum via tentorium cerebelli, and via
pons with other parts of the brain. The pons and cerebellum together are called metencephalon,
like the cerebrum the cerebellum is divided into 3 lobes, the anterior, posterior and
flocculonodular lobes®.

The anterior lobes are responsible for maintaining unconscious kinaesthesia, also referred to
the sixth sense of the body.

The posterior lobes, are connected to the cerebral cortex and brain stem and receives
sensory inputs from the same. The main function of the posterior lobe is to inhibit involuntary
movements via GABA inhibitory neurotransmission. Indeed, it also functions in regulating fine
motor co-ordination ™.

The flocculonodular lobes, consists of a floccule and a nodule and receives sensory
inputs from the vestibular and visual neural networks from the cerebrum. This information is

translated in the flocculonodular lobes to regulate body posture, balance and eye movements ™.

2.3.3 The Brain Stem
The brain stem, the lower part of the brain located below the cerebrum, consists of three major
parts: (a) Midbrain, (b) Pons and (c) Medulla oblongata.
Midbrain: (upper part of the brain stem). The main function of midbrain is associated

with receive inputs from sensory organs such as eyes and ear, owing to which it controls
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involuntary eye movements along with visual and auditory sensory reflexes. Indeed, it also
relates information concerning wakefulness to hypothalamus, thalamus and forebrain thereby
playing a crucial role in maintaining sleep and wake cycles®.

Pons: This middle part of the brain stem, which is connected to cerebellum, it forms
integrated circuitry with the inner ear thereby maintaining balance function. Furthermore, it also
modulates pain sensation radiating from facial nerve endings.

Medulla oblongata: The lower part of the brain stem is concerned with controlling
vital body functions ranging from sneezing, coughing and vomiting to modulating heart rate and

breathing .

Brain Stem (Pons, Medulla and Midbrain)

Figure 2.2 Brain Anatomy
Brain consists of three major parts namely the cerebrum, cerebellum and brain stem. These
subdivision works in unison to co-ordinate voluntary and involuntary actions necessary for

organism survival
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2.4 Cerebral hypoxia or stroke
Cerebral hypoxia is the fourth leading cause of death in North America. In 2017, about
283,000 people were killed by stroke and there were 700,000 new stroke cases reported. It is
reported to be one of the most debilitating diseases associated with long term complications like

cerebral palsy and mental retardation™.

Cerebral hypoxia is divided mainly into 3 categories:
1. Diffuse Cerebral Hypoxia

2. Focal Cerebral Hypoxia

3. Global Cerebral Hypoxia.

Out of the aforementioned categories ischemic stroke leading to reduction in cerebral blood flow
(CBF) is more common contributing to 61% of the total stroke cases. There are multiple causes
of the same, reduction of CBF due to cardiac arrest, occlusion of cerebral arteries and systemic
hypotension. During a primary insult prolonged deprivation of cerebral blood flow to the brain
results in substantial decrease in glucose and oxygen supply to the neurons and accumulation of
toxic substances. At the molecular level neurons are deprived of energy due to reduction in ATP,
and subsequent energy failure. Ischemic insults can further be divided into focal/global and

permanent/transient .

Neurons show a predominant susceptibility due to restricted blood supply to the brain. CBF
reduction of 25ml/100g/minute in rodent was found to be enough to cause cell death. The
severity of ischemia and duration play a vital role in cellular vulnerability. Short burst of
ischemia causes specific neuronal death while long exposure leads to ischemic infarction
involving endothelial, astrocytes and microglial cell death. In clinical aspects the penumbra is the

most important region after an ischemic insult. Penumbra can be defined as the region
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surrounding the ischemic insult which is highly metabolic active and contains an unique mixture

of ischemic neurons and healthy neurons which can be rescued if angiogenesis is restored .

2.5 Animal models to study stroke:
It is utmost important to choose an appropriate model to study focal or global cerebral ischemia,
to understand the in-depth mechanism and provide a neuroprotective strategy. Although many
therapeutic pharmacological agents have been tested in clinical trials, unfortunately, many of
them have failed due to complexity involving drug administration, low therapeutic window,
length and duration of ischemia, age, gender differences etc~. Indeed, improper clinical trial
designs have confounded the underlying problem. In order to design an appropriate model, we

need to clearly differentiate between global, focal and multifocal ischemia.

Global Ischemia: In global ischemia there is a substantial reduction in the cerebral blood flow
throughout the entire brain. The main cause can be associated to cardiac arrest, hypotension and
significant blood loss due to accidents™
Focal Ischemia: Is characterized by reduction in blood supply to a specific part of the brain.
This can be due to formation of blood clots or blockage of carotid artery.
Multifocal Ischemia: In multifocal ischemia there is intermittent reduction of cerebral blood
flow. The main aim of a cerebral hypoxic model is based upon reducing oxygen and glucose
supply to the brain®.

2.5.1 Model of Focal cerebral ischemia:

This model is focused on occlusion of middle cerebral artery (MCAO) in small animals
like mice and rodents. This occlusion can either be permanent or temporary depending upon the
type of injury that is out to be studied. Permanent MCAO model resulted in a decrease of CBF of
25ml/100g/min causing substantial histological aberration in the region with reduced blood flow.

In case of model of reperfusion injury, the common carotid artery is temporarily occluded with a
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help of a stent, which is removed at further time to allow blood flow. However, the infarct size
was not consistent in the cerebral cortex .

Indeed to the combination of models mentioned above, researchers have also tried a
photochemical MCAO model. This model uses an argon-based laser beams which irradiates
various branches of cerebral arteries. Although this model provides a much consistent infarction,
the potential disadvantage is associated with destruction of microvasculature due to photo
bleaching.

Another non-invasive method consists of an insertion of a nylon suture into the carotid
artery and pushing the thread forward upto 20mm up towards the cranium to block the middle
cerebral artery. The nylon suture can be coated with poly-L-lysine to ameliorate the adhesion of
the suture to the endothelium, which in turn also improved the consistency of infarction. The
advantage of the model is that it is well suited to perform a reperfusion injury simply by

removing the thread "

2.5.2 Models for global ischemia:

Neonatal hypoxic ischemia (HI) or hypoxic ischemia encephalopathy (HIE) in clinical
terms refers to asphyxia of the umbilical cord in the humans leading to restricted blood flow to
the foetus. This leads to traumatic brain injury or stroke in the neonates which is termed as HIE.

During the 1980s, neck cuff technique was introduced which involved venous congestion
and vagal nerve compression resulting in variable ischemic insult. However, the neck cuff
occlusion of vertebral arteries was necessary to promote an ischemic insult. Another modification
of cuff technique involved reduction of arterial blood pressure before cuffing the animal.
However, the ischemia produced by this method had the disadvantage that vertebral and spinal
arteries are not occluded leading to incomplete ischemia .

By far the most efficient and reproducible model for global ischemia is ventricular

fibrillation. The model is based upon induction of cardiac arrest, followed by pulmonary
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resuscitation CPR and a dose of epinephrine after 10 min of cardiac arrest. This process results in
reduced cerebral blood flow to the brain as compared to the control. The technique is
reproducible but requires intensive care monitoring of animals (dogs and pigs) after inducing
cardiac arrest. Using ventricular fibrillation can also cause ischemia to other organs. In other to
specifically induce ischemia in brain, ventricular fibrillation is combined with occlusion of
cephalic arteries (neck and thorax). This modification completely abolishes ischemia to other
organs (kidneys and liver) *.

In 1979, a reversible cerebral ischemic model was developed called four-vessel occlusion
model (4-VO). This required a two-stage surgery; initial stage included loose attachment of
common carotid artery followed by the second state involving the occlusion of the vertebral
arteries. The disadvantage was there was variable ischemic injury owing to difference in rat
strains. The advantage on the other hand was reduced cerebral blood flow to 3 % and specific
injury to various part of the brain depending upon the extent of ischemia. For example, a 30 min
ischemia resulted in striatal neuronal injury while an exposure to 3 to 6 hours resulted in injury to
the hippocampus after reperfusion .

An alternative to 4-VO model was a 2-VO model, characterized by simultaneous
induction of ischemia and reperfusion. Unlike the 4-VO model, the 2-VO model involves
bilateral carotid artery occlusion coupled with bleeding (to induce hypotension) resulting in
reversible forebrain ischemia. In this model there was a reduction of CBF of 5% in the cerebral
cortex after 15 min of ischemia. The injury obtained during this model was localized to neurons
of hippocampus, caudoputamen and neocortex. A potential advantage of 2-VO method over the
4-VO model is attributed to a relative simple surgery with an added possibility to induce
reperfusion and it is more suitable to study chronic effects of cerebral ischemia. The disadvantage
on the other hand is that it may require the use of hypotensive drugs that may obscure data

interpretation .
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2.5.3 Neonatal Hypoxic-Ischemic model:

Although, the above-mentioned models have shed tremendous light on understanding the
cellular functions of cerebral hypoxia, these models are not suitable to study neonatal cerebral
hypoxia, owing to difference in brain maturation and more susceptibility to an HI insult. Hence
an alternative HI model was developed by Rice and Vannucci to determine the underlying causes
of HI insult in neonates. The model was adopted from Levine HI model in adults. It was been
proposed that P7 mice brains are equivalent to a preterm human infant. Briefly, Rice-Vannucci
model is based on unilateral ligation of common carotid artery in P7 mice under general
anaesthesia, followed by a recovery period of 2 hours. The pups are then exposed to hypoxia of
8% oxygen in a chamber where the body temperature is maintained at 37C for a period of 2
hours. It is utmost necessary to expose the pups to hypoxia after unilateral carotid ligation since
ligation alone does not contribute to ischemia due to compensatory blood flow of circle of Willis
between cerebral hemispheres. The HI injuries to the brain are time sensitive to the hypoxic
exposure. Researchers have elucidated that exposure of 45 mins causes selective damage to the
hippocampus while an exposure of 60 min resulted in infarction to the hippocampus, striatum and
the cortex . In our experiments we injected lactate intracerebroventricularly at P4 in order to
assess the prophylactic and pre-conditioning neuroprotection effect of lactate via GPRS1
signalling. The main cause of infarction is attributed to glutamate excitotoxicity and oxidative
stress. Although Rice- Vannucci model is considered to be gold standard for neonatal HI insult,
the injury does not precisely mimic the white matter injury in humans. This is important to take
into consideration for studying pathophysiological conditions of cerebral palsy (CP). CP is
characterized by prominent damage to the white matter with earlier maturation of
oligodendrocytes. Rice-Vannucci model have shown to have injury-associated infarction in both

white and gray matter *'.
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Figure 2.3 The Rice-Vannucci model.
In our experiments, A and B intracerebroventricular lactate injections were performed at on P4
pups, followed by permanent artery occlusion and hypoxic insult at 8% oxygen and 45 mins. The

brain infarction was determined by topical tetrazolium chloride (TTC) staining.

2.6 Causes and therapeutic current interventions for neonatal cerebral hypoxia
Clinicians normally use neonatal encephalopathy (NE) to differentiate from HIE in the
fact that it HIE has a known etiology whereas NE does not have a known cause. In order to
improve the therapeutic interventions in HIE it is utmost necessary determine the underlying
causes of HIE. The most common causes are mentioned below:
1. Congential disorders of cardiovascular system.
2. First line pathological conditions such as cardiac arrest leading to HIE.
3. Genetic disorders such as epilepsy, seizures and neurometabolic disorders.
4. Antepartum risk factors include maternal hypotension, emergency caesarean surgery, and
obesity (BMI > 40 kg/m?).
5. Other known causes are uterine rupture, (pregnant mothers who have undergone previous
caesarian surgery are more susceptible), breech presentation, placenta previa and abrupto
placenta .
The diagnosis is based on certain clinical parameters; these include 5 min apgar scores,

delivery tube intubation, umbilical cord arterial pH, lack of sucking and hypotonicity of the
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muscles. Indeed, electroencephalography (EEG) and magnetic resonance imaging (MRI) have
contributed immensely to the clinicians in determining the neurodevelopmental outcomes of a
neonate after a HIE=.

Neuroprotective strategies to manage HIE

The majority of the drugs or therapies have focused to ameliorate HIE conditions by
targeting the secondary energy phase failure. The main goals are associated with reduction of
glutamate-induced excitotoxicity (inhibit glutamate release, blocking glutamate receptor or
increasing the uptake of glutamate by astrocytes), decrease inflammation and oxidative stress via
reduction in production of pro-inflammatory cytokines and free radicals*.

Moderate Hypothermia: Hypothermia is considered to be the most effective therapy
in treatment of mild to moderate HIE. This is achieved by either by whole body cooling where
the body temperature or selective head cooling wherein the temperature is dropped and
maintained between 33.5C to 36C for a period of 72 hours, followed by a slow and steady
rewarming to normal temperature, this is done to prevent pulmonary hypertension and seizures.
At the molecular levels moderate hypothermia works by reducing the free radical formation
thereby reducing mitochondrial dysfunction leading to decrease apoptosis. Furthermore, the
release of glutamate from neurons is drastically reduced resulting in decreased exictotoxicity.
Indeed, overall oxygen demand of the brain is reduced sparring the cells from using more ATP.
Moderate hypothermia results in reduced injuries to the CAl region of hippocampus, putamen,
basal ganglia, thalamus and the parasagittal cortex.

Randomized trials of 1440 infants subjected to hypothermia showed encouraging results in
reducing mortality, cerebral palsy, cognitive delay functioning and blindness. On the contrary
hypothermia was not effective in reducing deafness. Indeed, infants at 18 months age did have a
significant neurodevelopmental disability. Moreover, the effect was very much restricted to
infants who suffered moderate HIE. In cases, of infants suffering with severe HIE, moderate

hypothermia was not effective. Hence to improve neurological disability and survival rate of
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infants’ alternative methods have to be developed or tested in a synergistic approach along with

hypothermia~.

Erythropoietin (EPO): Historically erythropoietin was discovered as a glycoprotein,
which is produced by kidneys. The primary role of EPO is stimulation of angiogenesis. With the
advent of research, it was determined that EPO is also expressed by neurons, astrocytes and
oligodendrocytes, more specifically near the site of injury of an HI insult. It’s been reported that
there is an increased expression of EPO receptors along with EPO after 24 hours of insult. The
neuroprotective mechanism of EPO is attributed to reducing inflammation and thereby edema by
inhibiting the activity of aquaporin 4 channel (AQP4). Indeed, there is decreased apoptosis of
astrocytes and neurons in the hippocampus thereby promoting neuronal survival via promoting
axon regeneration'.

Clinical trials of EPO have been carried out in a dose dependent manner. Lower dose of
500U/kg within 48 hours of injury with a continuous dose foe two weeks therein significantly
reduced infant mortality till 18 months of age. However, administration of higher dose of EPO
2500U/kg within 4 to 6 hours of the injury produced a far better and longer survival up to 6
months. Although promising results were seen at the clinical trials, mortality rate in infants
suffering from severe HI was the same as the hypothermia. Furthermore, administration of higher
dose EPO predisposes the infants to liver and kidney damage, hypertension, allergic reaction and
thrombosis. There could a high possibility of have a synergistic effect of using EPO and
hypothermia together, however this additive effect needed to be evaluated more precisely in the

clinical trials«.

Stem Cell therapy: The use of cord cells from the umbilical cord has been used in the
ongoing clinical trials in infants who have suffered moderate to severe HI insult. The cord cells

are sought to act by reducing inflammation via decreasing the activation of microglia, inhibiting
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neuronal death resulting in reduced infarct size in hippocampus and cerebral cortex*. The
potential limitation is associated with the large volume of cord cells required to produce the
desired protective effect=. Further technological advances in reducing the volume size in

conjunction with a large clinical trial will be needed to address the potential shortcomings.

Antiepileptic drugs: The use of antiepileptic drugs was proposed due to seizures and
hyperactivity of neurons associated with increased release of glutamate by neurons, reduced
uptake by astrocytes and hypersensitivity of the glutamate receptors=. Clinical trials of an
antiepileptic drug topiramate were found effective in moderate HI insult in a dose dependent
manner. The dose of topiramate 20mg/kg/day was more efficacious compared to 10mg/kg/day
when administered within 1 hr of the ischemic insult. The effect of another drug phenobarbital
when used alone did not significantly reduced neurological outcome. However, when used along
with hypothermia the effect was more pronounced in reducing the infarct size. The additive effect

of topiramate and hypothermia however was not assessed.

Xenon: The effectiveness of this anaesthetic gas at 50% concentration was found to
drastically reduce the infarct size in the neonatal mice, when administered immediately after the
induction of HI insult. The mechanism of action of xenon was directly based upon decreased
activation of NMDA, AMPA and kainite receptors by glutamate=. Xenon acts as a direct
antagonist of glutamate by inhibiting the interaction of glutamate with NDMA receptors.
Although xenon was efficacious in neonatal mice model, sole use of xenon in infants was not
found to be effective. However, when it was combined with hypothermia together for a period
of 3 hr there was selectively injury to the thalamus, hippocampus and basal ganglia was
significantly reduced. The probable hindrance to use xenon as a potential neuroprotective agent is

attributed to its uneasiness of route of administration and cost. However, the potential advantage
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is that xenon does not affect heart rate or blood pressure thereby reducing the potential side

effects.

