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INTRODUCTION 

Vision is considered as one of the most important of the five human senses. This 

was reflected by a poll that was based on human psychology that revealed that 

the fear of losing vision is much higher than the fear of losing any of the other 

senses (leo et al. , 1999). Diabetic retinopathy (DR) is a leading cause of 

blindness worldwide. Diabetic retinopathy is defined as damage to retina caused 

by the complications of diabetes. Hyperglycemia is a major factor in the 

pathogenesis of diabetic retinopathy (Davis et al. , 1998). The diabetes-induced 

metabolic and physiologic abnormalities in the retina are consistent with chronic 

inflammation (Kern et al., 2007). G-protein coupled receptors (GPCRs) comprise 

a large protein family of transmembrane receptors that play central roles in 

several biological processes (Wettschureck and Offermanns, 2005). GPCRs 

have the ability to bind to chemically distinct ligands, and as such are widely 

used as targets for pharmaceuticals aimed at treating pain, inflammation, and a 

broad spectrum of diseases (Vassilatis et al. , 2003; Offermanns et al., 2006). 

GPR 1 09A is a newly discovered G.-linked GPCR known for its anti-lipidemic and 

anti-inflammatory properties in several cell types. Here, my major goal was to 

study the expression and functional role of GPR109A in retina an its relevance to 

diabetes-associated retinal implications. 
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Structure of the eye 

Vision is an important gifted sense, which helps us to perform day-to-day tasks. 

The eye is the organ that facilitates the visual process (Baylor, 1996). The eye in 

general is divided into anterior and posterior segments. Cornea, ciliary body, iris 

and lens form the anterior or front third of the eye. The posterior segment 

comprises the back two thirds of the eye, and includes the vitreous humor, 

choroid , retina and the optic nerve. The vitreous is a gelatinous substance that 

fills up the back of the eye and protects the other structures that make up this 

segment. More specifically, the eye is divided into three basic layers (Figure 1). 

The first and the outermost layer termed as the corneo-scleral layer consists of 

the cornea and the sclera. The sclera is the white of the eye, which is tough and 

opaque. The sclera is made up of collagen fibers and protects the eyes while 

keeping its shape intact. Cornea is the glass like front part of the eye and is 

involved majorly in the refraction of light. Cornea provides the eye with two-thirds 

of its optical power. The uveal layer constitutes the second layer of the eye. This 

layer is made up of choroid, iris and ciliary body. Ciliary body is primarily made 

up of ciliary muscles and ciliary processes and the major function of this tissue is 

the production of aqueous humor. Thus, it plays a role in controlling the 

intraocular pressure in the eye. It also takes part in the process of 

accommodation by helping the lens to change its shape and focus on far away 

objects. Iris is the thin circular structure that controls the diameter and size of the 

pupils thus controlling the amount of light entering the eye. Additionally, the iris is 

responsible for providing the eye with its color. Choroid is the vascular layer of 
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the eye lying between the sclera and the retina. Choroidal blood supplies the 

outer layers of the retina with required oxygen and nutrients. Retina is the 

innermost layer and the most important tissue of the eye as it is the area where 

vision is initiated. The retina consists of specialized cell types that convert the 

light entering the eye into nerve impulses that are sent to the brain to form an 

image (Baylor, 1996). 



Figure 1. Structure of the eye. The eyeball is composed of three different 

layers: the outer comeo-scleral/ayer (cornea and sclera), the middle uvea/layer 

(iris, choroid and ciliary body) and the inner retina/layer. 

(Image was acquired from Virtual Medical Center© 2002-2013, Australia). 
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Anatomy of the retina 

Retina is a highly organized tissue layer. It processes about 80 percent of the 

sensory inputs received by the eye, a task that also involves about one-third of 

the brain (Sharma and Ehinger, 2002). Retina is composed of ten histologic cell 

layers and several distinct cell types (Figure 2). It can be sub-divided into two 

major parts, namely the neural retina and the retinal pigment epithelium 

(RPE). The neural retina is made up of nine major layers: the inner and outer 

segments of the rods and cones, the outer limiting membrane (OLM), the outer 

nuclear layer (ONL), the outer plexiform layer (OPL), the inner nuclear layer 

(INL), the inner plexiform layer (IPL), the ganglion cell layer (GC), the nerve fiber 

layer and the inner limiting (ILM) membrane. Within these nine layers are six 

neuronal cell types: photoreceptor cells, horizontal cells, bipolar cells, amacrine 

cells, interplexiform cells and the ganglion cells (Dowling , 1979). Photoreceptor 

cells of the retina are responsible for absorbing the photons of light that enter the 

eye and converting them into messages. This event of converting light stimuli into 

nerve impulses is termed as phototransduction (Figure 3). There are two major 

types of photoreceptor cells, rods and cones. There are nearly 92 million rod 

cells that are responsible for vision in dim light and 5 million cones that enable 

color vision in bright light. The fovea is an area of the retina located centrally in 

what is called the macula. It is made up primarily of cones and is responsible for 

central or "straight-ahead", fine, vision. Cell bodies of horizontal cells, bipolar 

cells, amacrine cells, interplexiform cells as well as nuclei of Muller cells together 

form the INL. Horizontal cells run parallel to the retinal surface and are usually 



Figure 2. Histology of the retina. This is a diagrammatic illustration of ten 

histological cells layers of the human retina. A hematoxylin and eosin-stained 

cryosection of mouse retina is provided to the right of the schematic for 

comparative purposes (By Xu H eta/., 2011). 
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Figure 3. Visual phototransduction in the retina. This diagram illustrates the 

process of the conversion of light photons into nerve impulses by neuroretinal 

cells. (Image is contributed by D. DeWitt, 2006). 
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found close to terminal expansions of the rods and cones. These cells respond to 

the neurotransmitters released by rods and cones and participate in inhibitory 

feedback to photoreceptor cells and feedforward to bipolar cells. Bipolar cells are 

radially oriented neuronal cells. These cells carry photochemical signals to 

ganglion cells. Amacrine cells are present on distal end of INL and modulate the 

chemical signals in the inner plexiform layer. tnterplexiform cells send their 

processes to both outer and inner plexiform layers and participate in transmission 

of chemical signals between these layers. The neuronal cells of the retina 

including the photoreceptor cells, the horizontal cells, the bipolar cells, the 

amacrine cells, and the ganglion cells form a network system and pass the 

information from the photoreceptor cells to the brain through the optic nerve. The 

information passed to the brain is then processed and hence an image is formed. 

Any small perturbation in this pathway may cause an inability to see objects 

property (Sharma and Ehinger, 2002). Glial cells are also present in the retina. 

The three major types are Muller cells, microglial cells and astrocytes; each has 

a different function. Retinal neurons are in close proximity to each other and are 

supported by Muller cells. As such Muller cells are said to form the skeletal 

backbone of the retina and are the most abundant of the glial cells found in 

retina. The microglial cells are phagocytic in nature and vary in number, 

increasing only when a need arises in the retina such as during oxidant or 

inflammatory insult. Astrocytes have been named based on their resemblance to 

the shape of a star. They are usually found in small numbers mostly in the 

ganglion cell layer and the inner plexiform layer. These cells tend to mobilize and 
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can be detected in other cell layers under pathologic conditions (Sharma and 

Ehinger, 2002). The retinal pigment epithelium (RPE) is a distinctive cell layer 

which is arranged as a single layer of hexagonal cells forming a cuboidal 

epithelium that separates the outer segments of the photoreceptors from the 

choroidal blood vessels (Sharma and Ehinger, 2002). 
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The retinal pigment epithelium (RPE) 

Much of my work focused specifically on the study of RPE; as such here I will 

explain its structure and function in detail. The retinal pigment epithelium (RPE) 

is a unique monolayer of pigmented cells that are closely packed forming a 

barrier between the choroidal blood vessels and the outer segments of 

photoreceptor cells. There are about 4 to 6 million RPE cells in each human eye. 

RPE cells are uniformly shaped towards the center of the retina, becoming 

thinner and larger towards the equator and lose their shape and size around the 

periphery. The RPE performs many specialized functions essential to vision and 

normal maintenance of the retina. RPE cells are differentiated into apical and 

basal sides. Apical side has microvilli that interdigitates with the outer segments 

of photoreceptor cells. At the apical side, the cytoplasm of RPE cells is filled up 

with oval shaped pigmented granules made up of melanin. These granules are 

responsible for absorbing the light that is scattered or coming inside the eye 

thereby preventing the light from entering outer segments of photoreceptor cells 

(Sharma and Ehinger, 2002). Melanin pigments also aid in the scavenging of free 

radicals, thereby helping to prevent photo-oxidative stress. Cell debris shed from 

photoreceptor outer segments is phagocytozed by the RPE cells and can be 

seen as phagosomes in the RPE cytoplasm. Intracellular enzymes then digest 

these phagosomes. The digestion products of phagosome lysis are either 

retained in the RPE cells as lipofuscin granules or deposited on Bruch's 

membrane, a membrane atop which RPE rests, separating RPE somewhat from 

the endothelial cells of the choriocapillaries (Sharma and Ehinger, 2002; Strauss, 
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2005). In healthy retina, RPE cells sit in close contact with each other and have a 

number of junctional proteins between them. This arrangement forms a barrier, 

the outer blood-retinal barrier (BRB), between the neuroretina and the choroid 

and helps to maintain the immune-privileged state of retina. In addition to the 

barrier and other properties described above, RPE serves a number of other very 

important functions (Figure 4). This includes: (1) the transportation of important 

nutrients and ions to outer retina and removal of corresponding waste (2) 

reisomerisation of all-trans-retinal to 11-cis-retinal to start the process of visual 

cycle in the retina, and of critical relevance to my research work (3) the secretion 

of various growth and immunosuppressive factors which help to maintain the 

structural and functional aspect of the retina (Sim6 et al. , 2010; Sparrow et al. , 

2010). 



Figure 4. Functions performed by the retinal pigment epithelium (RPE). This 

illustration depicts the major functions performed by retinal pigment epithelium 

(RPE). (By Strauss, 2005). 
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The inner retinal vasculature 

The description of retina would not be complete without mention of the inner 

retinal vasculature. The outer one-third of the retina is nourished by the choroidal 

blood supply. However, the inner two-thirds of retina is supplied by the central 

retinal artery which enters/exits the retina at the optic disc. These blood vessels 

further divide into four main branches, each supplying blood to a quadrant of 

retina. These major blood vessels further branch into smaller arteries and veins 

forming a vascular tree in the retina. The arteries and veins connect to each 

other by extensive capillary beds (Williams et al., 1999). Similar in structure and 

function to the outer retinal-barrier the endothelial cells lining the inner blood 

vessels form an inner blood-retinal barrier, which allows semi-permeable 

transport between the inner layers of the retina and the retinal blood vessels. 
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Diabetic Retinopathy 

Diabetic retinopathy (DR) is one of the most common complications of 

diabetes and a leading cause of vision loss among working aged-adults (Klein et 

al. , 1998). It is estimated that 8 percent of the population in United States suffer 

from diabetes and that more than 40 percent of diabetic persons develop DR. In 

fact, it is estimated that 20,000 Americans become blind every year due to DR 

(Tang and Kern, 2011 ; Qian et al., 2011 ). The pathogenesis of DR is two-fold, 

involving vascular pathology as well as neuronal degeneration. The vascular 

complications associated with DR commonly start with mild non-proliferative 

retinopathy characterized by a thickened basement membrane, leukostasis and 

platelet activation, pericyte cell loss from the endothelium and increased 

vasculature permeability which eventually forms tiny balloon-like swellings known 

as microaneurysms (Qian et al. , 2011 ). As DR progresses, retinal hemorrhages 

may become evident along with neurodegenerative changes characterized by 

infarcts in the nerve fiber layer of retina, formation of cotton wool spots as a 

result of damaged nerve fibers and abnormal changes in neuronal activity of the 

retina. In later or advanced stage DR, tissue ischemia and a consequent 

increase in angiogenic factors (e.g. VEGF) leads to neovascularization or what is 

called proliferative DR. Untreated, this may result in retinal detachment and 

ultimately vision loss (Kern, 2007; Qian et al. , 2011). Clinical and experimental 

studies show that anatomical and functional changes start to occur in the retina 

even before the clinical symptoms, which are predominantly vascular, begin to 

appear (Kirber et al. , 1980). 
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In addition to the vascular lesions DR is also associated with degeneration 

of neural retina. There have been several reports on the neuronal cell types that 

are affected in diabetes. Ganglion cells loss in DR has been shown in diabetic 

rodent models (Lieth et al. , 2000; Seki et al. , 2004) as well as in humans (Barber 

et al. , 1998). Degeneration of horizontal cells, amacrine cells and photoreceptor 

cells have been reported in diabetic rats (Aizu et al. , 2002; Park et al. , 2003). 

Several studies also show alteration of retinal electrical responses in diabetic 

retina (Li et al. , 2002; Shirao et al. , 1998). These findings are of high importance 

considering the fact that neuronal cell types majorly contribute to the generation 

of vision. 
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Role of inflammation and pathologic angiogenesis in the pathogenesis and 

progression of diabetic retinopathy 

The diabetes-induced metabolic and physiologic abnormalities in the 

retina are consistent with chronic inflammation (Kern, 2007). Indeed, there is a 

burgeoning literature supportive of a key role for inflammation in the 

pathogenesis and progression of DR. Inflammation is a primary response of a 

tissue upon insult. The cardinal features of inflammation in retina include the 

influx of immune cells like macrophages, platelet activation, increased blood flow 

and vascular permeability, edema, tissue ischemia, consequent 

neovascularization and blood-retinal barrier breakdown. All of these are 

hallmarks of diabetic retinopathy (Swenarchuk et al. , 2008; Vinores et al., 1989). 

Several cellular pathways are involved in the inflammatory response in 

diabetic retina. The NF-KB pathway has been implicated as a critical one (Santini 

et al. , 1999). NF-KB is an inducible transcription factor involved in regulating 

several genes that are involved in inflammation and immune responses. 

Upregulation of cytokines in DR is one of the major stimuli provoking several 

inflammation-linked processes that lead to retinal vasculature damage and 

consequently ocular neovascularisation (Swenarchuk et al. , 2008) . During the 

inflammatory response, NF-KB leads to activation of several pro-inflammatory 

cytokines which includes, but is not limited to ICAM-1 , VEGF and Ccl2 (Kern, 

2007; Tang and Kern, 2011 ). Diabetes has been shown to activate NF-KB in 

rodent models (Zheng et al. , 2004; Kowluru et al., 2006) and its role in 

pathogenesis of early stages of diabetes has evidenced to be two-fold as it 
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affects both inflammatory and angiogenic pathway activation. One in particular, 

demonstrated that when proteins (such as ICAM-1) activated by NF-KB are 

inhibited with low dose salicylates like aspirin, sodium salicylates, and 

sulfasalazine, the diabetes-induced vascular degeneration of retinal capillaries is 

also inhibited (Zheng et al. , 2007). Another highly relevant study showed that the 

direct blockade of NF-KB using a selective blocker 

dehydroxymethylpoxyquinomicin inhibited diabetes-induced increases in 

inflammatory cytokines ICAM-1 and VEGF in vivo (Nagai et al., 2007). Hence, 

developing novel ways of limiting NF-KB activation in diabetic retina is important 

as such strategies may in turn prevent pro-inflammatory and pro-angiogenic 

molecule upregulation and thereby, the pathogenesis/progression of DR. 

Increased gene expression of several pro-inflammatory molecules occurs 

during diabetes in the retina. Of particular importance, is the increased secretion 

of pro-inflammatory cytokines like tumor necrosis factor (TNF)-a (Huang et al. , 

2011 ; Kern, 2007; Sim6 et al., 201 0; Tang and Kern, 2011 ; Zhang et al., 2011 ), 

vascular endothelial growth factor (VEGF) (Kern, 2007; Sim6 et al. , 2010; Tang 

and Kern, 2011 ; Zhang et al., 2011), interleukins (I L -1 ~. I L -6) and monocyte 

chemotactic protein 1 (MCP-1), also commonly referred as chemokine (C-C) 

motif ligand 2 (Ccl2) (Detrick and Hooks, 2010; Kern, 2007; Tang and Kern, 

2011 ; Zhang et al. , 2011 ). These pro-inflammatory molecules increase the 

expression of adhesion molecules like intercellular adhesion molecule 1 (ICAM-

1) that promote leukocyte adhesion to the retinal vasculature, and thereby further 

exacerbating the inflammatory cascade (Huang et al. , 2011 ; Tang and Kern, 
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2011 ; Zhang et al., 2011 ). Cyclooxygenase 2 (COX-2) is another molecule of 

critical importance to the potentiation of inflammation. COX-2 is an inducible 

enzyme that is triggered by cytokines and endotoxins in pathological conditions 

and accounts majorly for the production of prostaglandins by catalyzing the 

arachidonic acid pathway (Dubois et al. , 1998). COX-2 via this pathway is known 

to regulate the VEGF, which is noted for its involvement in angiogenic processes 

(Jones et al., 1999). Figure 5 depicts several factors that work in concert to 

initiate and exacerbate the inflammatory processes that lead to the lesions of 

diabetic retinopathy as shown in Figure 6. 