Docosahexaenoic acid (DHA): DHA is a long chain fatty acid, which is found in
fish and fish oils. Research on neonatal HI animals has found to have a protective effect by
reducing inflammation, oxidative stress and apoptosis. Unlike the curative effects of all the
already mentioned neuroprotective agents, DHA was administered 4hr before HI insult. This
indicated that it could be used as a preventive molecule in preventing HI insult. Indeed, there was
reduction in injury to hippocampus and a corresponding increase in brain volume®. These

interesting preventing effect of DHA are yet to be monitored in human infants.

Cannabinoid Agonists: Agonist of cannabinoids activates cannabinoid receptor 1 and
2 (CB1 and CB2) present on the neurons. Activation of CB1 and CB2 receptors by an agonist
WIN-55212 have proven to be neuroprotective in HI by reducing glutamate release from
neurons™. The MRI images showed that viability of neurons drastically improved and the atrophy

in the cerebral cortex was marginal when compared to the control.

Melatonin: Physiologically melatonin functions in controlling the circadian rhythm,
however when used at a higher pharmacological doses melatonin possesses anti-oxidant and anti-
apoptotic effect. Preclinical trials of melatonin on rodents resulted in 43% reduction in infarct
size while in pig’s melatonin along with hypothermia provided increased protection compared to

cooling only =.

Allopurinol: Allopurinol is marketed as a drug for gout, kidney stones due to its unique
ability in reducing uric acid concentration in the body. Recently its role has also been tested in

preclinical and clinical trials. In HI model of pig’s allopurinol was found to reduce infarct size,
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which was evident from MRI scan. In terms of clinical trials ALBINO trial in europe has started
in 2017 to determine the synergistic effect of allopurinol and hypothermia with cooling alone.
Allopurinol protective mechanism is based on scavenging free radicals and acting as a free iron

chelator.

2.7 Molecular mechanism of neonatal brain injury
As mentioned earlier neonatal hypoxic ischemia is considered to be the main cause of
neurological disability in children. The underlying cause of HI insult is complex and is attributed
to the combination of different factors, including infection, inflammation and neuronal
excitotoxicity. The brain injury hence can be divided into three different phases

1. Primary phase, 2 Secondary phase and 3. Tertiary phase.

The primary phase is characterized by increase in CBF in the first few hours of an HI
insult, followed by a sudden decrease, due to vasoconstriction and reduced cardiac output. This
results in increase cellular death via apoptosis and subsequent necrosis. Primary energy failure at
the molecular level results in reduction in ATP production and increased lactate accumulation.
Since CBF is restricted resulting in decrease glucose and oxygen supply to the neurons oxidative
phosphorylation is arrested causing less ATP production and subsequent failure of Na/K pumps
resulting in increased influx of Na ions into the cells. The changes Na and K ion concentrations
results in direct depolarization neurons stimulating release of excitatory neurotransmitter
glutamate with a parallel influx of calcium ions into the cell via the activation of Ca transporters

The secondary phase normally occurs within days of the primary injury which
includes an inflammatory response. The time period of 6 to 48 hours after initial injury is termed
as secondary energy failure. During this phase there is aberrant production of inflammatory

cytokines and free radical formation causing mitochondrial dysfunction and permeabilization.
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Indeed, immature brains are high in lipid content, making them susceptible to lipid peroxidation.
Since the neonatal brain have low antioxidants they cannot cope with these oxidative stress signal
ultimately resulting in necrosis*.

Finally, tertiary phase is associated with failure of repair mechanism due to
inflammatory response and occurs after weeks to months of an HI insult. Each of these phases
have different molecular mechanisms which have been studied in great details to better

understand the underlying cause of HI .
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Figure 2.4 Blood Brain Barrier

A) An intact neurovascular unit showing a synchronized functioning between astrocytes, neurons
and endothelial cells. B) Pathophysiological condition such as cerebral edema or hypoxia can
contribute degeneration of neurovascular unit and promote endothelial cells remodelling in

conjunction with other cells.
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2.7.1 CNS excitotoxicity:
The primary injury to brain cells to neurons is due to post-synaptic toxicity. Increase in glutamate
and adenosine neurotransmitters causes substantial neuronal depolarization due to reduced uptake
of glutamate by astrocytes, resulting in increased concentration in the synaptic cleft and
overstimulation of glutamate receptors. Indeed, since the expression of glutamate receptors,
peaks during neonatal developmental phase contributing to excitatory synapse formation, any
unwanted event causing an imbalance in the secretion of these excitatory neurotransmitters can

lead to necrosis of neurons .

2.7.2 Free Radical formation and oxidative stress:

Increase damage to the brain via oxidative stress is due to formation of reactive oxygen
and reactive nitrative species. Since HI insult results in mitochondrial dysfunction there is a
significant increase in the generation of ROS. Nitric oxide (NO) is a free radical capable of
performing diverse physiological roles from controlling the brain flow, to generation of
mitochondrial ROS. NO is synthesized by nitric oxide synthetase in neurons (nNOS), endothelial
cells (eNOS), astrocytes,microglia (iNOS). Following an HI insult there is increased in
expression of eNOS and nNOS in endothelial cells and neurons leading to increased production
of NO. Conditional KO of neuronal Nitric oxide synthase (nNOS) enzyme in the neurons has
shown to be resistant to HI insult. On the contrary KO of eNOS mice were more susceptible to
HI insult, mainly owing to its loss of protective effect on neuronal outgrowth and angiogenesis.
Indeed, owing to the high lipid make of the brain, the brain is more vulnerable to lipid
peroxidation. The formation of peroxynitrite (OONO), via interaction of NO and superoxide is
detrimental to immature oligodendrocytes which contributes to selective white matter damage in

neonates .
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2.7.3 Mitochondrial Dysfunction:

During an HI insult the primary injury, which is characterized by decrease in ATP
production that is followed with a brief recovery period before the start of the second injury.
There is subsequent increase in free radical formation that affects the respiratory chain leading to
cell death. Hence mitochondrial biogenesis and function is utmost important to consider in and
apoptotic process of HI insult during the early primary phase of injury. At the molecular, an HI
insult was sufficient to increase the production of AMP-activated protein kinase (AMPK) which
ought to act as an energy sensor detecting subtle changes in AMP/ATP ratio. Activation of
AMPK aims in increasing mitochondrial biogenesis via PGCla and conserve energy by
inhibiting fatty acid pathway and promoting glycolysis. The mitochondria also have a unique
ability to divide and fuse termed as mitochondrial fission and fusion respectively. The fusion
proteins like cytochrome c decreases apoptosis while fission proteins DRP-1 on the contrary

induces apoptosis via Bax leading to mitochondrial leakage and outer membrane permeabilisation
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2.7.4 Mitochondrial permeability (MP):

MP is mainly associated with the secondary phase of brain injury. MP induction in cell
results in cell death due to leakage in the outer membrane and subsequent inner membrane of
mitochondria. The translocation of Bax from the cytosol to the mitochondria and its interaction
with Bak promotes the leakage of proteins into the cytosol leading to necrotic cell death. MP
directly results in the release of apoptopic factors like apoptosis inducing factor (AIF),
endonuclease G, cytochrome ¢ and Smac/diablo. These proteins either promote apoptosis via
caspase induction or independently, via translocation to the nucleus causing DNA damage.
Smac/diablo on the contrary inhibits the action of inhibitors of apoptosis (IAP), which in turn

promotes caspase mediated cell apoptosis”
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2.7.5 Inflammatory cells:

During HI secondary phase injury, inflammatory cells like the microglia and mast cells
produce pro-inflammatory factors (IL-13, TNFa, IL-18, TWEAK, TRAIL, FasL). These ligands

interact with their corresponding receptors (TNFR1, IL-1R, Fas, DR4, DRS) to activate the so-
called extrinsic pathway of apoptosis. The formation of death inducing signalling (DISC)
complex promotes the cleavage of pro-caspase 8 to active caspase 8, which in turn via caspase 3
converts Bcl2 activating domain to truncated Bid. tBid translocate itself into the mitochondria
leading to necrosis via activation of intrinsic pathway. Indeed, to contributing to intrinsic and
extrinsic injury via mitochondria, microglia are also responsible to exacerbate neuronal
excitotoxicity by enhance the release of glutamate and nitric oxide (NO). Since HI insult results
in a leaky BBB, microglia gain easy entry into the circulation producing pro-inflammatory

cytokines, which synergistically contributes to increase excitotoxicity.

2.8 Brain angiogenesis
The earliest outline of a circulatory system by Leonardo da Vinci via analogy for vasculature was
laid in from of a tree, where seed was the heart of the vasculatory system, the live capillary
networks as the roots and the aorta and arteries depicting the branches of the tree. In scientific
terms sprouting of blood vessels from pre-existing ones is termed as angiogenesis. However, it is

well established that the primitive vascular system is laid down even before the heart is beating.

Vasculogenesis: The primitive vascular system is formed form the mesoderm by
differentiating angioblasts. The precursor mesodermal cells differentiate into a bipotential
precursor cell termed as haemangioblast. These cells lacks VEGF-R2 receptor and have a unique
ability to differentiate into either the hematopoietic stem cells or angioblasts (expressing VEGF-
R2) which continue to differentiate to form the primitive vascular plexus. The role of VEGF-R2

is sought to be essential during the earlier periods of angioblast differentiations while that of
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VEGF-R1 play a vital role during the later phases”. The studies on VEGF-R1 KO mice revealed
that there was no alteration in the production of angioblasts however; these mice did lack
substantial functional blood vessels. VEGF ligand on the other hand acts in a paracrine manner,
released from the endoderm and acting on receptors, which are produced from mesoderm. The
questions related to what types of mesodermal signals are required to express VEGF receptors
and VEGF, along with the how the bipotential haemangioblast commits itself to a specific
lineage is yet to be answered ».

Angiogenesis: The generation of new blood vessels or capillaries from pre-existing ones is
termed as angiogenesis. There are two types of angiogenesis that are defined, first is sprouting
angiogenesis and second, non-sprouting angiogenesis.

Sprouting angiogenesis: The first process of sprouting angiogenesis was studied in
tumour angiogenesis in 1977. Ausprunk et al systematically devised four steps to explain
sprouting angiogenesis in tumour cells. First step involves degradation of basement membrane
near dilated venules. Secondly, there is a significant interweakning of connections between
endothelial cells. Thirdly, in presence of certain chemotactic stimulation there is migration and
proliferation of the endothelial cells and lastly, this is followed by lumen formation and solid
maturation of the endothelium®.

Pruning: The primitive vascular plexus once formed undergoes remodelling to for mature
large and small blood vessels; this process is called as pruning. The endothelial cells have unique
ability to migrate from their site of origin to different locations to differentiate into larger blood
vessels such as dorsal aorta. These results confirm that endothelial cells possess plasticity during
earlier embryonic and post-natal stages, which enables them to take part in the process of
angiogenesis and vasculogenesis. The destination of endothelial cells is dependent upon
angiogenic factors and antiangiogenic factors such as VEGFR2, VEGFR1, TIEI and TIE2, along

with their respective ligands=.
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Maturation and Remodelling: Blood vessel maturation is dependent various factors
including shear stress associated with circulation. Shear stress strongly modulates endothelial cell
junctions via upregulation of PDGF-BB. At the same time there is enormous remodelling of the
basement membrane that is facilitated by pericytes and smooth muscle cells. In postnatal and
adulthood, the endothelial cell maturation is regulated by other factors namely, transforming
growth factor B (TFGD), fibronectin and integrins receptors. Indeed to the pro-angiogenic
modulators the role of anti-angiogenic cytokines such as angiostatin and plasminogen also

contribute to vascular remodelling .

Molecular Mechanism of sprouting angiogenesis:

Two main cells are sought to partake in the process of initiation of sprouting
angiogenesis, these are the tip cells and stalk cells. The tip cells are characterized by presence of
a polar charge and reduced proliferation, in contrast the stalk cells have high proliferation rate
which are responsible for stable lumen formation and maturation. The activation and functioning
depend upon critical and precise balance between angiogeneic and anti-angiogenic factors. These
include VEGF, jagged 1 (JAG-1), delta like ligand (DLL-4) and notch activity. Tips cells highly
express pro angiogenic receptors such as VEGFR2, DLL4, VEGF3, PDGF-B, Unc homolog b
(UNC5b) and low levels of notch. The tips cells have unique ability to produce filopodia in
mouse retina, which are directed towards an angiogenic stimulus such as VEGF. On the contrary
stalk cells have maximum proliferation and functions in developing tubes, branches and well-
developed lumen. Indeed, they form strong junctions with neighbouring cells and promote

basement membrane formation .

VEGF and VEGFRs:
Tips cells filopodia has high expression of VEGFR-2 which upon stimulation of VEGF results in

extensive outward migration of filopodia. The formation of filopodia is also stimulated by VEGF
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by interacting with another receptor called cdc 42. VEGF also stimulated the production of DDL-
4 from the tip cells which aid in generation of new blood vessels. On the contrary the expression
of VEGFR-1 in conjunction with Notch-1 on the stalk cells diminishes the activity of VEGF on

VEGEFR-2 thereby reducing the migration of filopodia *.

Notch and Notch ligands:

The effects of Notch receptors and its three known ligands DLL-4, JAG-1 and DLL-1 have been
extensively studied on mechanism of vessel regression. The KO of Notch-1 signalling pathways
results in pronounced vascular defects and embryonic lethality. Notch-1 is highly expressed on
the stalk cells and its activation by its ligands results in reduced sprouting, which is a direct result
of lower expression of VEGFR2 and VEGFR3 receptors on the tip cells. Tip cells have low
Notch signalling with high expression of VEGFR?2 and DLL-4 receptor leading to increase ability
of becoming a tip cell compared to its neighbouring cells. Endothelial cells, which express high
levels of VEGF, also have high expression of DLL-4, which induces the selection of this cell as
the tip cell for migration. On the contrary stalk cells has high levels of Notch signalling activity
along with high expression of JAG-1. JAG-1 expression directly antagonizes the activity of DLL-
4 resulting in increased sensitization to VEGF of the neighbouring tip cells. Collectively, the
fine-tuning angiogenic response of VEGF/VEGFR and Notch signalling contributes to precise

and well-co-ordinated growth by sprouting angiogenesis®*

Semaphorin 3E and Netrin-UNCS5B signalling:

Semaphorins (SEMA) and netrins functions as guidance cues, which contribute to the negative
feedback mechanism of vessel formation. SEMAA4E is predominantly expressed by endothelial
cells inhibits integrin functions to regress vessel growth. On the contrary SEMA4D have shown
contributes to endothelial cell migration and vessel formation. SEMAA4E interacts with plexin-D1

receptors on the tip cells thereby controlling the blood vessel formation by monitoring VEGF
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activity. Netrins like SEMAA4E functions in reducing the blood vessel growth via interaction with

UNCSB receptor mediated signalling (Kim, J. 2011).

2.9 Brain Vasculature and Cerebral hypoxia

Cerebral vasculature degeneration during focal cerebral ischemia causes increased risk of
edema and haemorrhage ultimately leading to irreversible brain damage. Since traditional
approaches of treating vascular diseases such as hypertension and myocardial infarctions uses
drugs (ACE inhibitors, angiotensin receptor blockers) to modulate vascular dysfunction. It is
intriguing to determine if similar vascular rescue could occur in stroke® .

Current therapeutic drug that is available for adult cerebral hypoxia is tissue plasminogen
activator (tPA), however the therapeutic window for tPA is extremely low of 2 hours.
Furthermore tPA results in reperfusion injury leading to haemorrhage*. Vascular deterioration
is evident during the three phases of cerebral ischemia. During the acute phase, there is
substantial BBB leakage and change is vascular tone leading to changes in blood perfusion and
vasoconstriction. The vascular smooth muscle cells along with vasoactive factors such as
vascular endothelial growth factor (VEGF), endothelin-1 and Nitric oxide (NO) contribute to the
initial remodelling of the endothelial cells*». Endothelin-1 is a potent vasoconstrictor, which
modulate and promotes BBB leakage via regulating the smooth muscle function thereby,
increasing influx of albumin and other high molecular weight proteins leading to cerebral
edema”. VEGF on the other hand improves endothelial cell integrity via NO production.
However, during the acute phase of cerebral ischemia NO strongly reacts with superoxide to form
a highly reactive species called peroxynitrite*». Angiopoietin-1 expression on the other hand
decreases in the acute and thereby could have a protective effect on BBB integrity. Hence in
acute phase of cerebral hypoxic insult the protective effect could be achieved by reducing the

BBB permeability and free radical formation*.
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The subacute phase of cerebral hypoxia involves intense modulation at gene
transcriptional level, mainly inflammation. There is a substantial increase in expression of
endothelial cell proteins such as intracellular adhesion protein-1 (ICAM-1), E-selectins, P-
selectins and tight junction proteins V-cadherins”. Inflammatory cells mainly leukocytes
interact with these adhesion proteins promoting an inflammatory response around 24 hours after
the initial insult. This increase in tight junction and gap proteins along with MMP-2 and MMP-9
degrade the vascular endothelium basement membrane~>. As a result it suffers trauma via
haemorrhage and further leakage of BBB. During subacute phase there is also a significant
increase in VEGF, ANG-2 and FGF2, which can contribute extensively to modulate endothelial
cells via a protective feedback mechanism aiding in reducing BBB permeability. Hence, in a
subacute phase augmenting angiogenic factors and reducing inflammatory response mediated by
infiltrating leukocytes, neutrophils and macrophages= .