Elevated concentrations of pro-inflammatory cytokines (TNFa, VEGF, IL-6 

and IL-8) and chemokines (MCP-1/Ccl2) have been shown in the vitreous 

samples of patients with diabetic retinopathy in comparison to control, non

diabetic human vitreous samples (Swenarchuk et al. , 2008). This strongly 

supports a role for these molecules in the progression of DR. Identification of 

such molecules that have altered molecule expression/secretion and likely 

associated signaling, and how to regulate it, is crucial for identification and 

development of appropriate cellular/molecular targets for use in preventing or 

slowing the progression of DR (Detrick and Hooks, 201 0). RPE plays an 

essential role in maintaining the integrity of the retina. Of all the functions 

mentioned earlier one of the most integral functions of the RPE is immune 

defense (Detrick and Hooks, 2010). Retinal pigment epithelium is a self

contained immune system within retina. It takes part in immunoregulatory 

responses by secreting both pro-inflammatory and anti-inflammatory cytokines. 
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In fact, RPE expresses and secretes most of the molecules I've described above. 

Biochemical changes indicative of altered immune function have been detected 

in the RPE of early diabetic patients (Decanini et al. , 2008). Despite the role that 

RPE plays in maintaining the retinal health, little attention has been given to the 

effects of diabetes on RPE or, to the role of RPE in the pathogenesis of DR. 



Figure 5. Factors contributing to the pathogenesis of diabetic retinopathy. 

The figure represents several factors initiating and contributing to the 

inflammatory pathways that are involved in pathogenesis and progression of 

diabetic retinopathy. (By Tang and Kern, 2011). 



• 
PAMP 

I 
IL-IP 

I 
'Y· 

?e 

of 

Jun. F"" 

20 

·~Fo . 

Th~'·~·--==+= 

. . . . . 
( .. ytc.'lkim: : 

11..-l fl, TNFo 

1 
Pro-intlnmrnntory gene 
a~OS , f>X-2. I AM. 

VHGF. MCP·l 

1 . 
Pr\l·Upoptohc 

gem.· 

! . 
Apoph'Fl 

1 
In llammnt ion 

Figure 5 



Figure 6. Pathological features associated with diabetic retinopathy. This is 

a diagram showing the key pathological features associated with non-proliferative 

and proliferative diabetic retinopathy. (Image courtesy, Fillmore Eye Clinic @ 

2012, Inc.). 
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Background on G1- linked G-protein coupled receptor GPR109A 

G-protein coupled receptors (GPCRs) comprise a large protein family of 

transmembrane receptors that play central roles in several biological processes. 

GPCRs have the ability to bind to chemically distinct ligands, and as such are 

widely used as targets for pharmaceuticals aimed at treating pain, inflammation, 

and a broad spectrum of diseases like cancer, cardiac disease, and diabetes 

(Offermanns, 2006; Vassilatis et al., 2003). In spite of thorough efforts, over 100 

GPCRs are still considered to be orphan, meaning that the endogenous ligands 

for these receptors are still not known (Wise et al., 2004). GPR109A is a G

protein coupled receptor that was deorphanized recently (Ahmed et al. , 2009b; 

Soga et al. , 2003; Tunaru et al. , 2003). This receptor is of central interest to the 

present proposal. 

GPR109A, initially termed HM74 or PUMA-G (frotein !!Pregulated in 

!lli!Crophages by interferon-gamma) in humans and mice, respectively, was 

discovered several years ago as a receptor for anti-dyslipidemic drug and B

complex vitamin nicotinic acid (niacin; NA) (Soga et al. , 2003). f3-hydroxybutyrate 

(f3-HB), a ketone body, was found to be an endogenous ligand (Taggart et al. , 

2005). A number of additional pharmacologic and endogenous agonists including 

monomethylfumarate (MMF) (Tang et al. , 2008) and 2-oxothiazolidine-4-

carboxylate (OTC) [Martin lab unpublished results], and butyrate have been 

identified recently (Thangaraju et al., 2009). Upon its original description, 

GPR109A was thought to be expressed primarily in adipocytes and immune 

cells. In fact, abundant expression of this receptor in adipocytes is what led to 
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identification of niacin as a ligand. However, along with the identification of 

GPR 1 09A as the receptor for niacin came additional studies devoted to 

characterizing in detail the expression and function of the receptor in various cell 

and tissue types including: intestinal epithelium and colon (Cresci et al. , 2010; 

Thangaraju et al., 2009), dendritic cells of the skin (Hanson et al. , 2010), spleen 

(Maciejewski-Lenoir et al. , 2006), and hepatocytes (li et al., 201 0). Additionally, 

our lab reported for the first time, expression of the receptor in RPE, where it was 

found to be localized to the basolateral membrane (Martin et al., 2009). 

GPR109A is a Gi-linked GPCR. Therefore, activation of the receptor by agonists 

leads to the inhibition of cAMP-mediated effects. In adipocytes, niacin, through 

this action, decreases cAMP levels thereby weakening the activity of hormone

sensitive lipase and preventing the release of free fatty acids from fat stores. 

Through GPR 1 09A, nicotinic acid and ~-HB mediate anti-lipolytic actions 

on adipocytes. Recent studies show its activation to produce other actions in 

different tissues, some good and some bad. For instance, activation of GPR109A 

in dermal macrophages mediates cutaneous vasodilation or "flushing" response, 

which is an undesirable effect. However, it mediates anti-lipolytic and anti

inflammatory functions in adipocytes, suggesting a protective role for the receptor 

in atherosclerosis (Digby et al. , 2010; Montecucco et al., 2010). Recent reports 

from our research group show expression of GPR109A in intestinal epithelium 

and suggest that activation of this receptor through butyrate might produce anti

tumor as well as anti-inflammatory functions in large intestine (Thangaraju et al. , 

2009). Prior to my joining the Martin lab, they reported on GPR109A expression 
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in retina, where it localizes robustly to the basolateral membrane of RPE. The 

functional consequences of GPR 1 09A activation in retina however remained 

unknown. Though not the focus of my studies, it is important to mention that a 

second receptor, highly homologous to GPR 1 09A, exists in humans (Ahmed et 

al., 2009a). The receptor also termed as GPR109B, is also thought to be 

expressed primarily in adipocytes, but has a low affinity for nicotinic acid and 

other GPR 1 09A-specific agonists. The receptor is specifically activated by 3-0H

octanoic acid (Ahmed et al. , 2009a). Few other ligands for GPR109B have been 

identified to date. 
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Summary 

Diabetic retinopathy is a leading cause of blindness in the U.S. Vascular 

alterations and death of retinal neurons figure prominently in the disease. 

Recent evidence suggests that inflammation is a key factor common to both of 

these processes. Hence, development of novel therapeutic strategies for the 

treatment and prevention of chronic retinal inflammation, which occurs in diabetic 

retinopathy, is of paramount importance and highly relevant clinically. The recent 

identification of a novel G-protein coupled receptor GPR 1 09A noted for its potent 

anti-inflammatory properties is intriguing. Nicotinic acid (NA), a vitamin known for 

its lipid lowering properties is a ligand for this receptor. ~-hydroxybutyrate is a 

physiological ligand identified for GPR 1 09A. We have demonstrated expression 

of the receptor in retina, where it localizes specifically to RPE basolateral 

membrane. As RPE is known to play a pivotal role in the regulation of the 

inflammatory response in retina, my studies question whether GPR 1 09A, 

expressed on RPE cells, plays any role in this process. The fact that the ketone 

body (0)-~-hydroxybutyrate is an endogenous ligand for this receptor, also 

caught my interest, as it suggests that the receptor may have physiologic 

importance in diabetes and retinopathy, the central focus of ongoing studies in 

my research laboratory. Furthermore, clinical evidence showing that niacin, when 

taken orally, can in fact reach the retina and elicit a response, likely via 

interaction with the niacin receptor (Gass et at., 1973; Jam pol et at. , 1988; Millay 

et at., 1988), provides strong support for the potential of GPR109A as an anti-
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inflammatory drug target. Thus, I investigate also the expression of GPR109A in 

diabetic retina and the effects of targeting the receptor on inflammation in retina. 
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Hypothesis 

To date, there has been no other investigation of the functional role of GPR 1 09A 

in retina. A possible role is implicated for the receptor in diabetes. Based upon its 

reported functions in other cell types and its high level of expression in RPE, a 

cell type critical to immune regulation in retina, I hypothesized that GPR109A 

activation in retina contributes to anti-inflammatory signaling. To test this 

hypothesis I developed the following major goals: (1) to elucidate the role of 

GPR 1 09A in retina, and (2) to validate the receptor as a new drug target for 

combating retinal inflammation, particularly in diabetes. To accomplish these 

goals, the following three specific aims were developed. 

Aim 1: To Investigate the functional relevance of GPR109A expression in 

RPE. 

A: To evaluate the effects of NA and ~-HB on the expression and secretion of 

pro-inflammatory molecules (IL-6, Ccl2) in RPE cells (ARPE-19 human RPE cell 

line and mouse primary RPE cells) treated with TN F-a as an inflammatory agent. 

B: To determine whether the reduced expression and secretion of IL-6 and Ccl2 

observed in the presence of NA and ~-HB is mediated specifically by GPR109A. 

C: To determine whether GPR109A expression and/or activation by specific 

agonists influence the expression and secretion of pro-angiogenic molecules in 

RPE. 
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Aim 2: To characterize the GPR109A knockout mouse retina. 

A : Histologic, morphometric and morphological characterization of GPR 1 09A 

knockout ( Gpr1 09a-1·) mouse retina. 

B: Evaluation of the temporal pattern of pro-inflammatory (IL-1 ~. Ccl2, and 

ICAM-1) and pro-angiogenic (COX-2, EP3 receptor, Angpti4/FIAF and VEGF) 

molecule expression (mRNA and protein) in GPR1 09A wildtype and knockout 

mouse retinas. 

Aim 3: To validate, in vivo, GPR109A as a therapeutic target for the 

modulation of inflammation and pathologic angiogenesis in diabetic retina. 

A: To evaluate the expression of GPR 1 09A in diabetic retina. 

B: Determine the relevance of GPR109A expression in retina to the development 

and progression of diabetic retinopathy. 

C: Demonstration that targeting of GPR109A in vivo reduces the expression of 

molecules consistent with increased inflammation and pathologic angiogenesis in 

retina. 



MATERIALS AND METHODS 

Materials 

ARPE-19 cells, a human retinal pigment epithelial cell line, were obtained from 

American Type Culture Collection (Manassas, VA), and maintained in 

DMEM/F12 medium supplemented with 10% FBS, 1% P/S and at 95% relative 

humidity, 5% C02. Dulbecco's modified Eagle medium (DMEM)/F12 was ordered 

from Invitrogen (Grand Island, NY). Trypsin (0.05%) and 10,000 IU penicillin-10, 

000 ~g streptomycin/ml was ordered from Cellgro (Manassas,VA). Fetal bovine 

serum was from Thermo Scientific (South Logan, Utah). Nicotinic acid was from 

Aldrich Chemical Company (Milwaukee, WI) and ~-hydroxybutyrate was from 

Sigma-Aldrich (StLouis, MO). Recombinant TNF-a and IL-1~ for cell treatments 

were obtained from R and D Systems (Minneapolis, MN). Salmonella 

typhimurium lipopolysaccharide and Escherichia coli lipopolysaccharide were 

from Sigma (St Louis, MO). Streptozotocin used to induce diabetes in animals 

was ordered from Enzo Life Sciences (Farmingdale, NY). Primary antibodies for 

VEGF, FIAF (Angptl4) and Z0-1 were from Abeam (Cambridge, MA) and COX-2 

was from Santa Cruz Biotechnology (Dallas, TX). CD105/Endoglin was from BD 

Biosciences (San Jose, CA). 

29 
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Polyclonal antibody against GPR 1 09A was generated in rabbit using antigenic 

peptide as per the method published by Cresci et al. (2010). Alexa Flour 488 

(green tag) or Alexa Flour 568 (red tag) secondary antibodies were from 

Invitrogen (Foster City, CA). The iScript eDNA synthesis kit was ordered from 

Bio-Rad (Hercules, CA). The 96-well Plates, Optical Adhesive films and the 

SYBR Green master mix used for qPCR and reagents needed to prepare gels for 

electrophoresis were from Bio-Rad (Hercules, CA). Proteinase K ordered from 

Sigma-Aldrich (St. Louis, MO) was added to the tissue/cell lysis buffer to harvest 

cell/tissue proteins. The concentration of protein in the samples prepared for the 

experiments was estimated using the Bicinchoninic acid (BCA) protein kit from 

Thermo Fisher Scientific (Rockford, IL). The gel set-up frames and the Laemmli 

buffer were obtained from Bio-Rad (Hercules, CA). Kodak Biomax 

autoradiography films were exposed to the developing membranes and were 

processed in a Kodak processor (Kodak Co., Rochester, NY). FITC 

Concanavalin A (FITC-Con A) dye for pericardia! perfusion in the mice was 

ordered in liquid form from Vector Labs (Burlingame, CA). The peristaltic pump 

used to perfuse the dye in the animal was from VWR (Radnor, PA). Mouse and 

human TNF-a and ELISA assay kits for human IL-6, human chemokine (C-C 

motif) ligand 2 (Ccl2), mouse IL-6, and mouse Ccl2 were from R & D Systems 

(Minneapolis, MN). Vannas spring scissors and other dissecting tools used in the 

preparation of mRPE cells for cell culture experiments and retinal flat mount were 

from Fine Science Tools (Foster City, CA). Surgical blades (Number 11 and 15) 

used also for dissection were from World Precision Instruments (Sarasota, FL). 
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Leica CTR-5500 fluorescent microscope (Leica Microsystems Inc., Buffalo grove, 

IL) was employed for immunofluorescence and morphometric analysis. 

Animals 

Gpr109a_1_ mice have been previously described by Tunaru et al. (2003). 

Breeding pairs of Gpr1 09a +I- mice were used such that Gpr1 09a +/+ and 

Gpr109a_,_ mice were obtained from the same litter. The genotypes of the 

animals used in the study were confirmed by PCR using specific primer pairs 

described by Singh et al. (201 0). Nuclear factor (NF)-KB transgenic mice were 

purchased from the Jackson laboratory. Normal male C57BU6 mice were 

purchased from Jackson Laboratory (Bar Harbor, ME) and used for induction of 

diabetes using streptozotocin (STZ) per the previously published method of 

Martin et al. (2004). lns:fkita/+ (Akita) mice were also purchased from Jackson 

Laboratory. Akita mice were bred and genotyped following the protocol by Smith 

et al. (2008). Female Akita mice were excluded from this study to avoid any non

uniformity of experimental results due to hormonal changes occurring in female 

mice. Male BKS.C g-m +I+Lep,IJbtJ (db/db) mice, aged 12 weeks were also 

obtained from Jackson Laboratory. The care and use of all animals adhered to 

institutional guidelines for the humane treatment of animals and to the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research. 
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Postmortem Retina Specimens 

Human retina samples from anonymous donors were obtained from the Georgia 

Eye Bank (Atlanta, GA). The following selection criteria, adapted from that of 

Barber et al. (1998), were applied: adults younger than 75 years, with insulin

requiring diabetes or no diabetes (control), no life-support measures, and no 

chemotherapy. All eyes were enucleated 8 hours or less after time of death; 

retina samples were then obtained and frozen at -80°C. 

Cell culture 

RPE cells (mRPE) were isolated from 3-week-old Gpr109a•'•, Gpr109a-l-, and 

NF-KB/Luc mice as described below. Briefly, enucleated mouse eyes were rinsed 

in 5% povidone iodine solution, followed by rinsing with sterile Hank's Balanced 

Salt Solution (HBSS). Eyes were then placed in cold RPE cell culture medium 

(DMEM: F12), supplemented with 25% fetal bovine serum, 0.1 mg/ml gentamicin, 

100 U/ml penicillin, and 100 ~g/ml streptomycin. To aid in the degradation of 

extracellular matrix components and enhance the dissociation of RPE from 

neural retina and choroid, eyes were then incubated in HBSS, containing 19.5 

U/ml collagenase and 38 U/ml testicular hyaluronidase for 40 min at 37 °C, 

followed by incubation in HBSS containing 0.1% trypsin (pH 8) for 50 min at 37 

oc. Eyes were then dissected to separate RPE from neural retina. Isolated RPE 

cells were collected in a 15 ml centrifuge tube and centrifuged at 1 ,228 x g for 10 

min (Thermo Medilite Centrifuge, Thermo Scientific, Waltham, MA), followed by 
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resuspension in RPE cell media. RPE cells were then cultured at 37 °C. The 

purity of RPE cells was evaluated by the expression of CRALBP (a marker for 

RPE cells and MOller cells) and RPE-65 (a marker for RPE cells) using specific 

antibodies. Passage-2 mRPE cells were used for all experiments. 

Generation of a GPR109A-Overexpressing ARPE-19 Cell Line 

Human GPR109A was subcloned from GPR109A-pCMV-SPORT6 (eDNA clone 

MGC:65,083 IMAGE:5,747,743) into pCDH-CMV-MCS-EF1-Puro vector. 

Recombinant lentivirus was produced by cotransfection into 293FT cells with 

GPR 1 09A-pCDH and control pCDH vector and three other helper vectors 

(ViraPower Lentiviral Expression System, Invitrogen), using Lipofectamine 2000 

transfection reagent. Lentiviral supernatants were harvested at 72 hours after 

transfection and filtered through a 0.45-llm membrane. ARPE-19 cells were then 

infected with lentivirus for 24 hours. The cells were selected for puromycin 

resistance (5 llg/ml) for several weeks, and maintained in medium containing 0.5 

llg/ml puromycin. Stable overexpression of GPR109A was confirmed by RT

PCR, fluorescence-activated cell sorting, and 3H-nicotinate (NA) binding assay. 

cAMP assay was used to confirm functional activity of GPR109A expressed in 

these cells following the previously published protocol by Martin et al. (2009). 

Cell treatments 

To determine the effect of GPR109A activation on the expression and 

secretion of the proinflammatory cytokines IL-6 and Ccl2, ARPE-19 cells were 
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seeded at a density of 0.2X106 cells/well in 6-well culture plates. Twenty-four 

hours after seeding, cells were pretreated with the GPR109A specific ligands 

nicotinic acid (NA; 1 mM) or ~-hydroxybutyrate (~-H8; 5 mM) for 1 hour, followed 

by exposure to TNF-a for 24 hours. Nicotinate and ~-HB were present also 

during TNF-a treatment. For experiments in which pertussis toxin PTX was used, 

we followed a method very similar to that of Digby et al. (2010). In brief, ARPE-19 

cells were incubated with PTX (200 ng/ml) for 18 hours, followed by treatment 

with TN F-a (1 0 ng/ml) with or without NA (1 mM) or ~-HB (5 mM) for 4 hours. 

Primary mouse (mRPE) cells isolated from Gpr1 09a •I• and Gpr1 09a -1- mouse 

retinas were treated identically as described above. 

Following all cell treatments, culture medium was collected and used for 

ELISA Cells were harvested and total RNA was prepared for use in RT-PCR and 

qPCR experiments or protein was prepared for use in Western blot analyses. 

In Vitro Barrier Permeability Assay 

In vitro analysis was performed on Gpr109a_1
_ and Gpr109a•1•mRPE cells where 

permeability of these cells were measured at the 181
h day in culture and 

compared to each other. The cells were grown directly on polyester filters/ 

transwell support for 18 days to allow polarization and apical-to-basolateral 

movement of fluorescein isothiocynate (FITC)-Dextran solution through the cells 

was determined as per the method of Trudeau et al. (2011 ). In brief, FITC

Dextran (1 00 1-lg/ml in PBS) was added to the apical side of the cells. Samples of 

culture media were then collected at the bottom from the basolateral side at 
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various time points. Absorbance for excitation was measured at 485 nm and for 

emission at 528 nm using a microplate reader. 

Leukostasis Assay 

Leukostasis assay was performed using the method published by AI-Shabrawey 

et al. (2008). Gpr109a +I+ and Gpr109a-1- mice were treated daily (4 consecutive 

days) with 300 mg/kg of ~-hydroxybutyrate (~-HB) and 60 mg/kg of nicotinic acid 

(NA) administered by intraperitonial injection. On day 5, 4 mg/kg 

lipopolysaccharide (LPS in PBS) was administered in the presence or absence of 

the GPR1 09A-specific ligands ~-HB and NA. Animals receiving Phosphate 

Buffered Saline (PBS) only served as controls. 16 hours post-LPS treatment 

perfusion with FITC Con A was performed as detailed below, mice were 

sacrificed and eyes were harvested. Some eyes (n=3-5/group) were used for 

total RNA preparation. 

FITC Con A Perfusion. Animals were anesthetized first with isofluorane and 

then injected with Ketamine/Xylazine cocktail mix before they were perfused. 

Using the toe-pinch technique it was ensured that the animals were anesthetized 

completely. Mice were then oriented with the abdomen facing upward and were 

secured using pins on a sheet of filter papers placed on styro foam. The belly of 

each animal was sprayed with 75% EtOH and was cut open via a "U"- shaped 

incision with a pair of sharp surgical scissors. Diaphragm and the ribs were cut 

so that the heart was exposed. The experiment was continued only if the heart 

was still beating. A peristaltic pump was used to introduce the dye into the blood 
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vessels of the mice. One end of the pump was connected to a butterfly needle 

(21 G), which was inserted in the left ventricle as the heart was simultaneously 

cut at the right auricle. The tubing at the intake side of the pump was immersed 

in PBS solution containing heparin to prevent clotting of blood during perfusion. 

The PBS solution was pumped at the rate of 1-2 ml/minute through the 

circulation to wash out all the residual red blood cells in the blood vessels. After 

1 0 ml of PBS was pumped the tubing was switched to a solution of FITC

Concanavalin A dye (30 J.tg/ml). 10 ml of dye was infused after which the tubing 

was immersed in PBS solution again to remove any excess dye from the 

circulation. The pump was switched off, eyes were nucleated and placed in 4% 

paraformaldehyde (PFA) solution and allowed to fix for two hours. 

Retinal Flatmount Preparation. The PFA fixed eyes were briefly rinsed with 1X 

PBS in a small petri dish before cutting the flat mounts. The optic nerve and any 

extraneous connective tissue was then removed. The eye was held firmly with 

blunt angled forceps and an incision was gently made at the limbus using a 

blade. Vannas spring scissors were inserted through the incision and the eye 

was cut along the diameter of the limbus till the anterior portion (including the 

cornea, sclera, lens and vitreous) was removed. The posterior part containing the 

neural retina and the RPE remained. Using forceps RPE/eyecup was separated 

very gently such that neural retina popped out and separated from the RPE. 

Neural retina was cleaned under the dissecting microscope using PBS and then 

transferred onto a glass side. Radial incisions were made using spring scissors 

such that the tissue laid flat on the glass surface. Once flattened, the retinal 
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tissue was mounted under glass coverslip using standard mounting media and 

left to dry overnight at 4°C before analyzing under a fluorescent microscope. 

Next, the adhered leukocytes in retinal blood vessels were counted per 

retina manually at 200X magnification for each group using a Leica Fluorescent 

microscope at the FITC-dye setting. The numbers obtained for each group were 

plotted in a bar graph format. 

Induction of experimental diabetes in mice 

Diabetes was chemically induced in 3-week-old Gpr109a+l+ and Gpr109a-1- mice 

using Streptozotocin (STZ), according to the previously published method by 

Phelan et al. (1997). Briefly, animals were weighed and the average weight of the 

mouse (kilograms) was calculated. Commercially available Streptozotocin 

powder was dissolved in freshly prepared 0.01 M sodium citrate buffer (pH 4.5). 

Due to the instability of the solution it was injected within 15 minutes of its 

preparation. The solution was administered intraperitonially at a concentration of 

75 mg/kg weight of the animal (volume-100 -150 ~I) for three successive days. 

Urine glucose levels of each animal were determined using urine strips to 

ascertain the induction of diabetes. Mice were sacrificed at 2 weeks, 8 weeks 

and 16 weeks post-onset diabetes. At the time of death, blood glucose levels 

were determined using a glucometer. Fasting glucose higher than 250 mg/dl 

was considered to be diabetic. Age-matched, non-diabetic Gpr109a +!+ and 

Gpr109a·'- mice served as controls. 
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Histological processing of retinal tissues 

Processing of retinal sections from Gpr109a +I+ or Gpr109a-1- mice (diabetic 

and non-diabetic) was performed prior to the Immunofluorescence Staining or 

Morphometric Analysis. Sections were either processed as retinal cryosections or 

JB-4 plastic sections depending on the nature of the experiments. A detailed 

description of retinal tissue processing is explained below. 

For cryosectioning, the tissue molds were labeled and filled with Optimal 

Cutting Temperature (OCT) (Tissue Tek, Milas Laboratories, Elkhart, IN) 

compound. Care was taken to ensure the absence of air bubbles. The steel cryo 

cup was then filled with liquid nitrogen. Firstly, the animals were euthanized and 

eyes were enucleated. To remove excess blood, eye samples were blotted with 

filter paper or a kimwipe. The tissues were not rinsed to avoid disrupted freezing 

of the samples due to water. The tissue was then placed in the prepared tissue 

mold filled with OCT compound. Following this, the sample was slowly frozen by 

picking the tissue mold up with the tongs, carefully lowering the mold over the 

liquid nitrogen until the bottom of the mold just barely touches the top of the liquid 

nitrogen. Care was taken to avoid complete immersion of the mold into liquid 

nitrogen or freezing the mold too quickly. The samples were then stored in a 

covered container at -80°C until ready to section. 

The cryostat was set at -20°C and on the day of sectioning, the samples 

are transferred into the cryostat, at -20°C for approximately 1 hour before 

commencement of sectioning. Superfrost Plus Slides were used, as sections do 
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not wash off these slides. Sections 1 0 microns thick were cut and stored in the 

plastic slide storage boxes at -sooc till immunohistochemistry was performed. A 

sample hematoxylin and eosin-stained slide was prepared for each eye and 

stored at room temperature. 

For JB-4 staining , the animals were euthanized; the eyes were enucleated 

and dropped into tubes containing Electron Microscopy (EM) fix (4% 

formaldehyde, 2% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4). The 

process of fixation was allowed to occur over a period of 1 hour after which the 

eyes were transferred to a petri dish containing PBS. A surgical blade was used 

to make a small incision at limbus and eyes were dropped back into EM fix and 

left in solution for at least 24 hours at 4°C before staining. The sections were 

then placed in cold acetone (stored at -20°C) and air dried for 5 minutes each, 

respectively. Hematoxylin was added and the sections were allowed to stain for 

30 minutes and rinsed in water until clear. The sections were decolorized by 

dipping once in acid alcohol, 0.5%HCI (Hydrochloric acid) in 70% EtOH (Ethanol) 

for 1-3 seconds. Following this, the sections were washed under running water 

for 2 minutes. The sections were then counterstained with Eosin for about 30 

seconds and again rinsed in water. The sections are dehydrated by dipping them 

in 95% EtOH 6 times, discarding the ethanol after every 2 dips and 100% EtOH 7 

times. They are then cleared with Xylene and then mounted with Cytoseal 

(Richard-Allen Scientific) in a fume hood. 
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Immunofluorescence 

Thin sections (1 0 !Am) of cryopreserved retinal tissues were used for 

immunohistochemical analysis of VEGF, GPR109A, FIAF and endoglin/CD105 

protein expression. Cryosections of mouse eyes were fixed in 4% 

paraformaldehyde for 10 min, washed with PBS, and blocked with 1 X Power 

Block for 10 min at room temperature. Sections were then incubated overnight at 

4 oc with one of the following antibodies diluted in 4% normal goat serum: rabbit 

polyclonal anti-GPR109A (1 :250), mouse monoclonal primary antibody for VEGF 

(1 :200), mouse monoclonal antibody for FIAF (1 : 1 000) and mouse monoclonal 

antibody for CD1 05/Endoglin (1 : 1 00). Normal goat serum only sections served as 

negative controls. Sections were rinsed with 1X PBS thrice for at least 5 minutes 

each time and secondary detection was accomplished by incubating with goat 

anti-rabbit Alexa Fluor 568 (1 :1000), or goat anti-mouse Alexa Fluor 488 (1:1000) 

for 45 min at room temperature. Retinal sections were then rinsed thrice with 

PBS, and incubated with Hoechst nuclear stain (1 :1 0,000) for 5 minutes. 

Following this, sections were quickly rinsed with distilled water and coverslipped 

using Fluoromount mounting media (Sigma, St Louis, MO). 

For performing immunofluorescence on the mRPE cells isolated from 

wildtype and GPR109A knockout mice, cells were seeded and grown on glass 

coverslips. Cells were air-dried to facilitate better adhesion during the 

experiment, and fixed with 4% paraformaldehyde for 5 min at room temperature. 

Cells were then washed with PBS and blocked with Image-iT signal enhancer for 
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30 min. Incubation of cells with 1:100 anti-GPR109A-specific primary antibody 

was performed overnight at 4 °C. Cells were again washed in PBS and incubated 

with 1:1,000 goat anti-rabbit Alexa Fluor 568 for 45 min at room temperature. 

Nuclei were counterstained with 1:10,000 Hoechst 33342 and coverslips inverted 

and mounted on glass slides using Vectashield Hardset mounting medium. 

Morphometric analysis 

Retinal sections were prepared from the eyes of Gpr1 09a +I+ and Gpr1 09a -1- mice 

and processed for H and E as well as JB-4 staining as described in "Histologic 

processing for retinal tissues". Microscopic evaluation was performed on the 

tissue sections for evidence of gross disease followed by morphometric analysis, 

which included measurements of cell height of the retinal pigment epithelium 

(RPE), the number of cell rows in the inner nuclear layer (INL) and outer nuclear 

layer (ONL), the thickness of these layers, the thickness of the inner and outer 

plexiform layers (IPL and OPL), and the thickness of the inner and outer 

segments of the photoreceptor cells (IS and OS). The number of cells in the 

ganglion cell layer (GCL) was also counted and expressed as cell count per 100 

Jlm. Measurements were made with three adjacent fields on the nasal and 

temporal sides for a total of six data points. The initial image on each side was 

taken -200 Jlm from the optic nerve. Layer thicknesses were measured at a 

single point in each field . All measurements were made using a microscope 

(Axioplan-2 and an HRM camera; Carl Zeiss Meditec) and quantified using 
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accompanying image analysis software (AxioVision ver. 4.5.0.0. program; Carl 

Zeiss Meditec). The average of measurements for the six data points obtained 

for each eye was determined, and an overall average was calculated for each 

parameter in each test group, which was then represented in a bar graph format. 

RPE flat mount preparation and Z0-1 staining 

RPE flat mounts were prepared from unfixed eyes under a dissecting 

microscope. Briefly, eyes from 10-months-old Gpr109a+l+ or Gpr109a-1-mice were 

enucleated and dropped in an eppendorf tube containing 1X PBS. Firstly, the 

unfixed eye was thoroughly cleaned using small forceps in a petri dish containing 

PBS. The optic nerve was then removed. The eye was held firmly with blunt 

angled forceps and an incision was gently made at the limbus using a blade. 

Spring scissors were inserted through the incision and the eye was cut along the 

diameter of the limbus till the anterior portion (including the cornea, sclera, lens 

and vitreous) was removed. The posterior part containing the neural retina and 

the RPE remained. Neural retina was lifted off using forceps and the RPE tissue 

was fixed in methanol at -20°C overnight. The following day, the eye was rinsed 

in PBS and radial incisions were made to prepare the RPE flat mount (basal side 

up). The RPE flat mounts were then blocked in a blocking solution prepared in 

PBS (0.1% BSA+0.1% Triton-X + 1% NGS) for two hours at room temperature. 