In the chronic phase cellular apoptosis of endothelial cells is carried out due to induction
of apoptotic factors namely, B cell lymphoma-leukemia 2 (Bcl2)-associated X protein (Bax) and
reduction of anti-apoptotic factors such as Bcl2 and inhibitor of apoptosis (Iap)==:. Collectively,
indicating the augmentation of antiapoptotic factors in the chronic phase of cerebral hypoxia as a
potential therapeutic intervention.

Although the molecular mechanisms of the above-mentioned phases are well
documented, clinically therapies for stroke in general have not been very successful. In order
develop successful therapies its utmost necessary to understand the pathogenesis of stroke. The
destruction of neurovascular unit and the blood barrier is main characteristics of stroke and
should be taken into consideration, with an emphasis on understanding the cross talk between

cells that make the neurovascular unit (astrocyte, neurons, macrophages and oligodendrocytes).
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2.11 Retinal Vasculature

The major arterial blood supply to the retina is the ophthalmic artery, which branches out of the
internal carotid artery. The ophthalmic artery further divides into posterior and anterior
capillaries that provide blood supply to the posterior (vitreous humour, retina, choroid and optic
nerve) and the anterior (cornea, iris, ciliary body and aqueous humour) parts of the eye. The
vascularization retina is maintained by two blood vessels, retinal artery that branches out from the
ophthalmic artery and the posterior choriocapillary arteries. The retinal artery further bifurcates
into three layers forming the superficial, intermediate and the deep inner vasculature as shown in
Figure 2.5. The retinal blood vessel provide the major supply to 3/4+ of the retina, whereas the
remaining 1/4* part involving the photoreceptors depend on choriocapillaries, wherein the oxygen
diffuses across the blood to the photoreceptors .

The choroid receives blood supply from the choriocapillaries, which emerge out from
ciliary arteries. The choroidal vasculature is divided into three layers that are served by
choriocapillaries. The Bruch’s membrane, the Sattler’s layer and the Haller layers that make up
the internal, middle and external parts of the choroidal vasculature. Since the choriodal capillary
are sinusoidal and fenestrated their site is one of the highest site of blood flow in the retina
contributing to 85% of the total blood flow in the eye »*.

Retinal vasculature in humans is completed just before birth, in contrast in rodents the
retinal vasculature continues in the postnatal development and is completed matured after three
weeks. Hence it’s more feasible to use rodent namely, rats or mice to study the normal

developmental and pathological vasculature as models for OIR ».
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Figure 2.5 Vasculature of retina

A. The cross section of the eye showing different parts from the retina internally to cornea
externally. B, cross section of the retina showing different layers from the choroid to nerve fibre
layer (NFL) directing outwards to parts of the retina. GCL (ganglion cell layer), INL (inner

nuclear layer), ONL (outer nuclear layer), RPE (retinal pigmented cells)=:.

2.12 Factors that regulate retinal vasculature

Oxygen: As mentioned earlier oxygen plays a substantial and a vital role in regulation of
normal as well as pathological retinal vasculature. During physiological hypoxia there is
induction and increased expression of hypoxic inducible factor (HIF1a), which in turn promotes
increased vascularization of the retina via VEGF production. This is mainly due to increased
metabolic demand of the retinal glial and neuronal cells, which are actively proliferating and
contributing to maturation of the retina. Physiological hypoxia is essential in these circumstances
since it promotes angiogenesis and inturn improves oxygen and nutrition (glucose) supply to the

developing cells. In contrast, in a pathophysiological condition such as retinopathy of
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prematurity (ROP), diabetic retinopathy (DR) and age related macular degeneration (AMD)
hypoxia plays a vital role in undermining the molecular mechanisms associated with the same.
Retinopathy of prematurity or ROP is a biphasic disease characterized by vaso-
obliteration (VO) and neovascularization (NV). Since the inutero environment in the mother’s
womb is hypoxic compared to the exutero environment, there is a significant vessel regression
leading to avascular area in the retina due to external hyperoxic enviornment. This effect is
largely attributed to the suppression of pro-angiogenic factors of VEGF and erythropoietin.
Moreover, as the retina matures it has a high metabolic activity leading to induction of hypoxic
inducible factor (HIF) **. HIF in turn increases the production of angiogenic factors such as
VEGF contributing to the second phase of ROP characterized by vessel destruction and tufts

formation.

Diabetic retinopathy (DR) is one of the leading causes of blindness in young adults from
age 24 to 50 years. Blindness associated with DR is most commonly associated with young
adults, who suffer from diabetes mellitus I compared to diabetes mellitus II. DR is a pathological
condition that is characterized by metabolic dysregulation and hyperglycemia (increase blood and
urine glucose levels). At the vascular level there is increased microaneurysms, haemorrhages and
microangiopathy leading to hypoxic induced angiogenesis resulting in increased production of
VEGEF resulting in pathological angiogenesis also termed as neovascularization. DR is further
divided into non-proliferative or proliferative DR depending upon presence of neovascularization
= Non-proliferative DR is associated with microaneurysm causing extensive pericytes loss and
subsequent haemorrhage. In contrast proliferative DR is characterized by neovascularization and
vitreous humour haemorrhage leading to retinal detachment.

Age related macular degeneration involves choroidal neovascularization (CNV) wherein
pathogenic angiogenesis contributed to invasion of choriocapillaris blood vessels into the Bruch’s

membrane. The disruption of Bruch’s membrane by CNV is the first step in AMD. This is
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followed by entry of the blood vessels into subretinal space eventually leading to retinal
detachment and blindness *'.

Vascular growth endothelial factor (VEGF)
VEGF expression is regulated by HIFla and is subdivided into different isoforms such as
VEGF.., VEGF,,, VEGF,and VEGF, The action of VEGF on its receptor modulates its
angiogenic or anti-angiogneic effect. For example, the activation of VEGF-R?2 receptor promotes
angiogenesis, while the activation of VEGF-R1 promotes an anti-angiogenic regression of blood
retinal vasculature *». The reduction in oxygen levels leads to a direct increase in HIFla which
contributes to an increase in VEGF levels, resulting in pathological angiogenesis. Increase VEGF
production is a direct result of reduced oxygen levels or tension in the retina. Moreover, VEGF,
promotes increased expression of placental derived growth factor (PIGF). PIGF has shown to
reduced the neovascularization in OIR model of mice thereby indicating a potential
retinoprotective role of PIGF in ROP .

Erythropoietin (EO):
EO is a potent stimulator of angiogenesis and along with VEGF it promotes neovascularization in
ischemic retina. The reduction of neovascularization by inhibiting EO and VEGF in ROP and
diabetes retinopathy (DR) has been suggested therapies in the aforementioned pathologies.
Moreover, EO and VEGF act via independent pathways and the fact that EO has neuroprotective
effects, inhibition of EO should taken into cautious consideration before targeting EO as a

therapeutic target .

Wnt and Norrin:
Wnt-Norrin signalling via frizzled4 promotes and regulates normal inner retinal vasculature in
the developing retina. Norrin like Wnt ligands binds to frizzled4 (FDZ4) along with its co-
receptor Lrp-5 and chaperone protein tetraspaninl2 (TSPAN12) (Ye et al 2010). Norrin is

predominantly secreted by muller glia and activates the Wnt canonical pathway. The canonical
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Wnt pathway plays a vital role in CNS vasculature in maintaining the blood brain barrier (BBB)
and blood retinal barrier (BRB). The canonical Wnt signalling pathways ligands Wnt7a, Wnt7b
and B-catenin play important role in CNS vascular development. Mutations in Wnt ligands gens
results in reduced endothelial cell migration in the CNS. Moreover, Norrin is a specific and high
affinity ligand for FDZ-4 out of the ten frizzled receptors that have been discovered. The loss of
decrease in FDZ4 expression results increased permeability in the BBB and BRB, as a direct

result of decreased claudin-5 protein levels .
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CHAPTER 3

MATERIALS AND METHODS
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3.1 Cell Culture
RGC-5 cell line was kindly gifted from Neeraj Agarwal. RGC-5 cells were thawed and grown in
normal (Dulbecco's modified Eagle medium; containing 5 mM glucose), supplemented with 2
mM L-glutamine, 100 U/mL penicillin/streptomycin, and 10% (vol/vol) bovine growth serum
(BGS) in a humidified incubator with 5% CO, at 37°C. The doubling time of cells was
determined to be 24 hours and the cells were passaged in 1:10 ratio. Cells were plated on poly-L-
lysine coated cover slips in a 12 well plate for immunocytochemistry. For western blot and qPCR
analysis, cells were plated in 6 well plates and subsequently treated with phosphate buffered
saline (PBS; 137 mM NacCl, 5.4 mM KCI, 1.28 mM NaH,PO., 7 mM Na,HPO,; pH 7.4) or I0mM
lactate for 6 hours and 24 hours respectively. The cells were then collected in ribozol for gPCR

and lysis buffer for protein analysis.

3.2 Cell treatment and differentiation of RGC-5
RGC-5 cells were passaged and plated accordingly in 12 well or 6 plates for ICC or qPCR or
western blot purposes. Cells were not used for experiments after 12 passages. After adhering,
cells were allowed to grow and differentiate for minimum of 20 hours. Before treatment with
staurosporine (STSN), the cells were washed with sterile PBS thrice. The cells were then
embedded in serum free media for 24h. After 24hrs cells were treated with 316nM STSN for
another 24 hours and the differentiation of the cells was monitored under phase contrast
microscope. Cells underwent substantial neurite formation after 24 hours, however similar
neurite formation was also observed with 1mM STSN treatment for 6 hrs. The differentiated
RGC-5 cells were treated with either PBS or lactate for another 6h to 24 h duration. After which
cells were collected for performing qPCR, and conditioned media was used for invitro matrigel

and aortic explants experiments.
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3.3 Immunocytochemical analysis of RGC-5 protein expression
Cells that were subjected to immunocytochemical analysis, as mentioned above were plated on
coated cover slips for a period of 24 hours until 80 percent confluent. The media was aspirated
and the cells were washed with PBS twice at 5 mins intervals. Cells were treated and fixed with
4% paraformaldehyde (PFA) solution for 20 mins at room temperature. After fixation and
subsequent washing with PBS for 10 mins, cover slips were permeabilized in 0.1% triton in PBS
for another 15 mins, followed by 15min PBS washes. The cells were blocked in blocking solution
of 1% bovine serum albumin (BSA), 1% normal goat serum (NGS) in 0.1% trition in PBS for 1
hour. The coverslips were further incubated in primary antibody solutions of Anti-GPRS81
(Sigma aldrich) in 1:500 and anti-NeuN in 1:200 (EMD Millipore), prepared in blocking solution
(1% BSA in 0.1% triton in PBS) for a minimum of 18h or overnight at 4C in a humidified
chamber. Subsequently the cells were washed in washing solution (0.1% triton in PBS) for 10
mins each followed by incubation for 2 hr by secondary streptavidin conjugated Alexa-fluor
antibody (Alexa-488, Alexa 594) 1:1000 in dark. Cells were further counterstained with the

fluorescent nuclear binding label 4',6-diamidino-2-phenylindole (DAPI; 500 ng/mL) for 5 mins

and PBS washed with PBS for 15 mins. The stained cells along with cover slips were then
transferred on to the microscopy slides with the help of mounting medium for
immunofluorescence imaging. Images were captured using 20x and 40x objective with Eclipse

E800 (Nikon) fluorescence microscope.

3.4 Electrophoresis and immunoblot analysis of RGC-5 protein
The stimulated RGCs were treated with lactate, U0126, anisomycin, epidermal growth factor
(EGF), SB230359 to elucidate the role of lactate in ERK1/2 and P38 signalling transduction
pathways. For ERK1/2 mechanism differentiated RGC-5 were pretreated with U0126 for 1h
followed by lactate or EGF treatment for 15 mins. The cells were washed with ice cold PBS and

scrapped by use of lysis buffer (20 mM Tris/HCI buffer (pH 7.4) containing 2 mM EDTA, 0.5
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mM EGTA, 1 mM dithiothreitol (DTT), and the protease inhibitors phenylmethylsulfonyl
fluoride (0.1 mM), leupeptin (50 pg/mL), aprotinin (50 pg/mL), and pepstatin A (50 pg/mL) as
well as a phosphatase inhibitor cocktail). Subsequently, the cells collected in lysis buffer, were
subjected to rotational shaking for 1hr followed with centrifugation at 30,000 rpm for mins. The
supernatent so collected was used to perform western blot analysis. Protein concentration was
measured using bradford assay and 50ug of protein was loaded on the gels. The samples were
prior mixed with laemmli buffer (62.5 mM Tris/HCI, pH 7.4, containing 4% sodium dodecyl
sulfate, 10% glycerol, 10% (-mercaptoethanol, and 0.002% bromophenol blue) and the samples
were boiled for 5 min at 95C. Electrophoresis was carried out on 12% gels containing 0.1%
sodiumdodecyl sulphate (SDS) at 120V for 2h. The proteins were then transferred to onto
polyvinylidene difluoride (PVDF) membranes at 90V for 120mins. Membranes were blocked
with 5% BSA in 0.1 % tween 20 in PBS for lhr and were further incubated overnight with
primary antibodies anti-phospoERK1/2 1:1000 (cell signalling), anti-total ERK1/2 1:1000 (cell
signalling), anti-phosphoP38 1:1000 (cell signalling) and anti-totalP38 1:1000 (cell signalling).
After 18 to 24h of incubation the membrane was washed six times for 5 mins each with 0.1%
tween 20 in PBS (TBST) solution and incubated with their respective secondary HRP conjugated
antibodies in 1:5000. After another six washes 5 mins each of TBST, the bands were revealed by

using an enhanced chemiluminescence (ECL) solution on GE western blot analyser.

3.5. RT-PCR mRNA expression of RGC-5 cells
Differentiated RGC-5 cells were harvested after 6 hrs of lactate or PBS treatment. Prior to
collecting the cells were scrapped in ribozol solution and stored in -80C. Briefly, the cells were
homogenized by sonification in the ribozol solution. The extraction was carried out by using
adding chloroform in 1:5 ratio. This was followed by centrifugation at 13,000 rpm for 30mins.
The aqueous phase so formed was collected and solution of isopropanol was added in 1:2 ratio.
The solution was incubated at -20C for 45 mins and centrifuged at 13,000 rpm for 30mins. The

pellet was collected and washed twice with 70% ethanol and once with 100% ethanol for 5 mins
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each, followed by a brief centrifugation at 10,000 rpm. The pellet was allowed to dry under a
fume hood for approximately 30 mins and further dissolved in DEPC water. The RNA
concentration and integrity were measured with a NanoDrop 1000 spectrophotometer. 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. ANGI1-F: ACAGGGGATGGTGGTTTGATGCT, ANG1-R: TCACCTGGCAGC
TTCTCCGGA. ANG2-F: ACAGGAGGCTGGTGGTTTGATGC ANG2 R:
TGCGCAGCCGTGACTTTCAGT ILI1B-F: AGATGAAGGGCTGCTTCCAAA ILI1B-R:

GGAAGGTCCACGGGAAAGAC IL6-F: GCAAGAGACTTCCAGCCAGT IL6-R:

TTGCCATTGCACAACTCTTTTCT. PDGF BB-F: TCCGTAGATGAAGATGGGGC, PDGF
BB-R: GAGCTTTCCAACTCGACTCC VEGF-F: CAATGATGAAGCCCTGGAGT VEGF-R:
AATGCTTTCTCCGCTCTGAA.

3.6 Animals

C57BL/6 mice were obtained from Charles River Inc. (Montreal, CA) with pups at P2 and
were allowed to acclimatize for 2 days prior to experiments. Animals were used according to a
protocol of the Animal Care Committee of Hopital Sainte-Justine along the principles of the
Guide for the Care and Use of Experimental Animals of the Canadian Council on Animal Care.
The animals were maintained on standard laboratory chow under a 12:12 light:dark cycle and
allowed free access to chow and water. GPR81-/- mice were obtained from Lexicon
Pharmaceuticals (Texas, USA). The GPR81-/- was backcrossed with adult C57BL/6 mice to
obtain a pure C57/BL. The transmembrane domain 2 of mice GPR81 coding region (100 base

pairs) is replaced by a 4-kb IRES-lacZ-neo cassette.
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3.7 Immunohistochemistry:

GPR&81 expression analysis was performed on 12um coronal or sagittal sections of brain
tissue. Age matched mice from WT and GPR81 KO mice from P5 to P19 were weighed and
given steady flow of isoflurane anesthesia. The mouse was placed on a collection pad and
surgical cut was made over the xiphoid process to expose the abdominal wall. With careful use of
forceps and pair of scissors lateral cuts were made through the diaphragm and utmost care was
taken not to damage other organs. Next the ribs were cut open with a parallel cut to the lungs and
the heart was exposed. The exposed heart was held with a forceps at its apex and using a scissor
with the other hand an incision was made in the left ventricle, which was followed by an insertion
of a 25-gauge needle containing PBS. The PBS was injected slowly at approximate rate of 5 ml
per minute. This was followed by transcardially perfusion of ice-cold 4% paraformaldehyde at
the rate of 3ml per minute. After the 4% PFA perfusion, the mice were decapitated and the brain
was placed and immersed fixed in 4% PFA for additional 24 hours at 4C. The brains were then
transferred to 30% sucrose solution for cryopreservation for a period of 48h at 4C. After
cryopreservation the brains were immersed in OCT solution and freezed over dry ice and stored
at -80C until cryosectioning. 12 micron sections were cut on cryostat prechilled at -20C and was
transferred on charged slides, which were stored at -20C for later staining. Sections were thawed
at room temperature for 15 min and blocked with 5% bovine serum albumin and 0.1% TritonX-
100 (T-8787; Sigma) in PBS for a period of 1 h, and were subsequently incubated overnight with
rabbit anti-GPR81 (Sigma; 1/500), mouse anti-NeuN (Millipore; 1/100) or mouse anti-GFAP
(IFO3L-100ug (Millipore), 1/100). Secondary antibodies conjugated with Alexa Fluor (Molecular
Probes) directed against mouse and rabbit (Alexa Fluor 488, (#A11070) (1/1000) and Alexa
Fluor 594, (#A11012) (1/1000) respectively) were incubated for 2 hours at ambient temperature.
Nuclei were stained with Dapi (Invitrogen; 1/1000). Images were captured using 20x and 40x

objective with Eclipse E800 (Nikon) fluorescence microscope.
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3.8 Lectin Staining:

Brain tissue samples were collected after perfusion fixation with 4% paraformaldehyde.
Whole brain was further immersed fixed for 24 hrs at 4C. Tissue was then transferred to 30%
sucrose solution overnight for another 24hrs or until the brains were settled at the bottom of the
falcon tube. Adequate dehydrated and cryopreserved brain samples very cut on the cryostat at 12-
micron sections. The sections were transferred on charged slides (VWR international) and stored
at -20C until later use. Prior to staining the sections were thawed for 15 mins and liquid blocker
was applied on the sides of the slides to prevent liquid spillage. The sections were washed with
washing solution (0.1% triton in PBS) for a total of 15 mins with an interval of 5 mins. The
sections were then blocked in 10% fetal bovine serum (FBS) in 0.1% trition in PBS for 1hr.
Lectin (Griffonia simplicifolia) 2mg/ml stock solution in 1:100 dilutions was used at a working
concentration of 20ug/ml. The sections were further incubated overnight lectin solution prepared
in blocking solution (10% FBS in 0.1% triton in PBS). Density of the cortical capillary network
was assayed by quantification of Griffonia simplicifolia (1:100, Sigma). The vessel density was

quantified by image J software (NIH software).

3.9 Primary neuronal cell culture:

2 days prior to the neuronal cell culture 35mm petri dish were embedded with slides
coated with polylysine solution and incubated overnight. The polylysine slides were washed
twice with deionized water prior to use and stored at 4C in fridge until further use. Mice pups
(PO-P3) were cryoanaesthetized, their brains were rapidly removed and transferred into ice-cold
dissociation solution (NaS0,90 mM; K.SO.30 mM; MgCL 5,8 mM; CaCl;HEPES 10 mM;
glucose 20 mM; pH 7,4). Briefly the mice pups were decapitated and by using a fine pair of
scissors the brain was detached from the base. 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
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hippocampus was removed and discarded. The isolated hippocampi were transferred to
dissociation medium and washed twice each with 10ml volume. Hippocampi isolated from the
brain was minced and rinsed in HBS solution under sterile condition. Minced tissues were treated
with trypsin and were incubated for 20mins at 37C. Cells were then separated by trituration using
polished pipettes. The dispersed cells were then plated on the 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 western and immunohistochemistry analysis or western

blotting.

3.10 Real time PCR:

Brain tissues from aged matched mice WT and GPR81 KO from P5 to P19 were snapped
freeze in solid CO.and mRNA was extracted from the cerebrum by ribozol reagent (Amerisco) as
per the manufactures protocol. Briefly, the brain was homogenized by sonification in the ribozol
solution. The rest of the protocol was the same as described in the RT-PCR mRNA expression of
RGC-5 cells. The extraction was carried out by using adding chloroform in 1:5 ratio. This was
followed by centrifugation at 13,000 rpm for 30mins. The aqueous phase so formed was collected
and solution of isopropanol was added in 1:2 ratio. The solution was incubated at -20C for 45
mins and centrifuged at 13,000 rpm for 30mins. The pellet was collected and washed twice with
70% ethanol and once with 100% ethanol for 5 mins each, followed by a brief centrifugation at
10,000 rpm. The pellet was allowed to dry under a fume hood for approximately 30 mins and
further dissolved in DEPC water. The RNA concentration and integrity were measured with a
NanoDrop 1000 spectrophotometer. 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, ANGI-F: ACAGG
GGATGGTGGTTTGATGCT, ANGI1-R: TCACCTGGCAGC TTCTCCGGA. ANG2-F:
ACAGGAGGCTGGTGGTTTGATGC ANG2 R: TGCGCAGCCGTGACTTTCAGT CCL2-F:
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GCTCAGCCAGATGCAGTTA, CCL2-R: TGTCTGGACCCATTCCTTCT. COX2-F:

ACCTCTCCACCAATGACCTGA, COX2-R: CTGACCCCCAAGGCTCAAAT. IL6-F:

GCAAGAGACTTCCAGCCAGT IL6-R: TTGCCATTGCACAACTCTTTTCT. PDGF BB-F:

TCCGTAGATGAAGATGGGGC, PDGF BB-R: GAGCTTTCCAACTCGACTCC. TSPI-F:
GCTGCCAATCATAACCAGCG, TSP1-R TTCGTTAAAGGCCGAGTGCT, VEGF-F:
CAATGATGAAGCCCTGGAGT VEGF-R: AATGCTTTCTCCGCTCTGAA.

IL1B-F:  AGATGAAGGGCTGCTTCCAAA 1ILIB-R: GGAAGGTCCACGGGAAAGAC
TNFA-F:  GCCTCTTCTCATTCCTGCTTG TNFA-R: CTGATGAGAGGGAGGCCATT.
Quantitative gene expression analysis was performed on Stratagene MXPro3000 (Stratagene) and
Roche diagnostic PCR 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-5mins, 95C-30sec, 58C-30sec, and 72C-30sec. Dissociation curves were also

acquired to test primer specificity.

3.11 Western blotting

Proteins from aged match brain tissue samples (P7, P9 and P11) were homogenized by
sonification and lysed in RIPA buffer (150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% Sodium dodecyl sulphate, 5S0Mm Tris-HCI, pH 8.0, cocktail of proteases inhibitors, ImM
PMSF). The lysates were diluted in 1:1000 and were subsequently quantified using Bradford’s
method (Bio-Rad). 50 ug of protein sample were loaded onto 6% and 12% SDS-PAGE gel
depending upon the molecular weight of the proteins. Lower percentage of 6% was used for
thrombospondin and the loading control vinculin, whereas 12% gels were used for vascular
endothelial growth factor (VEGF) and GPR81 separation. The gel was electrophoresed at 120 V
for 2h and electrotransferred onto PVDF membranes for another 2h. 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 (Gibco) supplement and the cells were allowed to
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acclimatized and grow for a further 4 days. Cells were then treated with PBS or lactate (10 mM)
for 24h, and the ligand binding reaction was inhibited by addition of 2 ml 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
rocking platform for 1h at 4C. The lysate was further centrifuged for 30mins at 13000xg at 4C.
The supernatant was electrophoresed on 6%, 12% and 15% polyacrylamide gel for 2 h, after
which it was transferred to a PVDF membrane for another 2h. 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 respective
secondary antibodies conjugated to HRP substrate. Enhanced chemiluminescence (GE
Healthcare) was used for detection using the ImageQuant LAS- 500 (GE Healthcare, Little

Chalfont, United Kingdom).

3.12 Invitro matrigel assay

In vitro matrigel gel principle is based on formation of tubules, wherein endothelial cells
interact with each other to form a lumen. The endothelial cells needs to be embedded in fibrin,
collagen or a matrigel where it provides a 3D environment for the cells to form tube like
structure. The tube formation or cell differentiation assay is performed as follows. Rat brain
endothelial cells (RBEC) are cultured in a specialized media called endothelial growth media in
T75 flask prior coated with attachment factor solution. The cells were allowed to grow upto 80%
confluence before carrying out the further experiments. 12 well plates were initially coated with
50ul matrigel (the matrigel was thawed and maintained on ice for the entire experiment and the
tips used to aspirate the matrigel were prechilled at -20C to prevent premature solidifcation) and
allowed to solidify by incubating at 37C. Cells were trypinized, counted and about 200,000 cells
were embedded on the solidified matrigel. Another 50ul of matrigel was added and the wells
were allowed transferred to the incubator for 30 mins to form a 3D structure matrix with

entrapped endothelial cells. The cells were further treated with endothelial growth media for
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period of 24 hours. After 24 to 36 hours the matrigel cells were treated with the conditioned
media obtained from WT or KO neurons treated with or without lactate. The tube formation was
observed and the images were obtained by phase contrast microscopy (Eclipse 300 Nikon TE300;

Nikon), over a period of 72 hours.

3.13 Aortic Explants:

Aortas from the adult C57 mice were extracted and cut into Imm rings and were placed in
growth factor reduced Matrigel (BD Biosciences) in 24-well tissue culture plates. The explants
were cultured for 2 days in EGM-2 media followed by treatment with conditioned media of
primary neurons from WT and GPR81-/- mice treated with lactate and PBS. The neutralizing
agents used were neutralizing antibody to rat VEGF (AF564; 1 mg/ml) and recombinant Tie-2—
Fc (3874-T2; 1 mg/ml) from R&D Systems. 4 weeks mice were used to perform the aortic
explants. In brief the mice were killed by cervical dislocation. Using sterile pair of scissors and
forceps the thoracic cavity was cut and the lungs and heart were carefully excised and removed.
The exposed aorta is visible as a fat covered blood vessel running down the spine. The anterior
end of the aorta is held using the forceps and a fine scissor was used to cut off the aorta and
detach it from the spine. The excised aorta was transferred to a petridish containing glutamax
media and was subsequent fatty tissue along the aorta was cleaned. The aorta was further cut into
rings of Imm length and embedded into reduced matrigel. The explants were then cultured in the
EGM2 media for a period of 24-48h to initiate sprouting. After 48h the medium was treated with
conditioned media treated with or without lactate from the wild type and KO neurons. The
change in sprouting angiogenesis was observed for the next 72 hours and photos were taken after
24hr. The photomicrographs of individual explants and quantified microvascular sprouting by
measuring the area covered by outgrowth of the aortic ring with ImagePro Plus 4.5 (Media

Cybernetics).
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3.14 Animal experimentation and Rice-Vannucci model:

Animal Care Committee of Hopital Sainte-Justine approved animal experimentations
along the principles of the Guide for the Care and Use of Experimental Animals of the Canadian
Council on Animal Care. Cerebral hypoxia-ischemia was generated using the Rice-Vannucci
model of permanent unilateral ligation in 7 days old (P7) mice, followed by exposure to 8% O2
for 45 minutes with ambient temperature maintained at 37°C. C57Bl/6 wild-type mice (The
Jackson Laboratory) and GPR81-/- mice were utilized. The mice were fully anesthetized with
isoflurane with a flow rate sufficient enough to carry out the surgery. A small incision was made
at the neck using a fine scissor to expose the common carotid artery (CCA). The CCA was
ligated using a 5-0 silk suture and then the cut in the neck was sealed using cyanoacrylate
adhesive. The body temperature of the pups were maintained at 37C on a warming pad and then
returned to their dams to recuperate for 2 hrs. The pups were then placed on the heat-warming
pad in the hypoxic chamber maintained at 8% oxygen/92% nitrogen gas flow attached to an
automated biospherix oxycycler machine. A continuous flow of the gas mixture and the body
temperature of the pups were maintained at 37C throughout 45 min of exposure. At the end of 45
min to maximum lhr the pups were returned to their dams. The pups were further sacrificed after

48h and 72h for immunohistochemistry, TTC staining and qPCR analysis.

3.15 Lactate quantification assay:

Age-matched mice from the intracerebroventricular lactate injections and control (room
air) at P4 were sacrificed and the brains were snap frozen in liquid nitrogen and stored at 80C
until further use. A fragment of 100 mg of each brain was homogenized by sonification and used
to quantify tissue lactate concentration using a colorimetric assay, following manufacturer’s
protocol (Eton Bioscience, San Diego, CA). The frozen brain tissues were thawed till -20C and

were cut into pieces, which were subsequently weighed. The samples were processed by
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immersing in 80% ethanol and homogenized by shear stress inducing sonificator. In addition the
samples were gently rotated on an oribital shaker for 30 min at 4C. The supernatent was collected
after centrifugation at 10000rpm at 4C for 20 mins. The extracted supernatent was further diluted
in milli Q water in 1:100. The lactate assay buffer and lactate acid reagent were thawed on ice
from -80C and mixed is equimolar concentration. At the same time standards were prepared in
increasing order of their concentration from OuM to 3000uM with a standard reagent provided
along with the kit. The diluted brain samples and the prepared standards were treated with and
thoroughly mixed the lactate assay solution in a microplate and further incubated at 37C in a CO.
free incubator for another 30 mins. The plate was agitated intermittently during the incubation
period and the change in colour was noticed after 15 mins of incubation in the standards as well
as in the samples. The readings were made on a microplate reader (EnVision Multilabel reader;
PerkinElmer) adjusted for 490 nm. Results were then converted into a concentration unit

(mmol/L) using a standard curve.

3.16 Infarct size and TTC staining

Infarct and penumbra volumes were measured using 2,3,5-Triphenyltetrazolium chloride
(TTC) staining; The principle is based on mitochondrial damage, lesser insult results in faint pink
staining called the penumbra, and an normal cells show bright reddish-pink staining indicating
normal active metabolic tissue. This is a semi-quantitative method used for determining the
infarct size. Thickness of sections was measured with a digital caliper and regions corresponding
to infarct and penumbra were quantified using Image J (NIH software). After 96h of hypoxic-
ischemic exposure of the pups the brains were rapidly removed and freezed in solution of
isopentane. The cryofreezed fresh tissue was stored at -20C until further use. Brain slices of 1mm
were cut using a prechilled blade on an ice-cold plate or the whole brain was immersed in the

solution for topical TTC staining to determine global infarct area. The slices and or whole brain
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were then quickly transferred to a 0.1% TTC solution prepared in PBS buffered at pH 7. The
brain slices/ whole brains were then incubated at 37C for 30 mins away from light. The area of
infarcted region on the ipsilateral side and the undamaged region on the contralateral side were

measured using ImageJ.

3.17 Preterm double hit model for Neuroinflammation:

Animal Care Committee of Hopital Sainte-Justine approved animal experimentations
along the principles of the Guide for the Care and Use of Experimental Animals of the Canadian
Council on Animal Care. In the preterm double hit model inflammation followed by hypoxic-
ischemic insult was developed to determine the dual role of bacterial infections and HI in
preterm. In brief as described in the following figure, mice pups were injected with
lipopolysaccharide (LPS) for a period of 6 days from postnatal 1 to postnatal 6. At P7 the WT
and GPR81 KO mice were subjected global isoflurane anesthesia prior and during the surgery.
As mentioned in material and methods in 3.8, the pups were subjected to carotid artery ligation
followed by exposure to 8% hypoxia for 45 mins. The pups were then either sacrificed 24 hours
later to determine pro-inflammatory cytokines by qPCR or for immunohistochemical analysis of

microglial activation by Iba-1.
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Figure 3.1 Double hit model for preterm inflammation

Post-natal mice from P1 to P6 were injected with Lipopolysaccaride (LPS) using a hamilton
syringe intracerebroventricularly. This was followed followed by HI insult wherein unilateral
permanent artery occlusion of the carotid artery was performed. Before subjecting the pups to
hypoxia they were allowed to recover from the surgery for a period of 1 hr. The pups were then

transferred into an hypoxic chamber maintained at 8% oxygen for 45 mins.