RPE flat mounts were then washed for 5 minutes X 3 times with 1X PBS and 

then were incubated with Z0-1 antibody (1 :100) in the blocking buffer at 4°C 

overnight. RPE flat mounts incubated with the blocking buffer only served as 
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negative controls for this experiment. Tissues were washed in PBS and blocked 

again at room temperature for about 30 minutes. The RPE flat mounts were then 

incubated with secondary antibody (Alexa Fluor 488, goat anti-rabbit) at a dilution 

of 1:1 000 for an hour. The tissues were rinsed again briefly and stained with 

Hoechst nuclear stain (1 :12,000) for about 5 minutes. The tissues were then 

quickly rinsed with distilled water and coverslipped on a glass slide using the 

Fluoromount mounting media. 

Fundoscopic examination of mouse retina 

Animals were anesthetized briefly using isofluorane chamber followed by 

intramuscular injection of a rodent anesthesia cocktail (Ketamine 100 mg/ml; 

Xylazine 30 mg/ml; Acepromazine 10 mg/ml). 1% Tropicamide drops (Bauch and 

Lomb, Rochester, NY) were put in each eye to facilitate dilation of the eye. 

Goniovisc 2.5% (hypromellose; Sigma Pharmaceuticals, Monticello, lA) was also 

applied additionally to keep the eye moistened during the imaging. Animals were 

then taken to the Phoenix Micron Ill imaging machine (Phoenix Research 

Laboratories, Pleasantone, CA) where their bodies were placed on the stage and 

aligned with the camera of the Micron Ill instrument for retinal imaging. The 

camera was focused in a manner that allows for the imaging from the posterior 

portion of the eye. To evaluate the vascular tree of the retina, 10-20 ~L of 

fluorescein sodium (1 0% Lite) (Apollo Ophthalmics, Newport Beach, CA) was 

injected i.p in each animal and they were placed back on the stage. The dye 
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dispersed quickly in the vascular system and the blood vessels were labeled 

green. The camera lens was focused again such that imaging of the retinal blood 

vessels was possible also using the Micron Ill imaging system. 

Electroretinogram 

Electroretinogram was performed as per the published method by Ha et al. 

(2011). Briefly, 12 months old wr and GPR109A KO mice were dark adapted 

overnight, and on the following day were anesthetized using the ketamine

xylazine cocktail. Proparacaine (0.5%) drops, tropicamide solution (1 %) and 

phenylepherine hydrochloride (2.5%) were applied to both eyes of the mouse to 

facilitate dilation. Animals were kept on a heating pad to maintain a warm 

temperature, and DTL electrodes were placed on the corneas and needle 

electrodes in the cheeks (reference) and the tails (ground). Flashes from dim to 

bright using a white LED were presented to each eye and visual stimuli were 

generated by 5 ms duration of flashes. Signals (a-, b-, c-waves) were recorded 

using DTL electrodes, referenced to the needle electrodes in the cheeks. 

Responses were averaged across the two eyes for each mouse. 

Protein lysate preparation and determination of protein concentrations 

Culture media was removed from ARPE-19 or mRPE cells and saved for 

ELISA analyses or discarded. The remaining cells were washed with 1X PBS. 
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About 30 ~I of cell lysis buffer containing protease inhibitor and phosphatase 

inhibitor was added for lysing/ 0.15 million cells per well. The culture plates were 

then kept on a plate shaker for 10 minutes. The cells from the culture plate wells 

were scraped off on ice and were pipetted repetitively in lysis buffer to ensure 

that cells are suspended evenly and that no clumps remained . 

To purify protein from the retinal tissues from Gpr109a +!+ and Gpr109a_,_ 

mice, eyes from the sacrificed animals were dropped in a tube containing tissue 

lysis buffer (-400 ~I for about 4 eyes). These were then transferred into a glass 

homogenizer and the tissues were grinded manually and then sonicated briefly. 

The resulting sample was then centrifuged at 4°C at 10,000 rpm for 15 minutes. 

After centrifugation, the supernatant containing the protein was transferred into a 

fresh tube and the debris at the bottom was discarded. The lysis buffer is made 

of 50 mM Tris HCI (pH 7.5) containing 1% Triton-X 100, 0.5% deoxycholate, 10 

mM EDTA, 10mM sodium pyrophosphate, 50 mM NaF. To determine the 

concentration of protein in the samples BCA protein estimation kit was used. The 

protein samples were diluted to about 1:8-1 :10 with ultrapure water. 10 ~I of this 

solution was mixed with 200 ~I of liquid reagent provided with the assay kit and 

incubated at 37°C for 30 minutes and the OD was read using a SpectraMAX 190 

plate reader (Molecular Devices, Sunnyvale, CA). Albumin protein (2 mg/ml) 

provided in the assay kit was diluted into eight different concentrations and 

incubated in liquid reagent along with protein samples for 30 minutes and used to 

calculate standard values. The values obtained from the standards were used to 
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generate a line graph, which was then used to calculate the protein concentration 

in the samples. 

Western Blot Analysis 

Western blot analysis was performed to determine the amount of COX-2 

secreted by treated mRPE cells when exposed to IL-1 f3+ TN F-a in presence or 

absence of NA. Expression of pro-inflammatory cytokines (IL-1 f:l, Ccl2 and ICAM-

1) in tissues obtained from Gpr1 09a •I• and age-matched Gpr1 09a_,_ mice was 

also evaluated. The samples were prepared for loading by mixing 15-20 f..lg of 

protein with Laemmli buffer with p-mercaptoethanol. Samples were vortexed, 

heated for 5 minutes at 95 °C, and vortexed again before loading. The samples 

were subjected to SDS-PAGE using 10% polyacrylamide gel. The gel was 

electrophoresed in Tris-glycine running buffer (25 mM Tris, 250 mM glycine, 10% 

SDS, pH 8.3). Densitometry was done to quantify these results. The separated 

proteins were transferred to nitrocellulose membrane in cold transfer buffer (48 

mM Tris, 39 mM glycine, 0.4% SDS, 20% methanol, pH 8.3). All wash buffers 

and blocking solutions were prepared in TBST (0.05 M Tris HCI, 0.15 M NaCI, 

0.5% Tween-20, pH 7.4). The membrane was blocked for about 30 minutes in 

5% non-fat milk solution and incubated with appropriate primary antibody at 4 oc 

overnight, which was generated either in a rabbit or mouse (COX-2, 1: 5000; IL-

1f3 and ICAM-1, 1:1000; Ccl2, 1:500). For f:l-actin the membranes were probed at 

room temperature for 3 hours at 1 :5000 in 5% milk solution. After probing with 
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the primary antibody the membranes were washed three times with TBST (151 

wash for 30 minutes, next two for 10 minutes). Membranes with then incubated 

with appropriate HRP conjugated secondary antibodies, which were either 

against mouse or rabbit based on the source of the primary antibodies. 

Secondary antibodies were diluted to 1 :3000 and were prepared in 3% milk 

solution. The membranes were incubated in the secondary for about 2 hours at 

room temperature after which the membrane was washed thrice for 1 0 minutes 

each time in TBST. Substrate solution was carefully added to the membrane with 

a pipette and left on the membrane for about 5 minutes. Chemiluminescence was 

detected by exposure of the membrane to the film, which was developed in dark 

in a Kodak processor (Kodak Co., Rochester, NY). After the bands were visible 

on the film, the bands were scanned and compared to each other in Adobe 

Photoshop CS 4 version 11 was used (Adobe Systems Inc., San Jose, CA) using 

the histogram feature. The background values were subtracted from the band of 

interest to determine the accurate band density for each sample/treatment. 

RNA isolation from cells and tissues 

For purifying RNA from the tissue the animal was sacrificed first by anesthetizing 

briefly with isofluorane followed by cervical dislocation. The eye was held gently 

by a forcep at the base and using a surgical blade lens was carefully removed by 

making a small incision on the cornea. The remaining eye tissue consisting of 

neural retina and eyecup is pulled out and dropped in an eppendorf tube 
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containing trizol. The tissue was grinded manually in a glass homogenizer. 

Trizol/tissue suspension was transferred in an eppendorf tube and treated with 

chloroform and vortexed for a few seconds. For every 1 ml of trizol about 200 ~-tl 

of chloroform was added. The tube was allowed to sit at room temperature for 2-

3 minutes. This was followed by centrifugation of samples at 14,000 rpm for 20 

minutes to facilitate phase separation. The mixture separated into a lower 

pinkish-red, phenol-chloroform phase and a colorless upper aqueous phase. 

RNA is exclusively present in the aqueous phase and was transferred into a 

fresh tube and the volume was measured. Equal volume of isopropanol was 

added and centrifuged at 4°C at 14,000 rpm for 20 minutes. After centrifugation a 

pellet was formed at the bottom of the tube due to precipitation of RNA. The 

supernatant was removed carefully and discarded. The pellet was washed with 

about 1 ml of 75% EtOH, centrifuged at 4°C at 8,000 rpm for 5 minutes and 

supernatant was discarded. RNA pellet was left at room temperature until the 

ethanol air-dried. The pellet was finally resuspended and allowed to dissolve fully 

in RNAase free water at 4°C overnight. The concentration of RNA in the sample 

was measured using a Nanodrop Spectrophotometer ND-1000. The RNA was 

then stored at -20°C for further use. ARPE-19 or mRPE cells were harvested by 

washing with PBS, followed by the addition of Trizol reagent to loosen the cells 

from the surface of culture plates and facilitate the lysing of cells. The Trizol/cell 

suspension was pipetted up and down repetitively to make sure that all the cells 

were dispersed in the Trizol. The suspension was then collected in an eppendorf 
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tube and chloroform was added and the steps described above for RNA 

extraction were repeated. 

RT-PCR and real-time qPCR 

RNA was purified from tissues and cells as described in "RNA isolation from cells 

and tissues, which was then converted to eDNA using the reverse transcriptase 

reaction where the RNA is mixed with master mix, RNAase inhibitor and reverse 

transcriptase enzyme provided in iScript eDNA synthesis kit such that 1 llg of 

eDNA was prepared. RT-PCR or qPCR was then carried out under optimal 

conditions. The sequences of the primers used in these reactions are shown in 

Table 1. Hypoxanthine phosphoribosyltransferase 1, 18S, or glyceraldehyde 

phosphate dehydrogenase was used as the internal control for PCR reactions. 

Each RT-PCR experiment was repeated at least three times. Real-time qPCR 

amplifications, using detection chemistry (SYBR Green; Applied Biosystems), 

were run in triplicate on 96-well reaction plates. 
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Gene Primer Sequence (5'-3') Expected 
Product 
Size 

Human Fwd:TGCCGCCCTTCCTGATGGACA 177 
GPR109A Rev: TGTTCAGGGCGTGGTGGGGA 

Human IL-6 Fwd:AACCTGAACCTTCCAAAGATGG 159 
Rev: TCTGGCTTGTTCCTCACTACT 

Human Ccl2 Fwd:TCGCTCAGCCAGATGCAA TCAA TG 195 
Rev: TGGAATCCTGAACCCACTTCTGCT 

Mouse Fwd: GGCGTGGTGCAGTGAGCAGT 232 
GPR109A Rev:GGCCCACGGACAGGCTAGGT 

Mouse IL-6 Fwd: CTACCCCAATTTCCAATGCT 187 
Rev:ACCACAGTGAGGAATGTCCA 

Mouse Ccl2 Fwd:TGCTACTCATTCACCAGCAA 152 
Rev: GTCTGGACCCATTCCTTCTT 

Mouse IL-1fl Fwd: CGAGGCCTAATAGGCTCATCT 177 
Rev: GTTTGGAAGCAGCCCTTCAT 

Mouse Z0-1 Fwd:GAGGCATCATCCCAAATAAGAAC 94 
Rev: CCAGAAGTCTGCCCGATCAC 

Mouse ICAM-1 Fwd:GTTT AAAAACCAGACCCTGGAACT 152 
Rev: CGTCTGCAGGTCATCTTAGGAG 

Mouse COX-2 Fwd:TGGCTGCAGAATTGAAAGCCCT 199 
Rev: AAGGTGCTCGGCTTCCAGTATT 

Mouse EP3 Fwd: TCTTTCCTGCTGTGCATTGGCT 173 
Rev:ACACTGTCATGGTTAGCCCGAA 

Mouse FIAF Fwd: CATCCTGGGACGAGATGAACT 136 
Rev:TGACAAGCGTTACCACAGGC 

Mouse VEGF Fwd: CCTCCTCAGGGTTTCGGGAACCA 152 
Rev:ACCCAAAGTGCTCCTCGAAGGATC 

GAPOH Fwd: AGCCTCCCGCTTCGCTCTCT 140 
Rev: CCAGGCGCCCAATACGACCA 

Table 1. List of human and mouse real-time qPCR primers. 
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Enzyme-linked immunosorbent assay (ELISA) 

The secretion of IL-6 and Ccl2 proteins into the culture medium by treated ARPE-

19 or mRPE cells was analyzed using commercially available ELISA assay kits 

for human and mouse IL-6 and Ccl2, respectively. Supernatant from each cell 

treatment was added to 96-wells plate. These wells were pre-coated with the 

primary/capture antibody for the protein of interest. Samples were incubated 

overnight at 4 °C. Plates were washed and then treated with horseradish 

peroxidase (HRP)-Iinked secondary antibody to allow detection of the protein. 

ELISA plates were developed using a substrate solution and the reaction was 

stopped in 15 minutes with the stop solution. The plates were then read 

spectrophotometrically at 450 nm using a SpectraMAX M5 multimode microplate 

reader (Molecular Devices, Sunnyvale, CA). 

Data analysis and software 

All experiments were repeated two to four times with independent cell 

preparations. For animal experiments four to six animals were used per group 

depending on the availability. qPCR and ELISA were measured in triplicates for 

each experiment. Data are presented as mean ± SO. Statistical significance was 

determined by Student's t-test. All bar graphs and statistical calculation were 

done in Microsoft Excel 2008 (Microsoft Corp., Redmond, WA). For final 

preparation of all the figures and calculation of the band density of the proteins 

obtained via Western blot analysis, Adobe Photoshop CS 4 version 11 was used 

(Adobe Systems Inc., San Jose, CA). Sigma Plot software (Version 1 0) for 
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Windows (SPSS Inc., Chicago, IL) was used to calculate the concentration of 

proteins in the samples when ELISA was performed. 



RESULTS 

Aim 1: To investigate the functional relevance of GPR109A expression in 

RPE. 

Rationale: Inflammation is crucial in pathogenesis and progression of diabetic 

retinopathy and limiting it is a goal of many investigators. GPR 1 09A is expressed 

in several tissues including RPE and is known to perform tissue specific 

functions. Several reports have shown an anti-inflammatory and protective role of 

GPR109A receptor in other cell/ tissue types. Given that the ligands of GPR109A 

are well established (nicotinic acid and P-hydroxybutyrate), here we used them to 

determine the role of this receptor in the cultured RPE cells. Specific emphasis 

was placed on the role of the receptor with respect to modulating or protecting 

against inflammation. 

1A: To evaluate the effects of NA and ~-HB on the expression and secretion 

of pro-inflammatory molecules (IL-6, Ccl2) in RPE cells (ARPE-19 human 

RPE cell line and mouse primary RPE cells) treated with TNF-a as an 

inflammatory agent. 

53 



54 

Experimental design: Initial experiments were performed using the established 

human RPE cell line ARPE-19. RPE is known to express and secrete many 

cytokines, central among these are IL-6 and Ccl2 (Detrick and Hooks, 201 0; 

Swenarchuk et al., 2008). To determine the effects of the GPR109A ligands NA 

and ~-HB on gene expression and secretion of IL-6 and Ccl2 in cultured human 

RPE cells, ARPE-19 cells were exposed to TN F-a (1 0 ng/ ml) with or without the 

addition of NA (1 mM) or ~-HB (5 mM), followed by Real-time qPCR. Incubation 

times and concentrations of TNF-a, NA, and ~-HB used in this study were 

determined empirically in preliminary experiments. To determine whether the 

changes in IL-6 and Ccl2 mRNA expression in ARPE-19 cells exposed to TNF-a 

in the presence or absence of NA or ~-HB were associated with corresponding 

alterations in IL-6 and Ccl2 protein secretion, culture medium was collected from 

cells following treatment and used for analysis of IL-6 and Ccl2 protein by ELISA. 

Results: Exposure of ARPE-19 cells to TNF-a resulted in significant increases in 

IL-6 (35.0 ± 1.4-fold) and Ccl2 (2.2 ± 0.002-fold) mRNA expression (Figure 7). 

Inclusion of NA in the culture medium attenuated significantly the ability of TN F-a 

to induce the expression of IL-6 and Ccl2 (82% and 36% decrease, respectively). 

A similar effect on IL-6 and Ccl2 expression was observed in the presence of ~

HB (81 % and 45% decrease, respectively) (Figure 7A, 78). qPCR was used 

also to determine whether cell treatments had any effect on steady-state 

expression of GPR1 09A mRNA transcripts. 



Figure 7. Suppression of TNF-a-induced proinflammatory cytokine 

expression by NA and fJ-HB at mRNA level. ARPE-19 cells were exposed to 

TN F-a (1 0 ng/mL; 24-hour incubation) in the presence or absence of nicotinate 

(1 mM) or {3-HB (5 mM). qPCR analysis of (A) IL-6, (B) Ccl2. GPR109A agonists 

suppressed the mRNA expression of pro-inflammatory cytokines in cultured 

ARPE-19 cells. *P < 0.01 compared with control cells; **P < 0.01 compared with 

TNF-a-treated cells. 
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GPR109A expression was not altered by exposure of cells to TNF-a, NA, or~

HB (Figure 8) . IL-6 secretion in control, untreated cells was 6.25 ± 1.3 pg/ml. 

This baseline value increased to 145.8 ± 23.6 pg/ml in the presence of TNF-a, 

which corresponds to a 23-fold increase. The TNF-a-induced increase in IL-6 

secretion was attenuated significantly in the presence of NA (83% inhibition) and 

~-HB (82% inhibition). Exposure of cells to TNF-a increased Ccl2 protein 

secretion significantly (2.8-fold). The increase in Ccl2 protein secretion induced 

by TNF-a was significantly reduced in the presence of NA (approximately 60% 

inhibition) and ~-HB (approximately 60% inhibition). Figure 9A, 98 shows the 

suppression of secreted cytokines by activation of GPR 1 09A receptor in ARPE-

19 cells. 



Figure 8. Effects of TNF-a in presence or absence of NA/fJ-HB on 

expression of GPR109A in cultured ARPE-19 cells. ARPE-19 cells were 

exposed to TN F-a (1 0 nglmL; 24-hour incubation) in the presence or absence of 

nicotinate (1 mM) or {:J-HB (5 mM). No change in expression of GPR109A 

receptor was seen in treated ARPE-19 cells. The figure shows the expression of 

GPR109A in ARPE-19 cells treated with TNF-a in presence or absence of 

NAI{:J-HB. 
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Figure 9. Suppression of TNF-a- induced proinflammatory cytokine 

production by nicotinate (NA) and fJ-HB at protein level. ARPE-19 cells were 

exposed to TN F-a (1 0 nglmL; 24-hour incubation) in the presence or absence of 

NA (1 mM) or {J-HB (5 mM). Cell culture medium was then collected and used for 

ELISA analysis of (A) IL-6 and (B) Ccl2 protein. *P < 0.01 compared with control 

cells; **P < 0.01 compared with TNF-a-treated cells. 
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18: To determine whether the reduced expression and secretion of IL-6 and 

Ccl2 observed in the presence of NA and fl-HB is mediated specifically by 

GPR109A. 

Experimental design: We showed previously that NA and ~-HB each inhibited 

significantly TNF-a-induced IL-6 and Ccl2 gene expression and protein secretion 

in ARPE-19 cells. NA and ~-HB have been proven to be GPR109A-specific 

agonists but that doesn't mean these compounds act solely through GPR109A. 

To determine definitively whether the effects elicited by these compounds are 

GPCR-dependant, and more specifically GPR109A mediated, we repeated our 

ARPE-19 cell experiments, this time in the presence or absence or pertussis 

toxin (PTX) . PTX is a well-characterized, specific, and irreversible inhibitor of the 

signaling of G-protein-coupled receptors that are coupled to Gi. GPR1 09A is a 

Gi-coupled receptor. Therefore, to assess whether the effects of NA and ~-HB on 

the secretion of IL-6 and Ccl2 are mediated via GPR109A signaling, additional 

experiments were performed in which ARPE-19 cells were incubated with PTX 

(200 ng/ml). Given that PTX is not a specific blocker of GPR109A alone, but 

rather blocks all Gi-coupled receptors, to demonstrate that GPR109A is the key 

molecule responsible for the anti-inflammatory effects observed in RPE cells 

exposed to TNF-a in the presence of NA or ~-HB , additional experiments were 

performed using ARPE-19 cells in which GPR109A was overexpressed 

(GPR109A-LV) using a lentiviral vector expression system. RT-PCR was used to 

compare GPR109A expression in GPR109A-LV versus control ARPE-19 control. 
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Firstly, RT-PCR was used to compare the expression of GPR109A in GPR109A

LV versus control ARPE-19 cells. Then, to ascertain the functionality of 

GPR109A in GPR109A-LV, these cells were exposed to forskolin (FSK) in 

presence or absence of NAto see if changes in intracellular levels of cAMP are 

detected. Expression of IL-6 and Ccl2 were determined in GPR109A-LV cells 

exposed to TNF-a in presence or absence of NA and ~-HB. Lastly, to confirm 

findings obtained using ARPE-19 and GPR 1 09A-L V cells, critical experiments 

were repeated in primary RPE cells prepared from Gpr1 09a +I+ (wild type; WT) 

and Gpr1 09a -1- (knockout; KO) mouse retinas. 

Results: As expected , exposure of cells to TNF-a increased IL-6 secretion 

significantly (approximately 2-fold), an effect that was blocked significantly by NA 

or ~-HB (approximately 70% and approximately 90% inhibition, respectively) 

Treatment of cells with PTX markedly attenuated the abilities of NA and ~-HB to 

block the TN F-a-induced secretion of IL-6. Figure 10 shows the secretion of IL-6 

in PTX pre-treated ARPE-19 cells when exposed to TNF-a in presence or 

absence GPR109A ligands. Next, PCR was performed in GPR109A-LV cells, 

and robust expression of GPR 1 09A mRNA transcripts was detected at only 25 

cycles. Figure 11A shows the mRNA expression of GPR109 in the GPR109A-LV 

(GPR109A overexpressing cell line). The intracellular levels of cAMP in the 

GPR 1 09-L V cells were much higher versus control ARPE-19 cells when treated 

with FSK. Likewise, the ability of cells to suppress FSK-induced increases in 

cAMP in the presence of NA or ~-HB was enhanced in GPR 1 09A-LV cells as 



Figure 10. Blockade of NA- and P-HB-induced suppression of /L-6 

production by PTX. ELISA analysis of /L-6 production in ARPE-19 cells treated 

with PTX (100 ng/mL) before exposure to TNF-a (10 nglmL) and/or NA (1 mM), 

{3-HB (5 mM). *P < 0.01 compared with control cells; **P < 0.01 compared with 

TNF-a-treated cells; NS, not significantly different from cells treated with TNF-a 

alone. 
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Figure 11. Expression of GPR109A receptor in overexpressing and control 

ARPE-19 cells. GPR109A was overexpressed in ARPE-19 cells using a lentiviral 

vector expression system. RT-PCR was used to evaluate GPR109A expression 

in GPR109A overexpressing (GPR109A-LV) and control ARPE-19 cells. 

GPR109A-LV and ARPE-19 cells were treated with FSK in presence or absence 

of NA and intracellular levels of cAMP (pg/ml) was measured to determine the 

functionality of GPR109A-LV cells. Expression of GPR109A and cAMP level was 

higher in the overexpressing cells. (A) Shows the expression of GPR109A in 

overexpression ARPE-19 cells and, (B) shows cAMP assay of GPR109A-LV and 

control ARPE-19 cells treated with FSK (10 11M) and/or NA (1 mM). *P < 0.01 

compared with control cells; **P < 0.01 compared with FSK treated cells; #p < 

0.05 compared with FSK treated cells. 



62 

A B 70 

60 

so 
• Control 

-i"E 40 
0 GPR109A-LV 

~::::-
~ ~ 30 
--a. • - 20 

10 

0 

Figure 11 



63 

shown in Figure 118. Suppression of TN F-a-induced increases in IL-6 and Ccl2 

expression in GPR109A-LV cells in the presence of NA or P-HB was similarly 

enhanced. Figure 12A, 128 show the effect of GPR109A activation by its ligands 

in GPR109A-LV cells. To ascertain the definite role of GPR109A in its role in 

suppressing inflammation we used primary RPE cells. Overexpression of 

GPR109A in ARPE-19 cells enhanced the suppression of FSK-induced 

elevations in cAMP and TNF-a-induced increases in IL-6 and Ccl2 expression 

observed in the presence of NA or P-HB, supporting the critical involvement of 

GPR109A in these processes. To establish definitely that the observed anti

inflammatory effects are mediated by GPR 1 09A and not by any other 

Gi-linked GPCR or other receptor-independent effects of NA or P-HB, additional 

experiments were performed using primary RPE cells isolated from wild type 

(Gpr1 09a +/+) and knockout (Gpr1 09a_1_) mouse retinas. Following isolation, total 

RNA was collected from cells and used for RT-PCR analysis to confirm the 

presence or absence of receptor expression. Immunocytochemistry was also 

performed. Gpr109a-specific mRNA transcripts were detected in mRPE cells 

obtained from wild-type mouse eyes, but not in those obtained from Gpr1 09a_,_ 

mouse eyes (Figure 13A) . Immunocytochemical analysis of the cells confirmed 

the presence of Gpr1 09a protein in wild-type cells and its absence in the 

knockout cells (Figure 138 ). Now that genotype of the cells has been confirmed, 

mRPE cells isolated from Gpr109a+t+ and Gpr109a_,_ mice were exposed to TNF-

a in the presence or absence of NA or P-HB in a fashion identical to that 



Figure 12. Enhanced suppression of TNF-a-induced /L-6 and Cc/2 

expression by NA and fJ-HB in GPR109A-overexpressing ARPE-19 cells. 

GPR109A was overexpressed in ARPE-19 cells using a /entiviral vector 

expression system. RT-PCR was used to evaluate the effect of GPR109A 

activation by NA!fJ-HB on TNF-a-induced increased expression of CcL2 (A) and 

/L-6 (B) in nonnal and LV-GPR109A ARPE-19 cells. *P < 0.01 compared with 

control cells; **P < 0.01 compared with TNF-a treated cells; #p < 0.05 compared 

with TNF-a-treated cells. 
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Figure 13. Confirmation of presence/absence of GPR109A receptor in 

mRPE cells from WT or KO mouse eyes. Before pursuing experiments on 

mRPE cells prepared from WT and KO mice, absence of GPR109A receptor 

expression was confirmed in KO mRPE cells. Primary RPE cells were isolated 

from GPR1 09A wildtype and GPR1 09A knockout mouse eyes. The presence or 

absence of GPR1 09A mRNA and protein in these cells was confirmed by (A) RT

PCR and (B) immunofluorescence. 
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described for treatment of ARPE-19 cells. RNA was prepared from these cells 

and expression of IL-6 and Ccl2 was determined using qPCR. The supernatant 

from these treatments was also collected and ELISA assay was performed to 

quantify IL-6 and Ccl2 protein levels. Figure 14A, 148 depict the effects of 

GPR 1 09A activation on secretion of cytokines by mRPE cells when exposed to 

inflammatory agent in presence/absence of GPR 1 09A ligands. Exposure of wild

type mRPE cells to TNF-a was associated with robust increases in IL-6 (8-fold) 

and Ccl2 (4-fold) secretion (Figure 14). The increases in IL-6 and Ccl2 secretion 

observed in the presence of TN F-a were inhibited significantly in the presence of 

NA (approximately 40% and approximately 70% inhibition respectively) and ~-HB 

(approximately 70% and approximately 80% inhibition, respectively). These 

results were similar to what was observed in ARPE-19 cells. We then repeated 

the same experiments with Gpr1 09a -I- mRPE cells. Exposure of these cells to 

TNF-a was also associated with robust increases in IL-6 (8-fold) and Ccl2 (2.5-

fold) secretion (Figure 14); however, NA and ~-HB were unable to block the 

TNF-a-induced increase in the secretion of these cytokines, indicating that the 

effects of NA and ~-HB are mediated via GPR109A. It is also of interest to note 

that levels of proinflammatory cytokine secretion were consistently higher in 

Gpr1 09a -1- cells than in wild-type cells under basal conditions. This suggests that 

GPR109A elicits a regulatory effect on the secretion of these molecules in RPE 

under normal physiologic conditions. Our research group has shown previously 

that the interaction of NA and other GPR 1 09A-specific ligands with GPR 1 09A is 

associated with blockade of NF-KB activation, a key regulator of inflammatory 



Figure 14. NA- and P-HB-induced suppression of /L-6 and Cc/2 production 

in RPE cells is GPR1 09A-dependent. Primary RPE cells were prepared from 

WT and KO cells and were exposed to TN F-a (1 0 nglmL) in the presence or 

absence of NA (1 mM) or {3-HB (5 mM) for 24 hours. Cell culture medium was 

collected and used for ELISA analysis of (A) IL-6 and (B) Ccl2 protein. As 

expected, suppression of TN F-a-induced cytokines was seen in WT RPE cells in 

presence of NA/{3-HB. The anti-inflammatory effect was abolished in primary 

RPE cells prepared from KO eyes. *P < 0. 05 compared with control cells; **P < 

0.01 compared with TNF-a-treated cells. 



67 

A 110 

1..0 • 
140 

c llO 

Gl - • w .-
E 

100 
0 O KO ... ' 10 Q. ~ 
\0 ~ 
~ - ..0 

40 

10 

0 
Control TNFu TNF<t + NA TNF<t + f\·HB 

Treatment 

B 000 

• 
HOO 

c ·; -X)()() .-
E 0 ... 
'1>00 • vn Q. 
~ 

O KO N ~ 

v -u 1000 

We> 

0 
Control TNF<t TNFu + NA TNFu + ~-HB 

Figure 14 



68 

pathway, in colon cells (Thangaraju et al., 2009). Here we sought to determine if 

the same holds true in RPE. For this, we prepared mRPE cells from a transgenic 

mouse that carries the NF-KB -luciferase reporter gene under the control of the 

~-actin promoter. Because normal mouse RPE cells constitutively express 

GPR109A, we directly tested the effects of NA and ~-HB on TNF-a-induced 

activation of NF-KB in these cells. Treatment of the cells with TNF-a stimulated 

the activity of the NF-KB -luciferase reporter. This effect of TNF-a was blocked 

completely by the GPR109A agonists NA and ~-HB . In fact, these agonists 

appeared to inhibit even the basal activity of the NF-KB-Iuciferase reporter 

because the activity of the reporter was even lower than the control value in the 

presence of these agonists as shown in Figure 15. 



Figure 15. Blockade of TNF-a-induced activation of NF-KB by GPR109A 

ligands in normal mouse RPE cells. Primary RPE cells were isolated from 

transgenic mice carrying the NF-KB-Iuciferase reporter construct under control of 

[3-actin promoter. Cells were pretreated with or without NA (1 mM) or [3-HB (5 

mM) for 30 minutes, followed by exposure to TNF-a (10 ng/mL). NA and [3-HB 

were present also during TNF-a treatment. The cells were then collected and the 

lysates used for measurement of Juciferase activity. *P-value <0.01 compared to 

untreated control; **P-value<0.001 when compared to TNF-a. 
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1C: To determine whether GPR109A expression and/or activation by 

specific agonists influence the expression and secretion of pro-angiogenic 

molecules in RPE. 

Experimental design: My studies of GPR109A function in RPE up to this point 

demonstrate a potent anti-inflammatory role for the receptor in this cell type. 

Pathologic angiogenesis is also crucial in diabetic retinopathy; it is the hallmark 

of advanced stage disease in diabetic retina. Inflammation is thought to stimulate 

pro-angiogenic molecule expression and pathway activation. Here, using primary 

RPE cells isolated from wild type and GPR 1 09A knockout mouse retinas and 

strategies similar to those employed to evaluate pro-inflammatory cytokine 

expression and GPR109A activation, I investigated also the expression of COX-

2, a pro-angiogenic molecule known to be upregulated significantly in diabetic 

retina. Rather than TN F-a. only, IL-1 ~. another pro-inflammatory cytokine crucial 

to the pathogenesis of diabetic retinopathy (Mohr et al., 2001 ; Vincent and Mohr, 

2007) and to the augmentation of pathologic angiogenesis (Carmi et al., 2009), 

was incorporated also as a stimulating factor in these experiments. 