3.18 Primary Muller cell culture and treatment:

Primary muller cells (pMC) were cultured from retinas of aged matched P8 pups from WT and
GPR81 KO mice. The pups were anesthetized with isoflurane and decapitated; the eyes were
carefully enucleated with the help of sharp forceps and scissors sterilized with 70% ethanol,
keeping the optic nerve intact. The eyes were transferred to sterile PBS solution containing 1%
penicillin/streptomycin solution followed by immersion in DMEM (Dulbecco's modified Eagle
medium; containing 5 mM glucose), supplemented with 2 mM L-glutamine, 100 U/mL
penicillin/streptomycin, and 10% (vol/vol) bovine growth serum (BGS). In the sterile PBS
solution under a dissecting microscope the intraocular muscles along with the fascia and

conjuctiva tissue were carefully removed. The cleaned eyeball was then transferred to the sterile
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DMEM media and the cornea, eye lens and iris were dissected and removed. Finally the retina
was detached from the retinal-pigmented epithelium (RPE). The retinas were carefully collected
and transferred to 15ml falcon tube containing DMEM media with bovine trypsin, collagenase
and DNAse solution. The tube with the retinas was incubated at 37C for 60min with intermittent
flickering of the tube at 10 min intervals. After 60mins the solution was triturated gently with
Sml pipette to allow the dissociation of retinal tissue into cells. The solution was centrifuged at
300g for Smins. The supernatant was discarded and the pellet was resuspended in a new solution
of sterile DMEM containing reconstituted albumin-ovomucoid inhibitor solution and DNAas
solution. The cells were centrifuged at 100g for 6mins and the pelleted, the supernatant was
discarded and the pellet was treated with Sml of albumin inhibitor solution and re-centrifuged at
100g for 6 mins. After this centrifugation step the pellet is resuspended in the DMEM plating
media and the dissociated cells were plated in T75 flask prior coated with 0.1% gelatin solution.
The dissociated cells at this stage consist of mixture of photoreceptors, muller cells and retinal
neuronal cells. The flask is incubated at 37C for 7 days and the media was replaced after 5 days.
After 2 to 3 passages 80 to 85% of cells were identified to be pure culture of Muller cells.

The Muller cells were further used to perform experiments to elucidate the mechanism of
norrin regulation by GPR81. pMC were plated in 6 well plates and the incubated until they
reached the confluence of 80%. Subsequently, the cells were treated with either PBS or lactate at
different time points. For phospho-ERK1/2 and total ERK1/2 experiments the pMC were treated
for 5 mins and the cells lysed in RIPA buffer (150mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% Sodium dodecyl sulphate, 50Mm Tris-HCI, pH 8.0, cocktail of proteases

inhibitors, ImM PMSF).

3.19. Quantitative Polymerase Chain Reaction (RT-PCR) for Primary Muller

cells and retina

Primary muller cells were harvested after 6 hrs of lactate or PBS treatment. mRNA extraction
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was also carried out age matched retinas from WT and GPR81 KO mice at P8, P9 and P14. Prior
to collected the cells or tissues were scrapped in ribozol solution and stored in -80C. Briefly, the
cells were homogenized by sonification in the ribozol solution. The extraction was carried out by
using adding chloroform in 1:5 ratio. This was followed by centrifugation at 13,000 rpm for
30mins. The aqueous phase so formed was collected and solution of isopropanol was added in
1:2 ratio. The solution was incubated at -20C for 45 mins and centrifuged at 13,000 rpm for
30mins. The pellet was collected and washed twice with 70% ethanol and once with 100%
ethanol for 5 mins each, followed by a brief centrifugation at 10,000 rpm. The pellet was allowed
to dry under a fume hood for approximately 30 mins and further dissolved in DEPC water. The
RNA concentration and integrity were measured with a NanoDrop 1000 spectrophotometer.
Reverse transcription was carried out using MMLYV Kkit protocol from life technologies or cDNA

synthesized using iScript cDNA SuperMix (Biorad laboratories). Primers were obtained from
alpha DNA. Primers were designed using the National Center for Biotechnology Information’s

Primer Blast: Plasma lemma vesicle-associated protein (PLVAP), 5
CGTCAAGGCCAAGTCGCT-3 (forward) and 5 -CATCCACAGGTGGGCGATT-3 (reverse);
and Claudin-5, 5- GCAAGGTGTATGAATCTGTGCT-3 (forward) and 5
GTCAAGGTAACAAAGAGTGCCA-3 (reverse). Quantitative gene expression analysis was
performed on the Stratagene MXPro3000 (Stratagene, San Diego, CA) with SYBR Green Master
Mix (Bio-Rad). Gene expression levels were normalized to 18S universal primer (Ambion Life
Technology, Burlington, ON, Canada). Dissociation curves were also acquired to test primer

specificity.

3.20 Western Blotting of Primary Muller cells and retina

Proteins from aged match retinal tissue samples (P9 and P14) or primary muller cells

treated with or without PBS or lactate for 24 hrs were homogenized by sonification and lysed in
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RIPA buffer (150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% Sodium dodecyl
sulphate, S0Mm Tris-HCI, pH 8.0, cocktail of proteases inhibitors, ImM PMSF). The lysates
were diluted in 1:1000 and were subsequently quantified using Bradford’s method (Bio-Rad). 50
ug of protein sample were loaded onto 12% SDS-PAGE gel depending upon the molecular
weight of the proteins. 12% gels were used for claudin-5, GPR81, B-actin, pERK and Total ERK
separation. The gel was electrophoresed at 120 V for 2h and electrotransferred onto PVDF
membranes for another 2h. 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 (Gibco)
supplement and the cells were allowed to acclimatized and grow for a further 4 days. Cells were
then treated with PBS or lactate (10 mM) for 24h, and the ligand binding reaction was inhibited
by addition of 2 ml 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 rocking platform for 1h at 4C. The lysate was further
centrifuged for 30mins at 13000xg at 4C. The supernatant was electrophoresed on 15%
polyacrylamide gel for 2 h, after which it was transferred to a PVDF membrane for another 2h.
The membranes were immunoblotted using anti-GPR81 (SAB1300790, Sigma-Aldrich) antibody
(1:250), anti-claudin-5 (Santa Cruz, 1:200), anti-pERK (Cell Signalling 1:1000) and anti-total
ERK (Cell Signalling 1:1000) and were detected with their respective secondary antibodies
conjugated to HRP substrate. Enhanced chemiluminescence (GE Healthcare) was used for

detection using the ImageQuant LAS- 500 (GE Healthcare, Little Chalfont, United Kingdom).

3.21 Retinopathy of Prematurity model in mice

We used mice model of ROP to assess the role of GPR81 in developmental and
pathophysiological condition. In this model, neonatal mice pups at P7 were exposed to hyperoxic

environment in an oxycycler maintained at 75% oxygen for 5 days till P12 mimicking the first
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vaso-obliteration phase of ROP. During this stage of hyperoxia the C57 pups were kept with
surrogate CD-1 lactating mums to avoid possible cannibalism by C57 mums. After hyperoxic
exposure for 5 days the litters were transferred to normal air in this case a hypoxic environment
to the pups, which would mimic the second neovascularization phase of ROP. The pups were
sacrificed and their retinas were collected at specific time points at VO (P12) and NV (P17)
phases, and also in between the VO and NV phases such as P14 and after NV at P21. Retinas
were collected from aged matched WT normoxia mice and WT mice exposed to OIR. GPR81

protein levels and mRNA expression levels of GPR81 was determined by western blotting.

Normoxia Vaso-obliteration Neovascularization Regression

Figure 3.2 Schematic diagram showing the retinopathy of prematurity (ROP)
model in mice. ™

The ROP mice model is characterized by two phases vaso-obliteration and neovascularization at
P12 and P17 respectively. The first phase of VO is associated with vessel loss due to reduction in
pro-angiogenic factors, and the second phase of NV is characterized by abnormal vessel

proliferation leading to microvasculature destruction and subsequent tufts formation.
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CHAPTER 4:

Neuronal GPR81 regulates developmental brain angiogenesis and promotes brain
recovery after a hypoxic ischemia insult

89



4.1 GPRS81 localization in retinal ganglion cell line (RGC-5)

As mentioned earlier, GPRS81, like GPR91 could have the potential to act as metabolic
sensing receptor. Unlike GPR91, which is activated solely by carbohydrate metabolite ligand
called succinate, GPR81 is activated by lactate. Since the expression of GPR91 was well
documented in Retinal ganglion cells, neurons and astrocytes, we sought to determine if GRP81
has similar expression pattern in the above-mentioned cells. However, due to absence of neuronal
cell line in vitro, we decided to perform preliminary invitro experiments on RGC-5 cells. Another
reason due to which RGC-5 cells were used is because of their unique property to differentiate
morphologically into neurons of the CNS with extended neurite outgrowth upon staurosporin
treatment. The RGC-5 cells were treated with 316nM staurosporin for a period of 24hrs. Figure
4.1 Immunocytochemistry analysis of RGC-5 showed a strong co-localization of GPR81 with
Neuronal N (NeuN) suggesting GPR81 presence in differentiated retinal ganglion cells also
called as stimulated retinal ganglion cells (SRGCs). Further experiments were performed to
determine the pro -angiogenic role of lactate on SRGCs. Also since RGCs were difficult transfect
to knockdown GPR81, all rest of the major experiments determining the exact role of GPR81 and

lactate were performed invivo in GPR81 KO mice.
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Figure 4.1 GPR81 expression in retinal ganglion cell line 5 (RGC-5).
Colocalization of GPR81 with Neuronal N (NeuN), a neuronal marker. RGC-5 were treated with

staurosporin 316 nM for 24 hours to differentiate them into neuronal cells characterized by

extended neurite growth.
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4.2 Lactate stimulated conditioned media enhances angiogenic sprouting and tube formation in
endothelial cells.

To determine the pro-angiogenic role of lactate and GPRS81 invitro and exvivo the
stimulated RGCs (sRGC) were treated with either lactate or PBS. The cells were treated for 24
hours and conditioned media (CM) was collected and concentrated by ultracentrifugation. Figure
4.2 shows increased tube formation and angiogenic sprouting by lactate conditioned media as
compared to sole lactate treatment in the invitro matrigel and exvivo aortic explant assay. This
indicates that although lactate has angiogenic properties as mentioned elsewhere, lactate also
promotes secretion of other angiogenic factors, which facilitates an angiogenic response. The
possible explanation for increased angiogenic sprouting and invitro tube formation in the
endothelial cells in lactate treated conditioned media (CM) could be attributed to a receptor-
mediated action of GPR81. Wherein exogenous addition of lactate may stimulate GPR81 on

sRGCs that promotes the secretion of angiogenic factors into the CM.
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(1), Invitro tube formation assay lactate treatment, (ii) Exvivo angiogenesis sprouting effect of
lactate and lactate conditioned media on aortic explants. A) PBS or control conditioned media
(CM) from RGC-5 cells collected after 24hrs. B) Lactate treatment of RGC-5 cells for 24hrs. C)
Lactate treated conditioned media (CM) collected from RGC-5 cells after 24 hrs of treatment.
Increased tube formation and angiogenesis sprouting is seen in endothelial cells and aortic rings
treated with Lactate containing conditioned media compared to lactate treatment. Values are
presented, as mean + S.E.M. Data are representative of 3 experiments per group; **, p<0.01 as

determined by Tukey’s multiple comparison test
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4.3 Lactate promotes secretion of angiogenic and neurotropic factors in SRGCs.

Differentiated RGCs were treated with lactate for 6 hrs and mRNA expression of pro-
angiogenic, neurotrophins and inflammatory factors were assessed by qPCR. As depicted in
Figure 4.3, lactate promoted an increased in brain derived neurotropic factor (BDNF), ciliary
neurotropic factor (CNTF), VEGFA, ANG-1, ANG-2, PDGF BB and IL-6, whereas a decrease in
IL-1B secretion. This result indicated that lactate could play a vital role in regulation of
angiogensis via stimulation of RGCs or neurons. Furthermore, most of the factors assessed are
cytokines they have a higher probability of being secreted into the conditioned media, which
might explain why there is a significant increase in angiogenic sprouting and tube formation in
endothelial cells. This could also suggest that lactate might regulate the expression of the
aforementioned factors via a receptor mediated action, as sole lactate treatment effect on
endothelial cells in the invitro matrigel and exvivo aortic explants were significantly lower when
compared to lactate conditioned media as shown in Fig 4.2.

To further elucidate the potential mechanism by which lactate could promote secretion of
pro-angiogenic factors and reduce the expression of pro-inflammatory cytokine such as IL-1B,
we focused on ERK1/2 and P38 pathways. The roles of these pathways have been well studied in
neurogenesis, cell proliferation, angiogenesis and inflammation. As seen in Figure 4.4, lactate
was able to increase ERK1/2 phosphorylation and corresponding decrease P38 phosphorylation.
Epidermal growth factor with lactate had an additive effect on ERK1/2 phosphorylation
compared to phosphor ERK1/2 activation of EGF alone; this effect was significantly reduced
with U0126 (a specific ERK1/2 inhibitor). Collectively these results indicated that lactate is a
pro-angiogenic carbohydrate metabolite and facilitates its angiogenesis and anti-inflammatory

action via modulating ERK1/2 and P38 signalling pathway.
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Figure 4.3 Lactate promotes increased secretion of pro-angiogenic, neutrophins
and decrease in pro-inflammatory factors

Lactate facilitates increased expression of BDNF, CNTF, ANG-1, ANG-2, PDGFBB, IL-6 and

VEGFA. Values are presented, as mean + S.E.M. Data are representative of 3 experiments per

roup; **, p<0.01 as determined by Tukey’s multiple comparison test
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Figure 4.4 Lactate increases ERK1/2 phosphorylation and decreases Pp38 protein
levels in SRGC.

Lactate decreases phosphorylation of P38 in sSRGCs mediated by anisomycin (activator of pP38
pathway) and increases pERK1/2. A) Treatment of SRGC with PBS, U0126, 10mM lactate +
EGF, 10mM lactate + U0126, EGF + U0126 and EGF. B) Quantification of western blot analysis
of the same. C) Treatment of sSRGC with PBS, 10mM lactate, anisomycin, 10mM + Anisomycin,
10mM + Anisomycin +SB203 and Anisomycin + SB203. D) Quantification of western blot
analysis of the same. There is an additive increase in ERK phosphorylation upon EGF and 10mM
treatment compared to only EGF treatment. The specific pP38 inhibitor SB20359 acts in a similar
way as lactate suggesting the specific inhibition of p38 pathway is mediated by lactate. Values
are presented, as mean + S.E.M. Data are representative of 3 experiments per group; **, p<0.01

as determined by Tukey’s multiple comparison test

4.4 Localization and expression of GPR81 in developing brain

Immunohistochemistry was performed on coronal sections of brain tissue to determine
GPRS81 localization. At cellular level, to detect the presence of GPR81 on neurons, endothelial
and astrocytes, sections were stained with neuronal marker Neuronal N (NeulN), lectin and
astrocyte marker (GFAP) respectively. GPR81 colocalization with neuronal marker (NeuN) was
specifically detected, in the cerebral cortex and hippocampal pyramidal neurons (Fig 4.5a and
4.5b). In addition, as seen in Figure 4.6, increased GPR81 expression was evident during P9
and P11 postnatal stages. During postnatal mice brain developmental angiogenesis between P7 to
P14, there is massive proliferation and extensive migration of bed capillary network via sprouting
angiogenesis. We found that GPR81 expression significantly increases during this period
suggesting that it could play a major role in remodeling of arterioles-venous capillary bed

migration and proliferation.
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Since we also observed no change in vessel area after at P15 to P19 in the later postnatal
stages, we sought that there could be other metabolic receptors (GPR91, GPR99 and GPR109)
that could collectively articulate and compensate for the loss of GPR81 function in post-natal
angiogenesis. Furthermore, no GPR81 colocalization was detected with GFAP and lectin as
depicted in Figure 4.7, indicating that the expression of GPR81 is either very weak in these cells
or completely absent. To further validate our data, we cultured primary pyramidal neuronal cells
from the hippocampus from WT GPR81 mice and confirmed the presence of GPR81 in neurons
(Fig 4.5¢). Co-localization of DAPI with GPR81 indicated that receptor has a nuclear or peri-

nuclear location in the cell.

GPRS1 Merge

Figure 4.4 GPR81 localization in neurons
A, GPRS8I colocalizes with NeuN (i) in the mice cerebral cortex. Rabbit anti-GPR81 was used to
label GPR81, and mouse anti-NeuN a neuronal marker—was used to mark neurons. 4,6-

diamidino-2-phenylindole (DAPI) was used to stain nuclei (scale bar, 25 pm). B. GPR8I1
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colocalizes with NeuN (ii) in the mice hippocampus. C. GPR81 (Green) colocalizes with NeuN
(1) (Red) pyramidal hippocampal primary cell culture. Images are quanitified as collective of 3

experiements.
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Figure 4.5 Post-natal GPR81 expression at different time points in the WT mice
brains.