Results: Wild type and GPR109A knockout mRPE cells were exposed to a 

cocktail made of TNF-a (10 ng/ml) and IL-1~ (10 ng/ml) in presence or absence 

of 1 mM NA. After 24 hours, cells were harvested; following which real-time 

qPCR and western blot analysis was done to evaluate the expression/secretion 

of pro-angiogenic molecule COX-2 in the mRPE cells. Alone TNF-a. or IL-1~ 

induce COX-2 secretion. In my present study I confirmed the induction of COX-2 

by TN F-a. (Figure 16) . However, TN F-a. and IL-1 ~when used in combination, a 
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condition representative of an advanced diabetic state in which multiple factors 

are altered, the increase in COX-2 expression is augmented. NA suppressed the 

cocktail-induced spike in COX-2 in mRPE from wild type mice but not from 

GPR109A knockouts (Figure 17). Thus, at this point I feel it is safe to state that 

our findings are supportive of a role for GPR 1 09A in modulation of inflammatory 

signaling in RPE. 



Figure 16. COX-2 induction by TNF-a or TNF-a + IL-1fJ cocktail in mRPE 

cells. Primary RPE cells were isolated from WT and GPR109A KO retina. mRPE 

cells were exposed to TN F-a (1 0 ng/ml) alone and a cocktail of TN F-a (1 0 nglml) 

+ IL-1{3 (10 nglml). Induction of COX-2 in both treatments was compared using 

qPCR. As already reported in literature we confirmed that the cocktail of 

TN F-a+ IL-1 f3 augmented the mRNA expression of COX-2 more than when TN F

a was used alone. (A) Shows the exposure of mRPE cells to TNF-a and, (B) 

shows effects of TNFa+ IL-1fJ on mRPE cells. *P < 0.05 compared with control 

cells; **P < 0.001 compared with control cells. 



'i' 
~ 4.0 
~ 3.5 
~ 3.0 
~ 2.5 
-2.0 
~ 1.5 
~ 1.0 
<';' 0.5 
~ 0.0 .... -
(.) 

* 

CON TN F-a 

'i' 
01 
~ 30.0 
~ 25.0 
~ 20.0 
~ 
~ 15.0 
~ 10.0 
~ 5.0 

72 

** 

~ ~~------~--0 0.0 
(.) 

CON TNF-a+IL·1P 

Figure 16 



Figure 17. NA- induced suppression of COX-2 expression and production in 

RPE cells is GPR1 09A-dependent . . Primary RPE cells were prepared from WT 

and KO cells and were exposed to a cocktail of TNF-a (10 nglmL) and IL-1{:3 (10 

nglml) in the presence or absence of NA (1 mM) for 24 hours. Cells were lysed in 

trizol and also harvested separately in lysis buffer to perform real-time qPCR for 

COX-2 expression as shown in (A) as well as Western blot analysis as shown in 

(B) . As expected, suppression of TN F-a + IL-1 {:3-induced levels of COX-2 was 

seen in WT RPE cells in presence of NA. The anti-inflammatory effect was 

abolished in primary RPE cells prepared from KO eyes. *P < 0. 05 compared with 

control cells; **P < 0.05 compared with TNF-a+IL-1{:3 treated cells. 
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Aim 2: To characterize the GPR109A knockout mouse retina. 

Rationale: One of my primary goals is to determine the role of GPR 1 09A in the 

retina. A GPR 1 09A knockout mouse is already available however, the eyes of 

these animals have not been studied. Gene knockouts are one of the best 

research tools for studying the relevance of a gene normally and in pathologic 

conditions. Given the ready availability of the GPR 1 09A knockout in our lab here, 

I sought to characterize the retinas of these animals and determine whether any 

morphological or pathophysiological alterations exist. To do so, I employed a 

variety of techniques including: detailed histologic and morphometric analysis, in 

vivo retinal imaging, electrophysiologic testing, and qPCR, Western blot and 

immunofluorescence analyses of endogenous pro-inflammatory and pro

angiogenic molecule expression. GPR1 09A knockout animals and 

corresponding, age-matched wild-type controls were evaluated at ages 

congruent with young, middle adult and older adult stages according to the 

expected life span of mice (-2 years). 

2A: Histologic, morphometric and morphological characterization of 

GPR109A knockout (Gpr109a-1·) mouse retina. 

Experimental design: Hematoxylin and eosin-stained cryosections were 

prepared from GPR1 09A knockout and corresponding age- and gender-matched 

wild type control eyes. Retinal sections were examined carefully using brightfield 

microscopy looking for evidence of gross pathologic abnormality. Additionally, 
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systematic morphometric analysis to include measurements of total retinal 

thickness, the thickness of individual retinal cell layers and the counting of the 

number of nuclei contained within a single row (e.g., number of photoreceptor 

cell or inner nuclear layer nuclei in given vertical row) or within a specified 

distance (e.g. , number of ganglion cell nuclei per 100 ~m distance). 

Additionally, in vivo retinal imaging to include fundoscopic evaluation and 

fluorescein angiography was performed. Electrophysiological testing was also 

performed. Given our keen interest in RPE, a cellular layer in which GPR109A is 

expressed robustly, RPE flatmounts were prepared and proteins relevant to RPE 

barrier properties were evaluated using immunofluorescence. 

Results: There was no evidence of gross retinal abnormality in the retinas of 

young to middle-aged mice. This is consistent with data obtained from 

morphometric analyses, which revealed no significant differences in any of the 

parameters evaluated. In older animals (10 months of age or greater) however, 

significant though sometimes subtle differences were detectable. Figure 18 

shows data relevant to the morphometric analysis of 1 0-month-old wild type and 

GPR109A knockout mice (n=6). The thickness of the outer segments (OST), 

outer nuclear layer (ONL), inner plexiform layer (IPL) and total retina was 

increased significantly in GPR109A knockout mouse eyes. Outer segment 

thickness measured 28.34 ~m in the knockout retina as opposed to 17.34 ~m in 

wild type retina (P = 0.01 ). Outer nuclear layer thickness averaged 51 .18 ~m in 

knockout mouse retinas and only 38.48 tJm in corresponding wild types (P = 

0.02). Inner plexiform layer thickness was 43.65 ~m in knockout retinas and 
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31 .19 ~m in wild types (P = 0.01). The overall thickness of GPR109A mouse 

retina was 202.84 ~m and wild type was 151 .92 ~m (P = 0.02). Numbers of 

ganglion cells were counted per 100 ~m distance in each in both wild type and 

knockout retinal sections, but no significant changes were observed. Overall, 

knockout mouse retinas appeared to be thicker than wild types. The outer 

segments in the knockout mice looked abnormal, taking on sort of a stretched out 

appearance, in comparison to wild type outer segments. Whether this may be 

due in part to swelling or retinal edema, a common manifestation of inflammation 

in retina and characteristic of diabetic retinopathy (Kirber et al., 1980; Vinores et 

al. , 1989) is a subject that should be evaluated in future studies. The nerve fiber 

layer appeared to be thickened in knockout retinas. It is important to note also, 

the hypopigmented appearance of the RPE in knockout animals, choroid also 

appeared to be thinned and less pigmented. The decrease in pigment in 

GPR 1 09A knockout retina was evident also upon fundoscopic evaluation (Figure 

19). 

The retinal vasculature of GPR109A knockout mice was studied using two 

techniques. The first one involved was performed immediately following 

fundoscopic evaluation while the mice were still anesthetized. Fluorescein dye 

was injected intraperitoneally followed by visualization of the retinal vasculature 

using the Micron Ill Retinal Imaging System. The second involved enucleating 

the eyes from animals transcardially perfused with FITC-concanavalin A, fixing 

them in 4% paraformaldehyde followed by retinal flat preparation and 

examination of tissues via fluorescence microscopy. 



Figure 18. Changes in the retinal cell layer thickness in absence of 

GPR109A receptor. Eyes from 10 months old GPR109A WT and GPR109A KO 

mice were enucleated and embedded in OCT media, frozen in liquid nitrogen and 

eye sections were prepared and processed as JB-4 plastic sections. 

Morphometrical analysis was performed on these retinal sections. Thickness of 

each cell layer as well as total retinal thickness (in micrometers) was measured 

using the caliper tool. Thickness of IPL, ONL and OS and total retina was 

significantly more in the KO eyes. The bar graph above shows comparison 

between thickness of different cell layers in retina of GPR1 09A WT and 

GPR109A KO mice. *P <0.05 compared with WT retina RT, IPLT, ONLT, OST. 
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Figure 19. Fundoscopic evaluation of GPR109A KO retinas. To evaluate the 

retinal health of older-aged GPR1 09A knockout mice fundoscopy was performed. 

Briefly, animals were anesthetized using a ketaminelxylazine cocktail. 1% 

Tropicamide drops were used to facilitate dilation of the eye. Lubricating eye 

drops were then used to prevent dryness of eyes. Within a few seconds, mice 

were placed on a stage and aligned with the retinal-imaging camera to examine 

the back of the eye. The eyes of 12 months old GPR1 09A knockout animals 

(right panel) looked not only hypopigmented but also choroidal layer seemed 

more damaged in comparison to WT animals (left panel) . This figure is a 

representative of the changes seen in retinas of GPR1 09A knockout mice retinas 

upon fundoscopic evaluation. 
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Again, age- and gender-matched wild type animals treated identically served as 

controls. Only a few animals were examined at younger ages, and very little 

evidence of vascular disruption was detected. This is congruent with 

morphological and morphometric analysis of retinal cross sections that showed 

abnormalities being present only at relatively older ages. As such, for our in vivo 

analyses we focused more on older animals (1 0+ months of age). Figure 20 

shows representative images obtained via fluorescein angiography/Micron Ill 

imaging of 10 month old GPR109A knockout and corresponding wild type 

controls. Increased vessel tortuosity was a common observation in knockout 

retinas. We speculate this to be due in part to increased inflammation in aged 

knockout retina as others have shown that in conditions of increased retinal 

inflammation an increase in vessel tortuosity is common (Robinson et al. , 2011 ; 

Sasangko et al., 2011 ). The difference in vessel tortuosity seemed evident only in 

a few spots and not the entire vascular tree. Figure 21 is representative retinal 

flat mounts prepared from the retinas of knockout and wild type animals also at 

10 months of age. Our findings upon the evaluation of FITC-Con A labeled 

tissues were similar to those observed via fluorescein angiography/Micron Ill 

imaging. Again, we found clear evidence of altered vessel tortuosity in knockout 

mouse retinas. In several cases, there was an obvious leakage of fluorescein 

dye, indicated by a cloudy green haze visible outside of the retinal vessels. This 

suggests that in knockout animals, barrier properties and/or vessel integrity as a 

whole might be compromised, this is a common characteristic of retinal 

inflammation (Shabrawey et al. , 2008). 



Figure 20. Fluorescein angiography showing increased tortuosity in retinal 

blood vessels of GPR109A KO mice. Blood vessels in GPR109A WT and KO 

animals of about 12 months of age were examined using a fundoscope. Briefly, 

animals were anesthetized using a ketamine-xylazine cocktail. 1% Tropicamide 

drops were used to facilitate dilation of the eye. Lubricating eye drops were then 

used to prevent dryness of eyes. Fluorescein conjugated dye was injected 

intramuscularly. Within a few seconds, mice were placed on a stage and aligned 

with the retinal-imaging camera to examine the back of the eye. Blood vessels in 

KO animals seemed to be tortuous as compared with the corresponding WT 

animals. Also, leakage of fluorescein dye was also observed in few animals. This 

figure depicts the blood vessel tortuosity (white stars) and dye leakiness (red 

star) in the retina of KO eyes. 
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Figure 21. Retinal flat mounts showing increased tortuosity in the retinal 

blood vessels of GPR109A KO mice. GPR109A WT and GPR109A KO mice 

were anaesthetized and were perfused pericardially with FITC-Con A fluorescein 

dye. After perfusion, eyes were enucleated and fixed in 4% PFA solution for 

about 2 hours at room temperature. Eyes were transferred to PBS and retinal flat 

mounts were cut. Flat mounted retinal tissues were transferred to a glass slide, 

coverslipped with mounting media and dried overnight at 4 o C. The following day, 

these sections were analyzed under a fluorescent microscope to see the retinal 

blood vessels. The blood vessels in the KO retina (right) appeared to be tortuous 

and looked abnormal at different regions of the vascular tree. The adjacent figure 

shows representative images of WT and KO mouse eyes (20X magnification). 
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In keeping with our keen interest in RPE, RPE flatmounts were also prepared 

and subjected to immunofluorescence detection of zonula occludins -1 (Z0-1), a 

junctional protein marker and well-established parameter used to evaluate the 

integrity of RPE barrier function. Figure 22 shows representative RPE flat mount 

images from GPR109A knockout and wild type retinas at 10 months of age. Wild 

type RPE showed the characteristic cobblestone pattern of Z0-1 labeling 

consistent with intact RPE junctions and a well functioning barrier. In contrast, 

Z0-1 staining, while intact in some areas, showed obvious areas of disrupted 

and/or diffuse staining. This was the case, in 80-90% of all the flat mounts 

evaluated. Given the striking degree of Z0-1 disruption in knockout retinas, we 

went back and evaluated by qPCR Z0-1 expression in younger animals. A 

significant decrease in Z0-1 mRNA expression was obvious in animals as early 

as 5 months of age, supporting a progressive deterioration or degradation of 

RPE barrier properties with age. To confirm this finding , cultures of primary RPE 

were established from wild type and GPR 1 09A knockout eyes. These cells were 

grown to confluency on transwell supports and maintained for an additional time 

period of - two weeks thereafter to allow for polarization and tight barrier 

formation. The FITC-Dextran in vitro permeability assay was then performed 

(Figure 23). Congruent with our in vivo observations, knockout primary RPE 

showed a significant increase in leakiness as indicated by the increased 

detection of dye flow through from the apical to basal chamber of the transwell 

system. This might possibly suggest that knockout RPE in general have a 

decreased ability to form consistent and appropriate tight junctions given that 
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these cells are isolated from very young animals (18-21 days of age). The altered 

integrity and function of RPE persists with age as corroborated by 

electroretinogram studies (Figure 24). a-,b- and c-wave amplitudes were 

determined and compared between the retinas of 12 months old wildtype and 

GPR109A knockout mice (n= 3-4/group). a- and b-wave amplitudes were similar 

in WT and KO eyes (Figure 24A and 248). The c-wave is an indicator of RPE 

integrity and function. Reduced c-wave amplitudes in the ERG have been 

reported in association with diabetes in experimental animal models (MacGregor 

and Matschinsky, 1986; Pautler and Ennis, 1980; Rimmer and Linsenmeier, 

1993). However, increases in the in c-wave amplitudes were detected in the 

GPR109A knockout eyes at higher luminance (Figure 24C). The number of mice 

was not enough to draw any foolproof conclusions. Hence, additional testing 

using larger numbers of animals, wildtype and GPR 1 09A knockout, is desirable 

to determine any statistically significant difference. 



Figure 22. Downregulation of Z0-1 expression in the retina of GPR109A KO 

mice. Eyes from 10 month old GPR1 09A WT and GPR1 09A KO mice were 

removed and were either pooled together in trizol to prepare RNA to evaluate 

Z0-1 mRNA levels or used unfixed for preparation of RPE flat mounts and Z0-1 

immunolocalization. mRNA expression of Z0-1 decreased significantly in the 

retinas of GPR109A KO mice. RPE flat mounts prepared from KO retinas not 

only showed a drastic reduction in Z0-1 stain but also disrupted RPE honeycomb 

structure at several places. (A) Shows mRNA expression of Z0-1 in WT and KO 

retinas and, (B) shows Z0-1 staining in RPE flat mounts of WT and KO retina at 

20X and 40X magnification. *P <0.05 compared with WT eye. 
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Figure 23. Altered barrier properties in GPR109A KO RPE cells. Primary 

RPE cells were isolated from WT and GPR1 09A KO retina. Cells were grown for 

several weeks on a transwell supports to allow polarization and tight barrier 

formation. FITC-Dextran in vitro permeability assay was performed in these cells 

to evaluate the integrity of RPE junctions. Increased leakiness of the dye was 

observed in cells isolated from GPR1 09A KO retinas versus those obtained from 

• 
wildtype retinas. P value < 0. 05 compared with the WT mRPE cells. 
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Figure 24. Electroretinogram of WT and GPR1 09A knockout mice. 