(A) mRNA GPRS8I1 expression and B) protein expression from P5 to P19. *, p<0.05; **, p<0.01;
with Tukey’s multiple comparison test compared to P5 WT, as indicated. Values are presented,

as mean + S.E.M. Data are representative of 5 animals per group.
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Lectin

Figure 4.6 GPR81 co-localization in astrocyte and endothelial cells.
A, GPRS8I (green) does not colocalize with GFAP (red) in astrocytes. B, GPR81 (green) does not

colocalize with lectin (red) in endothelial cells. Images are collective of 4 experiments.
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4.5 The role of GPR81 in developmental brain angiogenesis

In order to determine the post-natal effect of GPR81 on brain vasculature, lectin staining
was performed at various postnatal time points ranging from P5 to P19 in aged matched WT and
GPR81 KO mice. Coronal brain cryosections of 12um of WT and KO GPR81 mice were treated
with Griffonia simplicifolia (1:100, Sigma) to stain endothelial cells, which subsequently can be
used to calculate blood vessel area. A significant decrease in vessel density (20 % delay) is
observed in GPR8&1-/- mice as compared to the aged matched WT mice during the early post-
natal phases (P7, P9 and P11) of brain development (Figure 4.8). However, with an increase in
age, a gradual amelioration in brain vasculature is observed in KO GPR81 mice especially from
P15 to P19. Here we noticed that the vessel area in the brain sections from KO GPR81 is similar
to the WT mice. In the further experiments we sought to understand the factors that GPR81
could contribute to the time specific vessel area changes in GPR81 KO mice and also elucidate

the potential underlying mechanism for the same.
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Figure 4.7 GPR81 role in developmental brain angiogenesis

GPR&8I1 role in developmental brain angiogenesis: A to D) A decrease of 20 to 25 % in brain
vasculature is seen in GPR81 KO mice in the initial post-natal stages from P5 to P11 followed by
a prominent improvement in microvasculature in the later stages from P15 to P19 (Figure E and
F). Values are presented, as mean + S.E.M. Data are representative of 5 animals per group. *,

p<0.05; **, p<0.01; with Tukey’s multiple comparison test compared to KO or WT, as indicated.

4.6 GPRS81 controls angiogenesis and inflammatory factors
To determine the potential causes for the decrease in brain vessel density in the GPR81-/-
mice, we hypothesized that loss of GPR81 receptor might regulate certain mitogens and
cytokines that regulate brain angiogenesis. In order to test this hypothesis, we performed a time
course real time quantitative polymerase chain reaction (RT-PCR) on whole brain samples
spanning from postnatal ages P5 to P11. As seen in Figure 4.9, during initial postnatal stages

from P7 to P11 there is a prominent increase in anti-angiogenesis factor thrombospondin-1 (TSP-
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1) and a corresponding decrease in angiogenic factor VEGFA. However, during the latter stages,
more specifically at P19, there is a corresponding increase in angiogenesis factors vascular
endothelial growth factor (VEGF) and decrease in TSP-1 expression. The increase in
inflammatory factors in the GPR81-/- mice was also evident, specifically in monocyte chemokine
attractant 2 (CCL-2) and cyclooxygenase 2 (COX-2) in GPR81-/- mice at P9 and P11. These
results indicate that the GPR81 plays an important role in developmental brain angiogenesis
through regulating the expression of pro-angiogenic factors, and also in controlling inflammatory
mediators. In addition we also observed a subsequent increased expression of TSP-1 and the
decreased VEGF protein levels at P9 and P11 in the GPR81 KO mice as depicted in Figure 4.5.
Since expression of GPR81 was restricted to neurons we also confirmed increased expression of
TSP-1 in GPR81 KO primary neurons compared to its wild type neuronal counterpart evident
in Figure 4.8 and Figure 4.9. Furthermore to confirm the pro-angiogenic effect was
mediated via GPR81 and lactate interaction, we performed invitro tube formation assay and
exvivo aortic explants assay from WT and KO neurons and showed increased pro-angiogenic
activity in the conditioned media. Collectively, we observed that loss of GPR81 causes a
significant time dependent vasculature decrease, and GPR81/lactate interaction plays a vital role
in modulating angiogenesis, which could be attributed to increase in TSP-1 and suppression in

VEGEF expression.
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Figure 4.8 GPR81 regulated inflammatory and angiogenic factors to regulate

developmental brain angiogenesis.

GPR&81 and brain angiogenesis: mRNA expression of (A) COX-2, B) CCL-2, C) TSP-1 and D)
VEGFA. (E) Western blot analysis and the quantification of protein expression of angiostatic
factor TSP-1 and a pro-angiogenic factor (F) VEGFA is evident during the initial postnatal stage
of P9 and P11 in the GPR81 KO mice. *, p<0.05; **, p<0.01; with Tukey’s multiple comparison

test compared to KO or WT, as indicated
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4.7 Potential mechanism of GPR81 in regulating brain developmental
angiogenesis

Since, during the postnatal development, loss of GPR81 resulted in an increase of
inflammatory cytokines namely, CCL-2 and COX-2 and a corresponding change in angiogenic
factors associated with an increase in TSP-1 and decrease VEGFA, we sought to determine the
potential cause of mechanism that can relate to the aforementioned changes in pro-inflammatory
and angiogenic cytokines. Figure 4.10, demonstrates a significant increase in TSP-1 levels in
the neurons of GPR81 KO mice compared to its WT counterpart at P7 and P9 postnatal
development phase determined by confocal microscopy. During these postnatal phases at P7 and
P9, the mRNA expression of GPR81 and protein levels are also increased in the WT mice
Figure 4.6. As depicted in Figure 4.10 the increase in TSP-1 levels corresponded to a
subsequent decrease in ERK phosphorylation and HIFla levels in the GPR81 KO mice.
Furthermore, since HIF1a also regulates the production of angiogenic factor VEGFA. We also
determine the VEGF mRNA and protein levels at P9 and P11 in GPR81 KO mice and found that
there was direct proportional decrease in VEGF A levels in the GPR81 KO mice as shown in

Figure 4.9.
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Figure 4.9 Potential mechanisn of GPR81 in regulating brain developmental
angiogenesis.

Increased TSP-1 expression was evident in postnatal P9 GPR81 KO mice as compared to the WT
mice. b) ERK activation showing increased phosphorylated ERK in WT mice compared to KO
mice. ¢) Increased HIF1a levels in WT mice compared to KO mice. Images are quanitified as

collective of 3 mice experiments per group.

4.8 GPR81 in neurons stimulates production of TSP-1 and VEGFA
To confirm the role of GPR81, which is highly expressed in neurons, stimulates the
production of pro-angiogenic cytokines such as TSP-1 and VEGFA, we performed an ex-vivo

experiment on aortic explants. The principle was based on the fact that lactate/GPR81 interaction
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would stimulate the production of pro-angiogenic cytokines which inturn would induce
angiogenic sprouting in the aorta or tube formation in endothelial cells embedded in matrigel. We
treated the WT and KO primary neurons with PBS and lactate for a period of 24h. The
conditioned media was collected, concentrated and used for the invitro matrigel and aortic
explants experiments, whereas the cells were used for protein analysis of VEGFA and TSP-1 by
western blot. Figure 4.11 and Figure 4.12 shows that treatment with WT lactate containing
conditioned media caused prominent angiogenesis sprouting in the aortic rings and extensive tube
formation in the endothelial cells, compared to lactate treatment or PBS containing conditioned
media obtained from KO neurons. This result portraits, that GPR81 modulates the secretion of
pro-angiogenic factors into conditioned media upon its stimulation with lactate. Moreover,
western blots of lactate stimulated WT primary neurons after 24h showed a decrease in TSP-1
and increase in VEGF-A expression, while neurons cultured from GPR81-/- did not respond to
lactate stimulation (Figure 4.13). Interestingly, confocal imaging of primary neurons from
GPR81-/- also showed a prominent increase in TSP-1 as compared to WT counterpart as evident

in Figure 4.14.
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Figure 4.10 Invitro angiogenic effect of lactate/GPR81 interaction on endothelial
cells.

A. In vitro matrigel gel assay indicating increased tube formation is seen on treatment with
lactate conditioned media from WT primary neurons compared to the control PBS vehicle and
conditioned media obtained from KO neurons. B. Quantification of tube formation in percentage.
Values are presented, as mean + S.E.M. Data are representative of 3 experiments per group. *,
p<0.05; **, p<0.01; with ANOVA multiple comparison test compared to KO or WT, as

indicated.
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Figure 4.11 Exvivo angiogenic effect of lactate/GPR81 interaction on aortic
explants

A. Aortic Explants indicating increased angiogenesis sprouting on treatment with lactate
conditioned media from primary neurons. Increased angiogenesis sprouting is seen in aortic rings
treated with Lactate containing conditioned media compared to KO counterpart. B.
Quantification of aortic sprouting of blood vessels in percentage. Values are presented, as mean +
S.E.M. Data are representative of 4 animals per group. *, p<0.05; **, p<0.01; with ANOVA

multiple comparison test compared to KO or WT, as indicated.
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Figure 4.12 Angiogenic effect of GPR81 in neurons involving TSP-1 and VEGF.
A. Decrease in TSP-1 and a corresponding increase in VEGFA expression in WT primary
neurons after lactate treatment. B. Quantification of TSP-1 and VEGFA protein expression with
respect to vinculin. Values are presented, as mean + S.E.M. Data are representative of 4 animals
per group. *, p<0.05; **, p<0.01; *** p<0.001 with ANOV A multiple comparison test compared
to KO or WT, as indicated.
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TSP-1 + NeuN

Figure 4.13 TSP-1 expression in WT and GPR81 KO neurons by confocal
microscopy.

TSP-1 co-localization: (green) TSP-1 colocalize with NeuN (red) in immature neurons in A) WT
and B) KO primary neurons showing a higher expression in KO primary neurons. Images are

taken as collective of 3 mice experiments.

4.9 Lactate via GPR81 promotes angiogenesis Invivo

To confirm lactate/GPR81 interaction 1is involved in angiogenesis inivo,
intracerebroventricular injections were performed in WT and GPR81 KO at P4. The endothelial
cell staining by lectin was determined after 6 days on P10 while the expression of inflammatory
and angiogenic factors were determined by qPCR after 24 hrs, a day after injections. Figure
4.15, showed a 20% increase vascular area in the WT mice after injections compared to the
GPR81 KO mice. Furthermore to elucidate which factors partake in this process of angiogenic
regulation the whole brain tissue samples after 24hrs of injections were subjected to qPCR
analysis. Since it was quite evident that GPR81 controls TSP-1 and VEGFA and pro-
inflammatory cytokines COX-2 and CCL-2 during the developmental stages. We determined if

lactate treatment could either increase of decrease these aforementioned factors. Indeed, we
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found that there was a significant increase in angiogenic and a corresponding decrease in pro-
inflammatory factors upon lactate treatment in the WT mice that was not evident in GPR81 KO
mice.
4.10 GPR81 reduces infarct size in HIE mice model and brain angiogenesis in HI
To investigate the protective angiogenic role of lactate/GPR81 interaction in a hypoxic
ischemic insult, WT and GPR81-/- mice were initially, subjected to Hypoxic ischemic insult (HI)
via permanent middle carotid artery ligation followed by hypoxia (8% O2) for 1.5 hours. HI
insult resulted in decrease vessel density and increase infarct area in the GPR81-/- mice as
compared to the WT mice post 96 hours after HI as evident in Figure 4.16. To further
elucidate the role of GPR81 in brain angiogenesis, intracerebroventricular lactate injections were
performed on WT and GPR81-/- mice at P4 followed by HI insult at P7, and subsequently the
vessel density was measured post 48 and 96 hours after HI insult. Figure 4.17 shows a
prominent increase in vessel density in the lactate treated WT mice, whereas the vessel density in
the lactated GPR81-/- mice remained unaltered. Moreover, the infarct region in the wild type was
substantially reduced as compared to the GPR81-/- mice, suggesting that lactate via its receptor
GPRS81 promotes angiogenesis and has a neurorestorative effect after an HI insult. In addition a
25% increase in vascular density was observed in the WT mice treated with lactate compared to
PBS treated after HI and a corresponding 40 % increase compared to KO mice treated with PBS
or lactate. To determine which angiogenic factors GPR81 regulates that reduces infarct size in
HI, we performed RT-PCR on brain samples extracted 24 hours post HI after
intracerebroventricular lactate injections. Figure 4.18 depicts, increase in angiogenic factors,
predominantly, VEGF, PDGF-BB, angiopoietin 1 (ANG-1), angiopoietin 2 (ANG-2) and

importantly a corresponding decrease in TSP-1 expression.
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Figure 4.14 Lactate promotes angiogenesis via GPR81 and regulates secretion of
angiogenic factors

A. Lactate injections at P4 stimulate a 25 % increase in in vessel Area in WT mice as compared
to KO mice. B. Quantification of % vessel area after lactate injections at P9. C. Invivo pro-

angiogenic factors regulated by lactate via GPR81. Values are presented, as mean + S.E.M. Data
are representative of 7 animals per group. *, p<0.05; **, p<0.01;with ANOVA multiple

comparison test compared to KO or WT, as indicated.
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Figure 4.15 GPR81 protective effect in cerebral hypoxia

TTC staining showing decrease infarct size in the GPR81 WT mice compared to WT mice after
lactate injections. A. TTC staining showing infarct size in WT and KO mice treated with and
without PBS and lactate. B. Quantification of infarct size in percentage. Values are presented, as
mean + S.E.M. Data are representative of 4 animals per group. *, p<0.05; **, p<0.01; with

ANOVA multiple comparison test compared to KO or WT, as indicated.
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Figure 4.16 GPR81 protective effect in cerebral hypoxia via angiogenesis
Lactate injections at P4 stimulate a 25 % increase in in vessel Area in WT mice as compared to
KO mice post (A) 48h and (B) 96h after HI Values are presented, as mean + S.E.M. C and D.
Quantification of % vessel area after 48h and 96h of HI insult. Data are representative of 5

animals per group. *, p<0.05; **, p<0.01; ***_ p<0.001 with ANOVA multiple comparison test
per group. =, p p p p p

compared to KO or WT, as indicated.
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Figure 4.17 GPR81 protective effect in cerebral hypoxia via regulation of
angiogenesis factors

A. Lactate injections at P4 stimulates increase in pro-angiogenic factors and a corresponding
decrease of TSP-1 in WT mice as compared to KO mice post 24h after HI. Values are presented,
as mean + S.E.M. Data are representative of 4 animals per group. *, p<0.05; **, p<0.01; with

ANOVA multiple comparison test compared to KO or WT, as indicated.
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4.11 GPR81 plays an anti-inflammatory role in double hit neuroinflammation
mice model

The loss of GPR81 resulted in increase pro-inflammatory cytokines namely, CCL-2 and
COX-2 during the postnatal developmental ages at P9 and P11. We ought to determine if GPR81
plays a major and a similar role in a pathological preterm neuroinflammation model. As depicted
in Figure 4.19, immunohistochemistry analysis for microglia via IBA-1 staining, post HI insult
after 4 days or 96h showed an increased activation and infiltration of microglia in the GPR81 KO
mice as compared to their WT counterparts. Furthermore to determine the subsequent
inflammatory factors that can be modulated by GPR81, quantitative polymerase chain reaction
(qPCR) was performed on ipsilateral part of the brain from the WT and GPR81 KO mice. The
results indicated there was substantial increase in pro-inflammatory cytokines (IL-1B, TNFa and

CCL-2) in GPR81 KO mice upon LPS injection.

WT PBS
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Figure 4.18 GPR81 controls inflammatory factors in preterm double hit
neuroinflammation mice model

A. Immunohistochemical analysis after LPS injections in WT and KO mice shows increases
microglia (IBA-1) staining in KO mice. B. Lactate injections at P4 stimulates increase in pro-
angiogenic factors and a corresponding increase CCL-2, IL1B. and TNFa in KO mice as
compared to WT mice post 24h after HI. Values are presented, as mean + S.E.M. Data are
representative of 4 animals per group. *, p<0.05; **, p<0.01; with ANOVA multiple comparison

test compared to KO or WT, as indicated.
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4.12 Linking Statement
We previously have described a phenotype in brain wherein loss of GPR81 contributes to
decrease in vessel area at specific post-natal time points from P7 to P11. Similarly, we were able
to find regression in inner retinal vasculature in the retina at from P8 to P12. This transient
phenotype in the retina was regulated by GPR81 via modulating Wnt and Norrin expression .
The main aim of this project was to determine GPRS81 protein levels in normoxia and oxygen
induced retinopathy (OIR) along with identifying the signalling pathways that could mediate

Norrin and Wnt signalling via GPRS1.

4.13 Post-natal GPR81 protein expression in retina

The initial goal was to determine if there was change in post-natal GPR81 expression in mRNA
and protein levels in retina. Indeed, we found that there was a significant increase in GPRS81
protein levels at P10 and P12 in the retina as depicted in Figure 4.20. This result corresponds to a
similar increase in GPR81 protein levels seen in Figure 4.5 in the brain at post-natal ages from
P9 to P11. The brain and retinal post-natal developmental vasculature continues till P21 in mice,
in addition coupling with the fact that retina and the brain are high metabolic organs; they have
relative high basal levels of lactate. Changes in GPR81 proteins expression from P9 to P12 could
attribute to its specific role in developmental angiogenesis in brain and retina along with the
prominent role of VEGFA, ANG-1, NOTCH-1, tie-2, Wnt, B-catenin signalling pathways.
GPRS81 could either regulate some of these factors as evident in the brain via VEGFA or by

Wnt/Norrin signalling in the retina.
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Figure 4.19 Post-natal GPR81 expression at different time points in WT mice
retina

A. GPR81 protein expression from P8 to P21. B. Western blot quantification of GPR81 relative
to B actin. *, p<0.05; **, p<0.01; with Tukey’s multiple comparison test compared to PS WT, as

indicated. Values are presented, as mean + S.E.M. Data are representative of 4 animals per group.

4.14 Post-natal GPR81 protein expression in oxygen induced retinopathy in

retina
To establish the link between GPRS81 and norrin in pathological condition, we used the oxygen-
induced retinopathy (OIR) mice model. Wherein we uncovered that the decreased GPRS81
expression at vaso-obliteration (VO) and a corresponding increased in GPR81 at
neovascularization (NV) phase was directly proportional to norrin expression. Due to technical
difficulties of unavailability of Norrin antibodies, norrin protein levels could not be determined
by western blotting. However, GPR81 protein levels categorically showed a similar trend with a
decrease at VO and increase at NV compared to the mRNA expression. Similarly there was
significant decrease in Wnt and norrin expression in KO mice at P9 during post-natal retinal

developmental, which was also evident in OIR. Collectively, these results along with GPRS81
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expression analysis in normoxia and OIR buttress the role of GPR81 in physiological and

pathophysiological aspects.
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Figure 4.20 Post-natal GPR81 expression at different time points in the WT mice

Nor OIR Nor QIR Nor OIR Nor OIR

retina in OIR

GPR81 and Norrin mRNA expression determined by qPCR at vaso-obliteration P12 and
neovascularization P17 phase in OIR. GPR81 protein expression during vaso-obliteration phase
P12 and neovascularization phase P17 and P21 in WT mice model of OIR. *, p<0.05; **, p<0.01;
with Tukey’s multiple comparison test compared to P5 WT, as indicated. Values are presented,

as mean + S.E.M. Data are representative of 6 retinas per group.

4.15 GPR81 controls PLVAP and Claudin-5 mRNA expression and protein levels

The expression of claudins have been also been shown to be regulated by Wnt ligands and norrin

wherein, via activation of their receptors frizzled-4 (FDZ-4) and coreceptors LRP-5/6 stimulates
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translocalization of B catenin to the nucleus. B catenin translocalization in turn promotes the
activation of transcription factor TCF that modulates the expression of claudins. Since loss of
GPR&81 diminishes expression of Norrin and Wnt we souught to determine if there is change in
expression of claudin-5

As depicted in Figure 4.21, GPR81 regulates the expression of Norrin in normoxia and
OIR. Since Norrin along with Wnt signalling ligands are prime regulators of inner retinal
vasculature in developmental retina whose expression are also regulated by GPR81 as established
in the recent article by Madaan et al. We sought to determine if loss of GPR81 could also
modulate the inner or outer blood retinal barrier iIBRB or oBRB). It has been widely reported
that Claudin-5 contributes in maintaining tight junctions of the endothelial cells in iBRB and
oBRB. Hence we proposed that since loss of GPR81 results in decrease Norrin expression,
GPR81 could indirectly regulate iBRB via modulating claudin-5 function. The transient
phenotype resulting in decreased angiogenesis in brain owing to reduced VEGFA and increased
TSP-1 expression and inner retinal vasculature attributed to decreased norrin and wnt ligands was
more prominent from P8 to P12. We determined if the resulting suppression of pro-angiogenic
modulators could regulate iBRB via claudin-5. To determine if decrease expression of claudin-5
could reduce tight junction of the endothelial cells and thereby promote increase traversing of
plasma lemma vesicle assisted protein (PLVAP), we performed mRNA expression and protein
analysis of Claudin-5 and PLVAP as depicted in Figure 4.22. As seen in Figure 4.22 there is
substantial and significant decrease in claudin-5 mRNA and protein levels in GPR81 KO mice at
P9. Indeed we were able to detect a corresponding increase in PLVAP mRNA in GPR81 KO
mice. Unfortunately due to unavailability of good commercial antibodies for PLVAP, protein

levels could not be determined.
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Figure 4.21 Claudin-5 and PLVAP mRNA expression and claudin-5 protein
levels in aged matched retina in WT and KO mice at P5, P9 and P14 post-natal
stages

A decrease in Claudin-5 mRNA expression and protein levels are evident at P9 and a
corresponding increase in plasma lemma vesicular associated protein (PLVAP) mRNA
expression at P9 and P14 in GPR81 KO mice. Presented as*, p<0.05; **, p<0.01; with Tukey’s
multiple comparison test compared to WT, as indicated. Values are presented, as mean + S.E.M.

Data are representative of 6 retinas per group from 6 mice.

4.16 GPR81 controls Norrin expression via ERK1/2 pathway

The expression of GPR81 in the retina is diverse and varied in different cells ranging from retinal

pigmental cells (RPE), retinal ganglion cells (RGC) to Muller cells (MC). In our GPR81KO we
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were able to link the decrease in norrin expression to its subsequent diminished inner retinal
vasculature and increases iBRB permeability via claudin-5. Since expression of GPR81 is higher
in Muller cells and MCs are found to be the main producers of norrin we sought to elucidate the
upstream signalling mechanism that could contribute to norrin secretion via GPR81. For this
purpose we culture primary muller cells from WT and GPR81 KO mice and treated them with
PBS and lactate for 5 min to determine the ERK1/2 protein levels. In addition, pMC were pre-
incubated with U0126 (an ERK inhibitor) for a hour followed by lactate or PBS treatment for 6h.
The cells were subjected to qPCR analysis to determine norrin expression. As depicted in Figure
4.23 there was a significant decrease of lactate induced norrin expression by U0126. This effect
was not visible in the pMCs from GPR81KO mice, indicating the expression of norrin was
specifically mediated by GPR81/lactate interaction. Similarly, there was an increase level of
phospho-ERK levels on lactate treatment from the WT mice pMC compared to either PBS
treatment or pMC derived from GPR81KO mice. Unfortunately, the protein levels of norrin in

the pMC could not be assessed due to unavailability of good antibodies.
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Figure 4.22 Norrin (upregulation) restores intra-retinal vasculature in GPRS81

KO mice.

To investigate the mechanism of action of GPR81 via Norrin, A. Western blot analysis of
extracellular signal-regulated kinase (Erk) 1/2 and phosphorylated Erk1/2 (p-Erk1/2) was studied
in wild-type (WT) and KO primary Miiller cells. Representative images show an increase in
Erk1/2 phosphorylation after lactate stimulation in Miiller cells from WT mice and not in KO
Muller cells. B. mRNA expression of Norrin in WT and KO primary Miiller cells treated with or
without lactate in the presence of Erk1/2-specific inhibitor (U0126). Values are presented as fold
increases over control (vehicle stimulated). Data were analyzed by one-way analysis of variance

with Dunnett’s postanalysis. . Values are presented, as mean + S.E.M. Data are representative of

4-5 retina per group.
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CHAPTER 5:

DISCUSSION

129



5.1 Discussion

Hypoxic ischemic insult in premature neonates contributes to brain damage leading to
decreased vasculature and neuronal degeneration'~. Premature neonates are susceptible to stroke,
and the incidence is as high as 4 in 1000 births, moreover, 95% of infants who do survive a HI
insult predisposes them to cognitive disabilities, epilepsy, and motor dysfunction in adulthood.
Hence it is important to determine the underlying physiological mechanism for preventing HIE
related injuries and developing novel strategies for medical interventions=» . To determine the
underlying physiological mechanism of HIE in humans is difficult, hence a Rice-Vannucci rodent
model of HIE was used to elucidate the effect of HI insult on neonatal brain injury >»v». The
recovery of the brain after a HI insult is remarkably attributed to an intricate and organized
process of angiogenesis*»*. Indeed, HIE at the metabolic level is characterized, by increased
accumulation of carbohydrate metabolites (succinate and lactate) due to an arrest in aerobic
oxidative phosphorylation*>». Recently, the role of GPR91 in HIE was elucidated as a molecular
sensing receptor capable of sensing stress-induced in HIE and also protecting cellular damage via
orchestrating angiogenesis. GPR91/succinate interaction promotes brain revascularization by
prostaglandin-mediated secretion of pro-angiogenic factors such as VEGF, ANG-1, ANG-2 and
IL-6:=.

Due to unavailability of stable and pure neuronal cell line initial experiments for GPR81
were performed on invitro retinal ganglion cell (RGC-5) line. RGC-5 is an immortalized cell line
of the retinal ganglion cells of the retina, which resembles similar to the primary neurons of the
central nervous system (CNS). Differentiation of RGC-5 by staurosporin by 316nM for 24 hours
or ImM for 6 hours resulted in increased neurite formation and morphology similar to primary
pyramidal neurons of the cortex and hippocampus of the brain. Immunocytochemistry (ICC) of
GPRS8I1 in differentiated RGCs along with neuronal N (NeuN), a marker for neuron, showed a
strong co-localization, indicating GPR81 expression in sSRGC-5 (stimulated RGCs). Moreover, to

determine that lactate possesses pro-angiogenic activity, which could be mediated via GPR81,
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sRGC-5 were treated with 10mM lactate for 6 hours and 24 hours respectively. Expressions of
pro-angiogenic genes along with certain neurotrophins were elevated upon lactate treatment
whereas expression of interleukin 1B (IL1B) was reduced. Since, lactate increased VEGF,
angiopoietins, neurotrophins (BDNF) that belong to the cytokines and/or myokines family. We
collected the conditioned media after 24 hours of lactate treatment as these molecules are
secreted outside the cells and carries out diverse functions ranging from regulating angiogenesis
to neuroprotection via receptor mediated activation. Furthermore, the conditioned media (CM) so
collected was used to performed invitro matrigel and exvivo aortic explant experiments to
uncover the role of secreted cytokines or myokines upon lactate stimulation. It has been well
demonstrated that lactate accumulation in intracerebral hemorrhage (ICH) promotes angiogenesis
and neurogenesis via activation and translocalization of NF-KB into the nucleus. This effect was
attributed to increased infiltration of microglia\macrophages in the ipsilateral region of ICH.
Since M1 to M2 subtype phenotype change of macrophages is stimulated by lactate which in turn
promotes cell proliferation via VEGF secretion coupling with the fact that NF-kB is
predominantly activated in microglia, it would be safe to suppose that lactate mediated microglial
activation can lead to angiogenesis in ICH. Moreover, in neurons and endothelial cells there is a
substantial and significant decrease in basic fibroblast growth factor (bFGF) and VEGF
expression respectively, when either NF-kB inhibitor (BAY) or lactate dehydrogenase inhibitor
oxamate (OXA) were injected intracerebroventricularly, after ICH. Altogether these results are
indicative that lactate neuroprotective role is attributed to increased angiogenesis leading to
subsequent neurogenesis resulting from nurturing neurons in the penumbral region via improving
oxygen and glucose supply.

Further to elucidate the mechanism of lactate mediated angiogenesis in SRGC-5 and
determine the upstream mediators of signal transduction pathways, effect of lactate on ERK and
P38 phosphorylation was determined using specific inhibitors and activators of aforementioned

pathways.
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In this study, we also demonstrate that metabolic receptor GPR81 is predominantly
expressed in the neurons of the brain and plays a crucial role in the initial stages of post-natal
developmental brain angiogenesis. A significant decrease of 20 to 25% in the vascular area was
observed in the GPR81-/- mice from P7 to P11. This decrease in vasculature in KO mice
corresponds to the substantial decrease in VEGF and increase in TSP-1 mRNA expression and
protein levels determined by RT-PCR and western blot respectively. Indeed, there is an
increased expression of GPR81 at P9 and P11 that is normalized at P15. However, at later
postnatal ages from at P15 and P19 there is the amelioration of brain vasculature in the GPR81-/-
mice. Hence, to determine a plausible cause for improved vasculature in GPR81-/- we looked
into the expression of various angiogenic factors during the later postnatal stages. Indeed, an
increase in pro-angiogenic factor VEGF and a corresponding decrease in angiostatic factor
thrombospondin (TSP-1) in GPR81-/- mice were observed specifically in latter stages at P19.
Moreover, confocal imaging and western blot results showed a significant increase in the
production of TSP-1 in primary neuron culture from KO mice, compared to WT neuronal culture.
The molecular mechanism of TSP-1 and VEGFA interaction has been well elucidated in
regulating angiogenesis. TSP-1 direct effect is attributed to interaction with CD-36 and CD-47
receptors on endothelial cells, resulting in decreased endothelial cell proliferation via Akt and
PI3K dependent signaling pathway. Indeed, TSP-1 interaction with CD-36 results in decreased
phosphorylation of VEGFR-2 receptor thereby; reducing VEGFA mediated angiogenic
response”. In mice models of stroke, it has been proposed that increase TSP-1 production
reduces tissue perfusion by limiting the angiogenic response to nitric oxide (NQ) « s,
Furthermore, increase TSP-1 is also associated with increased excitatory synapse formation via
its interaction with CACNA2DI1 or alpha2/deltal (02d-1) receptor. This increased excitatory
synapse formation leads to convulsions and seizures, which are the basis of other neurological

disorders such as epilepsy. Recently, the mechanism of gabapentin, an anticonvulsant drug was
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elucidated, which inhibited the interaction of TSP-1 with its 020-1 receptor and thereby
promoting its anticonvulsant activity»»==.

In addition, we observed a corresponding increase in inflammatory factors CCL-2 and
COX-2 in the brain of GPR81-/- mice. Neuronal CCL-2 secretion is known to promote an
increased infiltration of monocytes in the brain, in a mice model of viral encephalopathy~=. The
role of neuronal COX-2 in conferring neurotoxicity via EP-1 receptor in acute, traumatic,
excitotoxic brain injury, Alzheimer’s disease, cerebral hypoxia and depression is well
elucidated-+=»=. CCL-2 and COX-2 expression in preterm labour were significantly increased in
the GPR81-/- mice upon induction of lipopolysaccharide, collectively, supporting the role of
GRP81 as an angiogenic and anti-inflammatory receptor.

Moreover, to confirm that GPR81 promotes angiogenesis, intracerebroventricular lactate
injections were performed which resulted in a 15% increase in vessel density in the WT mice
compared to KO mice, suggesting angiogenic response is via GPR81. Since GPRS8I1 is
specifically expressed in the neurons, we performed western blots on primary neuron cultures
treated with vehicle or lactate to determine the angiogenic response is mediated via
lactate/GPR81 interaction. After 24 h of stimulation, there was a significant increase in VEGF
protein expression and a corresponding decrease in TSP-1 protein expression in the WT neurons
with lactate treatment as compared to the GPR81-/- counterpart. This counterbalancing effect of
TSP-1 and VEGF A has been well elucidated in the tumor microenvironment. TSP-1 regulates
VEGF A expression by direct interaction with VEGF A resulting in an increased clearance of
VEGF A from the extracellular matrix, or indirectly by inhibiting matrixmetalloproteinases MMP
activity leading to decrease secretion of VEGF Avas,

Further, the fact that lactate accumulates and promotes angiogenesis in developing retina
and retinopathy of prematurity, we explored if GPR81 plays a similar role in HIE. Indeed, after
HI insult we observed an increase in lactate levels with a corresponding increase in mRNA

expression of GPR81 after 24hrs of an ischemic insult. Intracerebroventricular lactate injections
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at P4 followed by HI insult resulted in 20 % increase in vessel density in the WT mice, indicating
that GPR&I is a regulator of angiogenesis. Furthermore, pre-administration of lactate before a HI
insult resulted in a substantial decrease in the infarct size of the WT mice, which was not evident
in the GPR81-/- mice. These results were also supported by a corresponding increase in pro-
angiogenic factors VEGF, ANG-1, ANG-2 and PDGFB and decrease in TSP-1 expression that
was evident in the lactate treated WT HI mice. Although the increase of the above-mentioned
factors could be attributed to the effects of other cell types (astrocytes and leptomeningeal cells)
on the endothelial cells in which GPR81 expression has been previously documented>«>>, here
we specifically demonstrate the neuronal cells expressing GPR81 also play a significant role in
regulating angiogenesis in the brain during development and in the pathophysiological condition
of cerebral hypoxia.