Electroretinogram was performed on 12 month old WT and GPR1 09A KO mice. 

Briefly, animals were dark-adapted overnight, and on the following day were 

anesthetized and their eyes were dilated using Proparacaine (0.5%) drops, 

tropicamide solution (1%) and phenylepherine hydrochloride (2.5%) and DTL 

electrodes were placed on the corneas and needle electrodes in the cheeks 

(reference) and the tails (ground). Flashes from a white LED were presented to 

each eye and visual stimuli were generated by 5 ms duration of flashes. Signals 

(a-, b-, c-waves) were recorded using DTL electrodes, referenced to the needle 

electrodes in the cheeks. Responses were averaged across the two eyes for 

each mouse. Figure shows the average responses obtained from wildtype and 

knockout mice retinas (n= 3-4 animals per group). 



B 

LLmii\IJ'IOt (lumens) 

E 

30 

> 20 
3 

c 08 

02 

I ·:~~----~~------
·10 

·20 

3.00 3.05 3.10 3.15 3.20 3.25 
TIIM {s) 

F 

c 

0.0 0 1 0.2 0.3 0.4 0.5 
Tlme (s) 

86 

Figure 24 



87 

28: Evaluation of the temporal pattern of pro-inflammatory (IL-1 ~' Ccl2, and 

ICAM-1) and pro-angiogenic (COX-2, EP3 receptor, Angpti4/FIAF and VEGF) 

molecule expression (mRNA and protein) in GPR109A wildtype and 

knockout mouse retinas. 

Experimental design: My studies of GPR 1 09A function in RPE up to this point 

demonstrate a potent anti-inflammatory role for the receptor in this cell type. 

Additionally, findings upon histologic and morphological evaluation of GPR109A 

knockout retinas revealed the presence of retinal abnormalities consistent with 

increased inflammation in retina (e.g., increased vessel tortuosity, inner and 

outer-blood retinal barrier disruption). While conducting my studies and 

researching the relevant literature in efforts to understand and interpret my 

results, it was more than obvious that inflammatory and angiogenic pathways are 

not totally discrete but rather they may intersect in various paradigms. Indeed, 

this is supported in the literature as others have reported on the influence of one 

over the other and/or the frequent intersection of pathways relevant to the two in 

diabetes and retinopathy (Swenarchuk et al., 2008; Kern, 2007). Pathologic 

angiogenesis is crucial in diabetic retinopathy; it is the hallmark of advanced 

stage disease in diabetic retina. Inflammation is thought to stimulate pro

angiogenic molecule expression and pathway activation. Here, I sought to 

investigate the expression of pro-inflammatory and pro-angiogeneic molecules in 

GPR109A knockout and corresponding wild type retina. Total RNA was prepared 

from GPR 1 09A knockout mouse eyes at 1, 5 and 10 months of age. The 

expression of pro-inflammatory and pro-angiogenic molecule expression was 
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then evaluated using qPCR, Western blot and immunofluorescence means. Wild 

type, age-matched animals served as controls. Each group contained a minimum 

of 3-5 animals. In brief, mouse eyes were enucleated and the lens removed at 

the time of tissue harvesting. Retinal tissues from animals in each group were 

pooled and used either for total RNA or for protein extraction and subsequent 

use in qPCR and Western blot analysis, respectively. Additional eyes from 

animals in each group were snap-frozen and cryosectioned or prepared for JB-4 

plastics to be used in later histologic, immunofluorescence or morphometric 

studies. 

Results: Figure 25 depicts the changes in the expression of pro-inflammatory 

molecule (IL-1 ~. Ccl2 and ICAM-1) expression in wild type versus knockout 

mouse retinas at 1, 5 and 10 months of age. Upregulation of all of the pro

inflammatory cytokines tested was observed in knockout mouse retinas early on 

(see representative data for 1 month). It was notable that of all the cytokines that 

spiked up in young GPR109A KO retinas, the increase in IL-1~ was most 

prominent, (7.8 ± 1.3 - folds) in comparison to Ccl2 (2.3 ± 0.4 - folds) and 

ICAM-1 (2.2 ± 0.1 folds) . The increase in the expression of these molecules 

persisted with increasing age and in fact was even higher in older animals. By 10 

months of age, IL-1 ~ was elevated to 69.1 ± 2.4 -folds, Ccl2 to 6.2 ± 1.5-folds 

and ICAM-1 to 12.5 ± 2.3 -folds in knockout mouse retinas. 



Figure 25. Upregulation of pro-inflammatory cytokines in GPR1 09A 

knockout retina. Eyes from GPR109A WT and KO mice were enucleated and 

pooled separately in trizol at 1, 5 and 10 months and RNA was purified and 

eDNA was prepared by RT reaction. mRNA expression of pro-inflammatory 

molecules IL-1{3,CcL2 and ICAM-1 were evaluated at different ages using real

time qPCR technique in these samples. The figure shows an increased 

expression of pro-inflammatory molecules in the retina of KO mice at different 

ages. *P <0. 05 compared with WT eye. 
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It is important to note that it was impossible to maintain sufficient numbers of 

animals to check cytokine and angiogenic molecule expression in knockout 

animals > 12 months of age, as beyond this age GPR 1 09A knockout animals 

began to become ill and die sporadically. This, we believe, may be a factor 

congruent with the level of increased inflammation that is expected to be present 

not only within the retina but, throughout the body, as this is a global gene 

knockout. 

To determine whether the increase in pro-inflammatory cytokine 

expression observed by qPCR in knockout animals is associated with a 

corresponding increase in protein expression of I L-1 ~. Ccl2 and ICAM-1 was 

evaluated by Western blot. Figure 26 shows a representative blot obtained from 

GPR109A knockout and corresponding wild type retinas at one month of age. 

Like mRNA, increased IL-1~, Ccl2 and ICAM-1 protein expression was readily 

detectable in GPR 1 09A knockout mouse retinas and the increase persisted with 

increasing age. We next evaluated the mRNA expression of the pro-angiogenic 

molecules VEGF, FIAF/Angptl4, EP3 receptor and COX-2. Similar to the 

expression of pro-inflammatory cytokine gene expression, the expression of 

mRNA transcripts specific to pro-angiogenic genes was higher in GPR109A 

knockout mouse retina in comparison to controls (Figure 27). However, the 

increase in pro-angiogenic molecule expression did not appear as early on. 

Instead, the increase in pro-angiogenic molecules was most apparent at older 

age (i.e., 10 months). Specifically, the mRNA expression ofVEGF was 



Figure 26. Increased protein expression of pro-inflammatory cytokines in 

GPR109A knockout retina. Eyes from GPR109A WT and KO were enucleated 

and pooled separately in lysis buffer to prepare the protein lysates. Western blot 

analysis was performed to determine the secretion of ICAM-1, IL-1 f3 and CcL2 in 

lysates obtained from retinas of GPR109A WT and GPR109A KO mice. The 

figure shows an increase in protein expression of pro-inflammatory molecules in 

the KO retinas. 
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Figure 27. Upregulation of pro-angiogenic markers in GPR109A KO retina. 

Eyes were enucleated and pooled in trizol from GPR1 09A WT and GPR1 09A KO 

mice retinas at 1 and 10 months. RNA was purified and eDNA was prepared. 

Expression of pro-angiogenic molecules VEGF, Angptl4( FIAF), COX-2 and EP3 

receptor were evaluated at these time points using real-time qPCR technique. 

The figure shows the mRNA expression of pro-angiogenic molecules at different 

ages in GPR109A WT and KO retina. *P <0.05 in comparison to WT eye. 



1.,:: 
~ .. •• t ... 
~~: 

,. t IN 

~f l~ ... 
~~ :: 
~ IJt ... 

t~:= 
~~ :: ... ~ ... 
~~ uo 
8 uo 

1month 

WTeye 

WTeye 

wr.,... 

!Gt E 
~~tit 
!1: 1M 

t ~ ~: 
~~ ... 

KOeye ~ 

tijt :: 
.J: 
~ u 

li_ ': 
~ ... 

KOe~ 

92 

• WT 

K O 

10month 

• 

' WTeye KOe~ 

• 

wr.,... KOeye 

Figure 27 



93 

increased to 2.2 ± 0.7 -folds, FIAF/ANGPTL4 expression to 22.3 ± 5.7 -folds, 

COX-2 to 8.5 ± 0.9 -folds, and EP3 receptor expression to 10.9 ± 1.8 -folds in 

GPR 1 09A knockout mouse eyes. This was confirmed by immunofluorescence 

analysis of VEGF and FIAF/ANGPTL4 expression in retinal cryosections. Figure 

28A shows images representative of the localization of VEGF protein in wild type 

versus GPR109A knockout mouse retinas at 10 months of age; FIAF/Angptl4 

immunofluorescence is shown in Figure 288. 



Figure 28. Increased protein levels of pro-angiogenic molecules in absence 

of GPR109A receptor. Eyes from 10 months old GPR109A wr and GPR109A 

KO eyes were enucleated, embedded in OCT compound, frozen over liquid 

nitrogen and retinal cryosections were prepared and immunofluorescnce analysis 

was performed to determine the localization of VEGF and FIAF proteins. Both 

VEGF and FIAF protein levels spiked up in the retina of GPR109A KO mice in 

camparison to wr mice. (A) Shows the increment in expression of VEGF and, 

(B) shows the increment in expression of Angpt/4 (FIAF) protein in retinas of wr 

and KO mice retinas. 
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Aim 3: To validate, in vivo, GPR109A as a therapeutic target for the 

modulation of inflammation and pathologic angiogenesis in diabetic retina. 

Rationale: When I first began my studies in the lab, the only thing known 

regarding GPR1 09A in retina was that it was expressed in this tissue, localized 

specifically to the basolateral membrane of the RPE. I have since demonstrated 

in vitro, the functional significance of GPR 1 09A expression in this cellular layer 

(Aim 1 ), and characterized in vivo the histologic, morphometric and molecular 

changes associated with its absence (Aim 2). My findings up to this point, 

demonstrate convincingly an anti-inflammatory and anti-angiogenic role for the 

receptor in mouse retina. Based upon these findings, I predict that GPR109A is 

essential to the regulation of inflammation and angiogenic processes in retina 

normally and therefore, may represent a good target for modulating these 

parameters in pathologic conditions such as diabetes. The fact that specific 

agonists to target the receptor are available and already FDA-approved (e.g., 

nicotinic acid) enhances the potential clinical impact of this study greatly. I have 

demonstrated in vitro using an isolated retinal cell type, RPE, that activation of 

GPR 1 09A suppresses inflammatory and angiogenic factors. However, essential 

to the validation of my above-stated prediction is the demonstration that: (1) the 

receptor remains present and available for targeting in diabetic retina, and (2) 

activating the receptor in vivo contributes to the reduction of inflammation and 

angiogenesis in retina. These are the major goals of the present aim. To 

accomplish these goals, I utilized two primary models, the streptozotocin (STZ)-
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induced diabetic mouse model and the LPS (endotoxin)-induced mouse model, 

chronic and acute models of retinal inflammation, respectively. 

3A: To evaluate the expression of GPR109A in diabetic retina. 

Experimental design: STZ is a potent DNA-methylating agent. When 

administered to rodents, one of the primary consequences is the destruction of 

the pancreatic beta cells and hence disruption of insulin production thereby 

creating an experimental model of type 1 diabetes (Phelan et al., 1997). This 

model is widely used in the vision science field and in our laboratory. The 

lnszAkttal+ (Akita) mouse is another commonly used rodent model of type 1 

diabetes. Diabetes in Akita animals occurs spontaneously and stems from a point 

mutation in the lns2 gene, which leads to misfolding of insulin and consequent 

pancreatic beta cell failure (Chang and Gurley, 2012; Smith, 2008). Using qPCR, 

I investigated the expression of GPR 1 09A in the retinal tissues of these animals 

at various timepoints and ages post-onset of diabetes. Non-diabetic animals of 

comparable age and genetic background served as controls. Urine and blood 

glucose testing was used to confirm the presence and severity of diabetes in 

animals. A positive urine glucose strip reading and a blood glucose measurement 

of >250 mg/dl in animals was considered as diabetic. Records of body weight 

over the course of their diabetes were also kept. Given that retinopathy is not a 

condition unique to type 1 diabetes only and that diabetic ketoacidosis, a clinical 

condition in which levels of ~-hydroxybutyrate, an endogenous ligand for 
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GPR1 09A, is elevated substantially, may occur also in patients with type 2 

diabetes (Eiedrisi et al. , 2006; Umpierrez et al., 2006), I evaluated also GPR109A 

expression in db/db, a rodent model of type 2 diabetes, mouse retinas using 

qPCR. Again, age-matched non-diabetic animals of similar genetic background 

were used as controls. Much information relevant to the human condition can be 

gained from the study of rodent models however, may not be exemplify 

completely all the characteristics of human disease. As such, I also evaluated 

GPR 1 09A expression in human donor retina samples obtained from diabetic and 

non-diabetic patients that were available through the Georgia Eye Bank (Atlanta, 

GA). All of the diabetic human samples had type 1 diabetes. Non-diabetic human 

eyes were used as controls 

Results: GPR109A mRNA expression was elevated in samples of retina 

obtained from STZ-diabetic animals in comparison to non-diabetic, age-matched 

controls at all time points tested (Figure 29A). Significant increases in GPR1 09A 

expression (-4-fold) were observed in diabetic animals as early as 2 weeks post

onset diabetes. GPR109A expression continued to increase exponentially with 

the duration and severity of diabetes in these animals, such that by 16-weeks 

post-onset of diabetes, GPR109A mRNA expression was -10-fold higher in 

diabetic retinas than in corresponding non-diabetic and age-matched controls. 

Similar increases in GPR109A expression were observed in diabetic Akita 

animals. Figure 298 depicts the change in GPR109A mRNA expression in Akita 

mouse retinas. Early diabetes (2-4 weeks post-onset) in Akita mice was 



Figure 29. Increased GPR1 09A expression in type 1 diabetic mouse 

models. Eyes from STZ-induced diabetic(A) and akita (B) mice were enucleated 

and pooled separately in trizol at several age points. Retina was separated and 

RNA was purified and eDNA was prepared by RT reaction. mRNA expression of 

GPR1 09A using real-time qPCR technique in these samples. The figure shows an 

increased expression of GPR1 09A at different ages in the retina of type 1 mouse 

model of diabetes. *P < 0. 05 compared with 2 wk con; **P < 0. 05 compared with 

Bwk/4 wk con; ***P < 0. 05 compared with 16 wk/12 wk con. 
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associated with an approximately 2-fold increase in GPR 1 09A expression. By 12 

weeks post-onset of diabetes, the increase in GPR109A expression in these 

animals was -9-fold higher than in age-matched, non-diabetic controls. The 

increase in GPR 1 09A expression was observed also in the db/db model/type 2 

diabetes. Figure 30 shows data representative of GPR 1 09A expression in db/db 

mouse retina. qPCR analysis of GPR109A expression in these animals revealed 

an -2-fold increase in comparison to controls. 

qPCR was used also to evaluate GPR109A expression in postmortem 

human retina as shown in Figure 31. Clinical information relevant to the 

participating donors in this experiment is provided in Table 2. GPR109A 

expression increased 4- to 6-fold in retinas obtained from diabetic donors, 

supporting the data obtained using diabetic animals. However, as the number of 

human donor retina samples we were able to obtain from diabetic patients for 

use in these studies was limited (n=2), studies employing additional samples are 

needed to confirm the present finding and establish statistical relevance. 

38: Determine the relevance of GPR109A expression in retina to the 

development and progression of diabetic retinopathy. 