In summary, we have explored a novel receptor GPR81 having a role in developmental
and post-HI brain vasculature. Current treatments for HI stroke are based on supportive therapy,
involving the rescue of neuronal insult via hypothermia, increasing ventilation, promoting
perfusion and surgery to dissolve clots»». Other methods include reducing HI injury by the use
of inhibitors of inflammation mediators along with the use of cytoprotective growth factors.
The current therapies have potential restrictions as they have a substantial low therapeutic
window for cellular rescue and repair after HI insult*+>. Hence pharmacological modulation
and elucidation of the underlying molecular mechanism of signaling pathways in post-HI cerebral
hypoxia provide an improved and effective tool in treating HI insult. In this study, we show that
GPR&81 plays a vital role in reversing brain injury after HI stroke via neuronal regulation of
VEGF A and TSP-1, which also regulates postnatal brain angiogenesis. Considering that lactate
accumulates only transiently after HI insult, longer-acting agonists of GPR81 may exert more
favorable effects.

Clinically, intracerebroventricular injections in the neonates are not feasible and are

considered to be highly invasive. However, scientists were able to use diffusion-weighted
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magnetic resonance imaging to show that intra-peritoneal administration of lactate of 40umol
was able to reach the brain and reduce brain lesions after a cerebral hypoxic insult in pre-clinical
experimental mice model. Thereby, suggesting a novel mechanism wherein lactate could be used
as a neuroprotective curative molecule. In our experiments we used intracerebroventricular
(ICV) injections for two main purposes. Firstly, ICV injections of lactate bypasses the blood
brain barrier (BBB) and enables us to elucidate local metabolic effects of lactate on angiogenesis
in close vicinity of injections performed. Secondly, an ICV injection allows increase in lactate
concentration to 6 to 8mM, which is sufficient enough to activate GPR81. In addition when
injected intravenously or intraperitonealy, lactate is oxidized in plasma or is transported to highly
active organs like the heart, liver and kidneys where it can be used as an alternative source of
energy. Collectively, reducing the minimum effective concentration of lactate in the brain
required to activate GPRS81.

Lactate, in a clinical setting has been used as a biomarker to determine the extent of
severity of cerebral hypoxic injury in neonates. Serum concentration measurement of lactate is
considered to be a hallmark standard, to co-relate severity of HI insult. Measurement of cerebral
lactate and a subsequent co-relation to serum lactate concentration with respect to time, and
severity of injury would be more significant to unveil the role of lactate in cerebral hypoxia. This
is important due the fact the cerebral hypoxic brain injury in the neonates’ follows two different
patterns. First, is the central pattern associated with injury to gray matter (thalamus, basal
ganglia) and second is a peripheral pattern related to injury to white matter. Currently, it is
unknown if the cerebral lactate concentration mimics the severity of pattern during and/or after
therapeutic hypothermia. Moreover, lactate can be easily transported from the brain into systemic

circulation via MCTs and from systemic circulation to CNS, thereby compounding the problem
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to establish a strong co-relation between serum and cerebral lactate measurement. In a recent
publication the scientists were able to determine the cerebral lactate levels in 49 neonates by
magnetic resonance spectroscopy, whereby they reported that there was a significant increase in
cerebral lactate levels in neonates suffering from moderate to severe HI insult during therapeutic
hypothermia and after during the rewarming phase>””. In addition, there was an increase in serum
lactate levels that remained elevated after reperfusion and proper oxygenation to the infants were
restored. This effect can be explained at the molecular levels in the following terms. Firstly,
during HI insult impaired oxidative phosphorylation in the neurons and astrocytes results in shift
to aerobic glycolysis. However, if the insult is severe, neuronal death is exacerbated via necrotic
pathway, as result neurons are unable to use lactate as alternative source of metabolic energy
provided to them by astrocytes, this in turn leads to extracellular accumulation of lactate, which
can be transported into the systemic circulation leading to increased serum lactate levels. Another
reason for increased serum lactate levels could be attributed to stress induced secretion
epinephrine, which induces aerobic glycolysis in skeletal muscles. In all, suggesting that during
therapeutic hypothermia and rewarming lactate may also play a vital role in salvaging neurons
during primary and secondary HI insult. However, not denying the fact that higher concentration
of lactate in the range of 15mM to 20mM is detrimental to neonates and is an important
biomarker to predict the severity of HI insult in newborns, further research needs to be conducted
to establish a strong link between lactate production, consumption by other organs, transport

across BBB and systemic circulation when co-relating it with severity of HI injuries®*"°, 1

n
addition, cerebral and serum lactate concentration in the neonates at birth are relatively higher

irrespective to HIE. This is attributed to the inability of the brain to utilize glucose due to
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significant reduced expression of glucose transporters. The brain is therefore, is highly dependent

. 17,275
on lactate and ketone bodies as source of energy'"*".

GPR&81 or Hydroxyl carboxylic acid (HCA-1) was primarily discovered as a receptor
activated physiologically by carbohydrate metabolic ligand called lactate »»=»+=>_ Initial research
on GPR81 was focused on adipocytes owing to its higher expression in adipocytes compared to
other cells. In adipocytes, postprandially, along with insulin, GPR81 synergistically reduced
cyclic AMP levels resulting in decreased lipolysis*»»*. However, recently GPR81 expression in
brain, retina, cancer cell lines, myometrium, colon and liver was elucidated, wherein it performed
tissue and cell specific functions»»=>-=s_[n brain, for example, GPR81 is strongly expressed in
the neurons, regulating spiking firing frequency of inhibitory neurons in hippocampus”. In retina,
the expression is more diversified in Muller cells, retinal-pigmented epithelial cells (RPE) and
retinal ganglion cells (RGCs), wherein it takes part in therapeutic angiogenesis associated in mice
model of retinopathy of prematurity>>. Unlike most of the GPCRs, which have a minimum
effective concentration EC50 in nanomolar range, GPR81 has EC50 between 1mM to 10mM»»s.
The higher EC50 can be explained in both physiological and pathophysiological terms.
Physiologically, the minimum circulating serum lactate concentration is approximately around
ImM=»+_ In retina and brain, which are highly metabolic organs, the basal lactate concentration
varies between 1mM to 4 mM. In pathophysiological conditions such as cerebral hypoxia
ischemia (HI), retinopathy of prematurity (ROP), cancer and diseases associated with
inflammation (preterm labour, colitis) lactate levels surges to 10mM===<_ In aforementioned
pathological conditions of HI and ROP, the underlying cause is attributed to arrest in oxidative
phosphorylation resulting in anaerobic accumulation of carbohydrate metabolites such as lactate,
succinate and alpha-ketoglutarate, which serve as ligands for GPR81, GPR91 and GPR99
respectively*»=»~.  Neonatal hypoxic-ischemia encephalopathy (HIE) at molecular level is
characterized by reduced blood flow to the brain resulting in decreased oxygen and glucose

supply, resulting in increased lactate production via anaerobic glycolysis”=. Collectively, we
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hypothesized that lactate via GPR81 can promote therapeutic angiogenesis that would
significantly reduce infarction, vaso-obliteration and neovascular tufts formation in metabolic
disorders such as HIE and ROP respectively. Since we injected lactate prophylactically, the
protective effect via angiogenesis is sought to be a pre-conditioning effect of lactate via GPR81.
Wherein GPR81 acts as a metabolic signalling receptor. Hence, to explore the therapeutic
potential of GPR81, agonists of GPR81 (3,5 dihydroxybenzoic acid, 3-chloro-5-hydroxybenzoic
acid) have to be essayed before and after a cerebral hypoxic insult.

Our results have shown that GPR81 plays an important role in developmental brain
angiogenesis and reduces infarction after an HI insult in a neonatal mice model of Rice-Vannucci
by augmenting pro-angiogenic response. Since GPR81 is predominantly expressed in the neurons
and leptomeningeal cells as previously documented, it would be of great interest to speculate the
neuroprotective role of GPR81 in neurological disorders related to epilepsy, cerebral malaria,
Alzheimer’s and Parkinson’s»» .

Epilepsy is associated with uncontrolled seizures, whose underlying pathophysiological
aetiology is attributed to excessive neuronal firing in the hippocampus=+. One of the major
underlying causes of Temporal lobe epilepsy (TLE) is impaired cerebral energy metabolism.
Indeed, about 40 % of adults suffering with TLE are irresponsive to the pharmacotherapeutic
agents. At cellular level, TLE is characterized by mitochondrial dysfunctioning related to
decreased ATP production due to hypometabolism. Furthermore, TLE are also associated with
elevated levels of lactate with decreased expression of monocarboxylate transporters-1 and 2
(MCT-1 and MCT-2) in the microvessels, and corresponding increase in astrocytes in the
hippocampal neuropil. These cell specific expression changes could be an adaptive mechanism
wherein; reduced expression of MCTs would maintain high lactate levels. Lactate in turn via
GPR81 can reduce cAMP production resulting in suppression of seizures===.

In our study, we have observed an increased expression of thrombospondin (TSP-1) from

the GPR81-/- neurons. TSP-1 interaction with 020-1 receptor on neurons is known for excitatory
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synapse formation contributing to enhance neuronal firing that results in uncontrolled seizures.
Recently it was shown that an antiepileptic drug called gabapentin inhibits this TSP-1/ a20-1
receptor interaction. In addition, activation of GPR81 by lactate in hippocampal neurons resulted
in reduced neuronal firing via Gi mediated reduction of cAMP. Collectively, providing strong
evidence, that agonists of GPR81 could be potentially useful in modulating neuronal activity in
treatment of epileptic seizures>.

The main cause of Alzheimer disease (AD) for the last 3 decades was believed to be
increased accumulation of B amyloid protein in the neurons resulting in neuronal degeneration
and subsequent dementia in these patients>=~7. However, recently it has been proposed that the
underlying cause of inflammation related neuronal degeneration in AD can be attributed to the
microflora in the gut. This is based upon the hypothesis that increase in age is associated with
leakage of intestinal epithelial barrier (IEB) leading to translocation of microbes via the

circulation to the blood brain barrier (BBB)==. Increased permeabilization of BBB is facilitated
by secretion of pro-inflammatory cytokines (IL-1f, IL-6, TNFo) which ultimately results in

neuronal inflammation and subsequent necrosis. Moreover, it has been documented that brain
and specifically neurons can have a unique ability of using lactate as a source of energy generated
by aerobic glycolysis (AG) in physiological and pathological conditions such as AD=-+. The
metabolic stress and depleted rate of oxidative phosphorylation with ageing in AD can alter
GPR&81/lactate signalling mechanism which can cause premature senescence of astrocytes and
neurons*>. Since senescent cells primarily use oxidative phosphorylation as a source of ATP,
cells can revert to AG for ATP production which would either result in apoptosis of the senescent
cells or may reprogram their normal functioning*=. Recently the expression of GPRS8I in
colonic dendritic cells and macrophages in the intestine has been associated with anti-
inflammatory action via reducing the aforementioned pro-inflammatory cytokines along with
corresponding increase in Treg cells and increase in anti-inflammatory cytokines such as IL-10x.

Indeed, at molecular level, GPR81 mediates its anti-inflammatory action by inhibiting NRLP3
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inflammasome activation in macrophages resulting in decrease caspase-1 activity and subsequent
decrease in IL-1B expression. Hence it would be interesting to see whether agonist of GPR81
can ameliorate neuroinflammation and reverse senescence in AD

Cerebral malaria (CB) is another pathophysiological condition, which is characterized by
impaired metabolic functioning resulting in increased levels of lactate, disruption of BBB and
predisposing children to TLE. Erythrocytes infected with Plasmodium falcifarium use aerobic
glycolysis (AG) to utilize high level of glucose for ATP production leading to accumulation of
lactate near the BBB. Increased lactate levels, in turn can activate GPR81 in the endothelial cells
and reduce cAMP production causing vasoconstriction and leakage in BBB**. However, since the
expression of GPR81 in endothelial cells is localized to abluminal and luminal ends, this effect
could be cell specific and restricted to endothelium™. Moreover, the role of GPR81 has been
documented in macrophages, smooth muscle cells, neurons and leptomeningeal cells where it
promotes an anti-inflammatory and angiogenic response via activation of B-arrestin, ERK1/2 and
AKT signalling transduction pathways=. Hence it would be interesting to determine if an agonist
or antagonist of GPR81 would either ameliorate/worsen CB pathogenesis.

Retinopathy of Prematurity (ROP) is a biphasic retinal disorder characterized by vaso-
obliteration (VO) followed by formation of nonvascular tufts (NV). Recently, Madaan et al
proposed a novel mechanism of GPR81 in the model of ROP, wherein there is significant
decrease in VO and NV tufts formation via GPR81 inner vascular regulation of Wnt/Norrin
pathway*. Interestingly this effect was mediated via ERK1/2 signalling in the Muller cells.
Moreover, GPR81 co-localization with DAPI in the Muller cells and NeulN in the neurons
predicts that GPR81 might be a nuclear or perinuclear receptor. The presence of nuclear GPCRs
is not novel per se, the presence of nuclear GPCRs such as prostaglandin receptors (EP3), platelet
activating receptor (PAFR) on the nuclear membrane have been confirmed by confocal and
electron microscopy. Furthermore, these receptors are functionally active and mediate their

actions via activation of nuclear factor kappa B (NFkB), mitogen activated protein kinases (Erkl,
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Erk2 and Erk3) and PI3K/Akt system™. Indeed, they significantly differ in their mode of action;
for example, activation of nuclear prostaglandin receptor promotes increased expression of nitric
oxidase synthase (sNOS) in the endothelial cells, leading to vasodilation via secretion of
substance P-». On the contrary the plasma membrane localized prostaglandin receptor controls
muscle and neuron contractile responses. Concerning, GPR81 localization in the cell nuclear
membrane and potentially on the plasma membrane it would be interesting to dissect if their

difference in cell organelle localization can modulate different pathways in cell signalling.
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CHAPTER 6:

CONCLUSION AND FUTURE DIRECTIONS
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6.1 Conclusion (original findings in the thesis):

To our knowledge this is the first documented evidence where we have elucidated a novel role of
GPR&81 in developmental brain angiogenesis and its neuroprotective pro-angiogenic effect in
neonatal hypoxic ischemia (HI). Herein we demonstrate that: (a) GPR81-/- showed a transient
post-natal phenotype associated with decrease in vessel area specifically between P7 to P11, and
modulated by inflammatory, angiogenic and angiostatic factors. (b) GPR81 is primarily
expressed on neurons and specifically controls secretion of angiogenic (VEGF) and anti-
angiogenic (TSP-1) factors respectively. (¢) Intracerebroventricular injection of lactate increased
vessel area only in WT mice, suggesting the specific interaction of GPR81 and lactate promotes
angiogenesis. (d) In the Rice-Vannucci model of neonatal cerebral hypoxia
intracerebroventricular injection of lactate significantly reduced infarct size in WT compared to
GPR81-/- mice by regulating of pro-angiogenic and angiostatic factors specifically VEGF and
TSP-1. (e) Finally, we determined that ERK1/2 signalling pathway is responsible for norrin
mediated regulation of inner retinal vasculature.

The regulation of angiogenesis by neuronal GPR81 provides new insights in uncovering
mechanism of cross talk in the neovascular unit of the brain. This is an important finding since
neurodegenerative disorders as mentioned above are complex at molecular level involving
multicellular mechanisms. For example, in Alzheimer’s Diseases (AD) neurodegeneration can be
attributed to combination of increase pro-inflammatory cytokine secretion by macrophages,
leukocytes and also to accumulation of B amyloid protein by the neurons. Since loss of GPR81
increases CCL-2 and COX-2 expression, we therein confirmed the role of GPR81 as an anti-
inflammatory receptor. Targeting GPR81 via an agonist could prove to be beneficial in other
neurodegenerative diseases such as Parkinson’s and epilepsy.

Although, we uncover a novel role of GPR81 in brain angiogenesis and cerebral hypoxia,

the following questions needs to be addressed.
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1. Lactate and 3,5 DHBA injections should be performed after and just before the cerebral
hypoxic insult to determine therapeutic potential of agonist activity of GPR81.

2. We need to use lactate dehydrogenase inhibitors (Oxamate) or MCT-1 inhibitors (4-
hydroxycinnamate), to differentiate if the protective effect is attributed to the metabolic
effect of lactate which could be either GPR81 dependent or independent.

3. Since, we did observe increase in COX-2 and CCL-2 expression in GPR81-/- mice. It
would be intriguing to delineate the role of GPR81 in macrophages and microglia
neurovascular unit of cerebral hypoxia. GPR81 expression in microglia and its effects on
inflammation, oxidative stress and apoptosis would help us to better understand the

diverse function of GPR81 in modulating the neurovascular unit.
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