Experimental design: Our studies above show convincingly the upregulation of 

GPR109A expression in diabetic retina, confirming that the receptor is present 

and available for targeting in diabetic retina. The finding of GPR 1 09A 

upregulation in the diabetic condition however, came as a bit of a surprise as we 



Figure 30. Increased expression of GPR109A in type 2 diabetic mouse 

(db/db) model. Eyes from db/db and wildtype mice were enucleated and pooled 

separately in trizol at 12 weeks of age. Retina was separated and RNA was 

purified and eDNA was prepared by RT reaction. mRNA expression of GPR1 09A 

using real-time qPCR technique in these samples. The figure shows an increased 

expression of GPR109A in the retina db/db mice at 12 weeks of age. *P < 0.05 

compared with 12 wk con. 
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Figure 31. Upregulation of GPR109A expression in eyes of diabetic human 

patients. Donor eyes from human diabetic (insulin requiring) and non-diabetic 

patients were ground separately in trizol and retinal RNA was purified.cDNA was 

prepared and then expression of GPR1 09A was evaluated in these samples. 

GPR109A expression was higher in eyes of both diabetic donor eyes in 

comparison to non-diabetic eyes. The figure shows the comparison in expression 

of GPR109A in eyes obtained from diabetic and non-diabetic patients. The 

number of eyes were limited so more eyes would be needed to determine the 

staistical relevance of the data. 
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Subjects Age Sex Race Diabetes Cause of 

( y) duration Death (y) 

(y) 

Control 1 64 M Caucasian - MVNABI 

Control 2 74 F Caucasian - RF 

Diabetic 1 58 M Caucasian 30 Ml 

Diabetic 2 62 M Caucasian 14 CVD 

.. 
ABI, anox1c brain InJury; MVA, motor vehicle accident; RF, respiratory failure; Ml, 

myocardial infarction; CVD, cardiovascular disease. 

Table 2. Clinical information about human diabetic and non-diabetic donors 
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expect that upregulation of the receptor would elicit a protective effect, reducing 

inflammation and inducers of angiogenesis. It is possible however, that in the 

absence of increased agonist availability to match the upregulated expression of 

the receptor and thereby provide maximal stimulation the protective response is 

futile. Ketoacidosis, substantial elevations in ~-hydroxybutyrate , does not occur in 

rodent models (Polotsky et al. , 2001) and levels of this metabolite are generally 

kept low in human diabetic patients who take insulin to maintain glycemic control. 

Further studies are needed to confirm or dispel this line of thought and for this, 

human samples are most ideal. However, given their limited availability, I decided 

to look at it from a different angle, by exploring the alternate condition and 

investigating whether the absence of GPR 1 09A expression contributes to the 

acceleration or worsening of retinopathy in diabetes. This too will provide 

information relevant to the role or importance of receptor expression in diabetes. 

GPR 1 09A knockout and corresponding age-matched control animals were made 

diabetic using STZ. Diabetic state was confirmed by urine and blood glucose 

measurements. Diabetic and non-diabetic wild type and GPR109A knockout 

animals were sacrificed at various time-points and retina samples obtained for 

the specific analysis of (1) the presence and severity of retinopathy-like features, 

and (2) the expression of pro-angiogenic molecules. Parameters evaluated 

included: histologic and morphological evaluation of retinal cryosections, and 

immunofluorescence analysis of VEGF (pro-angiogenic marker) and 

CD1 05/endoglin (a marker of new blood vessel formation) (Kumar et al. , 1996) 

expression. 
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Results: Previously we showed that the absence of GPR 1 09A in retina is 

associated with subtle changes in retinal morphology in young to middle-aged 

mice, with more pronounced changes readily detected only in older animals. 

Representative images of wild type and GPR109A knockout retinas in the 

presence and absence of diabetes are shown in Figure 32. These images were 

obtained from animals 2-weeks post onset of diabetes (-5-6 weeks total age as 

diabetes induction is performed using mice at 3-4 weeks of age). The retinas of 

non-diabetic wild type, non-diabetic GPR109A knockouts and STZ-diabetic wild 

types look fairly normal as there are no overt signs of gross pathologic 

abnormality. This is congruent with the published prior findings of my mentor and 

others who show that alterations in retinal morphology in STZ mice do not 

generally occur prior to 12-weeks post-onset of diabetes (Barber et al., 1998; 

Martinet al. , 2004). However, in diabetic GPR109A knockout animals this did not 

hold true. Even at this relatively young age, the retinal layers appeared distorted 

taking on a "hilly" appearance. Evidence of cellular dropout was evident 

sporadically throughout the inner nuclear and ganglion cell layers. Cellular 

displacement was observed in the inner and outer segment layers, specifically 

there were nuclei present in these layers that appeared to be representative of 

individual photoreceptor cell nuclei drifting downward toward the RPE. 

We next evaluated the expression of VEGF and CD1 05 in these animals using 

immunofluorescence means. It is a well-established fact that neovascularization 

(pathologic angiogenesis), a common hallmark of diabetic retinopathy in humans, 

does not occur in mouse models of the disease (Carmeliet et al. , 1998) even 
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though VEGF upregulation is common. As such, we were not surprised to find 

increased VEGF expression in wild type diabetic animals in comparison to non

diabetic wild type controls as shown in Figure 33. Indeed, this finding is 

congruent with numerous published reports by others. Though 

immunofluorescence analysis of protein expression is generally accepted as 

being more qualitative than quantitative, it was readily apparent that the increase 

in VEGF expression was greater in diabetic GPR109A knockout animals in 

comparison to wild type diabetic animals (Note: All images were taken using 

identical exposure times). The most striking evidence of early retinal disruption in 

diabetic GPR109A knockouts was found when evaluating CD105 

immunostaining (Figure 34). CD105 expression was virtually undetectable in wild 

type retinas, increasing very little even in the presence of diabetes. On the 

contrary, expression of this marker was readily apparent in GPR109A knockout 

eyes in the absence of diabetes and increased significantly in diabetic knockout 

retinas. This lends strong support to the role of GPR109A in the regulation of 

angiogenesis normally and in diabetes. 



Figure 32. Increased disruptions in retinal morphology of diabetic 

GPR109A KO retina. Diabetes was induced in GPR109A WT and KO animals 

using STZ. Two weeks post-onset of diabetes, eyes from these animals were 

enucleated,embedded in OCT compound, frozen over liquid nitrogen and eyes 

were processed for plastic (JB-4) sectioning. The retinal morphology in the 

knockout retinas were abnormal in comparison to the WT. The disruptions was 

even higher in KO animals that were made diabetic. The figure shows the 

changes in the retinal morphology in WT and KO mice retinas in presence or 

absence of diabetes. 
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Figure 33. Increased levels of pro-angiogenic marker VEGF in diabetic 

GPR109A KO retina. Diabetes was induced in GPR109A WT and KO animals 

using STZ. Two weeks post-onset of diabetes, eyes from these animals were 

enucleated, embedded in OCT compound, frozen over liquid nitrogen and retinal 

cryosections were prepared and immunofluorescnce analysis was performed to 

determine the localization of VEGF protein. VEGF protein levels spiked up in the 

retina of GPR109A KO mice in camparison to WT mice. The increase was even 

higher in diabetic KO retinas. The figure shows the upregulation in expression of 

VEGF in WT or KO mice retinas in presence or absence of diabetes. 
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Figure 34. Increased levels of new/abnormal blood vessel marker 

CD105/Endoglin in diabetic GPR109A KO retina. Diabetes was induced in 

GPR109A WT and KO animals using STZ. Two weeks post-onset of diabetes 

eyes from these animals were enucleated, embedded in OCT compound, frozen 

over liquid nitrogen and retinal cryosections were prepared and 

immunofluorescnce analysis was performed to determine the localization of 

CD105/Endog/in. Levels of CD105 were significantly higher in the retina of 

GPR109A KO mice in camparison to WT mice. The increase was even higher in 

KO animals that were made diabetic. The figure shows the upregulation in 

expression of CD105 in WT and KO mice retinas in presence or absence of 

diabetes. 
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3C: Demonstration that targeting of GPR109A in vivo reduces the 

expression of molecules consistent with increased inflammation and 

pathologic angiogenesis in retina. 

Experimental Design: The findings above demonstrate the accelerated 

progression of retinopathy in diabetic GPR109A knockout animals and therefore 

the potential relevance that targeting this receptor may have in the prevention 

and treatment of diabetic retinopathy. Hence, my next step was to begin studies 

to determine whether I could block or at least slow down the development and 

progression of retinopathy-like characteristic in wild type mice by treating them 

with GPR 1 09A-specific agonists. Identical experiments were to be performed in 

diabetic GPR109A knockout animals in order to demonstrate definitively that any 

protective benefits derived were mediated specifically through targeting of the 

receptor. This requires generating sufficient numbers of age- and gender

matched wild type and knockout animals to make diabetic and to have 

corresponding non-diabetic controls. Shortly after I began these studies, our 

animal housing area was placed under quarantine. We were in the first round of 

labs that were ordered to cease breeding and eliminate as many animals as 

possible given the outbreak of mouse hepatitis virus. Shortly after that, additional 

restrictions due to positive testing for fur mite and tape worm in our room were 

placed. Owing to this not only could I not breed any animals, but following the 

medicinal treatments that were implemented by the veterinarians to eradicate 

these pathogens from the animal facility, the knockout animals I did have 

remaining did not breed well for some time; pups that were delivered were 
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frequently cannibalized by the dams. This hindered significantly my research 

studies for several months. Following discussion with my mentor and upon the 

approval of my dissertation committee, I developed an alternate approach. To 

determine whether in vivo targeting of GPR 1 09A suppresses retinal 

inflammation, I used the LPS-induced model of acute retinal inflammation. 

Rather than having to induce diabetes in wild type and knockout animals, treat 

them and monitor the development and progression of retinopathy in these 

animals for a period of 1 to 6+ months, wild type and GPR109A knockout animals 

of corresponding age and gender were divided into four groups: animals injected 

with PBS only (control; CON), LPS-injected animals (LPS), animals in which LPS 

and nicotinic acid were given in combination (LPS + NA), and those receiving 

LPS and P-hydroxybutyrate in combination (LPS + P-HB). Treatments were then 

given as follows. Animals receiving the GPR109A-specific agonists nicotinic acid 

(NA; 60 mg/kg) or p-hydroxybutyrate (p-HB; 300 mg/kg) were pre-treated with the 

respective compounds for 4 days. On day 5, all animals received LPS (4 mg/kg) 

or PBS, either alone or in combination with NA or P-HB. Compounds were 

delivered to animals via intraperitoneal injection. 16 hours post-final injection, 

leukostasis assay was performed. This was done by perfusing animals 

transcardially with PBS to flush out blood and unattached leukocytes, followed by 

perfusion of FITC-Con A, a fluorescent marker of leukocytes, and lastly a wash 

out with PBS to remove any extraneous dye. Mouse eyes were enucleated and 

fixed in 4% paraformaldehyde for 2 hours. Retinal flat mounts were then 

prepared and the number of adhered leukocytes within retinal vessels counted 
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using a fluorescent microscope. The eyes of additional animals, treated 

identically as described above, were enucleated and pro-inflammatory cytokine 

(IL-1~. Ccl2 and ICAM-1) and pro-angiogenic (COX-2, Angptl4) molecule 

expression evaluated by qPCR using gene-specific primers. 

Results: As expected, based upon the published reports of others using this 

model (Hoekzema et al., 1991 ; Tuaillon et al., 2002; Yoshida et al. , 1994), LPS 

injection in wild type animals brought about a significant increase in the 

expression of pro-inflammatory molecules in comparison to PBS-injected 

controls; IL- 1 ~ (5.9 ± 1.0 -folds), Ccl2 (27.1 ± 4.1 -folds), ICAM-1 (9.8 ± 1.8-

folds) . Similar findings were observed for pro-angiogenic molecule expression; 

COX-2 (2.4 ± 0.2 -folds) and Angptl4 (13.4 ± 2.5 -folds). In animals in which 

GPR109A was activated using nicotinic acid, the expression of these molecules 

was reduced significantly in comparison to corresponding LPS-treated animals; 

IL-1~ (1 .2 ± 0.2- folds) , Ccl2 (0.4 ± 0.0008 -folds), ICAM-1 (0.42 ± 0.04- folds), 

COX-2 (1 .0 ± 0.18 -folds) and Angptl4 (3.0 ± 0.9- folds). ~-hydroxybutyrate, a 

physiologic GPR109A ligand, was also effective at suppressing the expression of 

these molecules in LPS-treated animals; IL-1 ~ (1.8 ± 0.04 -folds), Ccl2 (0.4 ± 

0.005 - folds), ICAM-1 (1 .6 ± 0.11 - folds) , with the exception of pro-angiogenic 

molecules COX-2 (1.2 ± 0.2- folds) and Angptl4 (8.2 ± 1.1 -folds), which were 

not suppressed as significantly when treated with ~-HB. In GPR1 09A knockout 

animals, we found the level of induction of pro-inflammatory (Figure 35) and pro

angiogenic molecule (Figure 36) expression by LPS alone in the eyes of 

GPR 1 09A knockout animals to be much lower than 



Figure 35. GPR109A activation suppresses EIU-induced expression of pro

inflammatory markers in retina. GPR109A WT and GPR109A KO mice were 

pre-treated with NAI{J-HB for four days. On fifth day, mice were exposed to LPS 

in presence of GPR1 09A agonists. After 16 hours, eyes from each treatment 

group were enucleated and pooled separately in trizol. Retina was separated and 

RNA was prepared from tissues. eDNA was prepared and expression of IL-1 fJ, 

CcL2 and ICAM-1 was evaluated. As expected, there was a rise in expression of 

all the markers on exposure to LPS, which was significantly suppressed in WT 

mice when treated with GPR1 09A agonists. The figure shows the expression of 

COX-2 and FIAF in treated WT and KO mice retinas. *P < 0.05 compared with 

PBS injected eye; **P < 0.05 compared with the LPS injected eye; P value= NS 

when compared with PBS eye and LPS eye. 
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Figure 36. GPR1 09A activation suppresses E/U-induced expression of 

angiogenic markers in retina. GPR1 09A WT and GPR1 09A KO mice were pre

treated with NAI{J-HB for four days. On fifth day, mice were exposed to LPS in 

presence of GPR1 09A agonists. After 16 hours, eyes from each treatment group 

were enucleated and pooled separately in trizol. Retina was separated and RNA 

was prepared from tissues. eDNA was prepared and expression of COX-2 and 

FIAF was evaluated. LPS induced a spike in levels of pro-angiogenic markers. 

mRNA levels of the markers were suppressed significantly in WT mice when 

treated with GPR109A agonists. No suppression of markers was a/so seen in 

GP1 09A knockout mice. The figure shows the expression of COX-2 and FIAF in 

treated WT and KO mice retinas. *P < 0.05 compared with PBS injected eye; **P 

< 0.05 compared with the LPS injected eye; P value= NS when compared with 

PBS eye and LPS eye. 
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that obtained in wild type animals treated identically (Figure 35, Figure 36). It is 

important to reiterate here that previously (Aims 1 and 2) we demonstrated the 

basal levels of these molecules to be higher in mRPE and in intact retina 

samples obtained from GPR 1 09A knockouts in comparison to wild type animals. 

Hence, it is possible that the effect of LPS in knockout animals was less 

pronounced due to the already high level of pro-inflammatory and pro-angiogenic 

molecule expression in the eyes of these animals. Despite the absence of 

receptor expression and the lower level of LPS-induction of molecule expression 

in the eyes of GPR109A knockout mice, interestingly, we did observe some 

suppressive effects in knockout animals treated with nicotinate or ~

hydroxybutyrate in conjunction with LPS (Figure 35, Figure 36). Though the 

down-regulation of pro-inflammatory and pro-angiogenic molecule expression 

was not as pronounced or consistent as that observed in wild type animals, we 

felt it to be an important observation as it implies that while nicotinate and ~

hydroxybutyrate do activate GPR109A, they may elicit in addition effects that are 

GPR 1 09A-independent. 

Additional animals were treated identically as described above except that 

only ~-hydroxybutyrate, the GPR 1 09A agonist most relevant to diabetes, was 

tested due to the limited availability of GPR109A knockout animals. Leukostasis 

assay was then performed. Inflammation in retina is known to be associated with 

the increased recruitment and adherence of leukocytes to the walls of retinal 

blood vessels (Joussen et al. , 2004), this occurs in diabetes and other 

degenerative retinal diseases. The upregulated basal expression of Ccl2, also 
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known as monocyte chemoattractant protein (MCP-1) and intercellular adhesion 

molecule (ICAM-1) in GPR109A knockout retinas suggests strongly that 

increased leukostasis may occur in these animals. In addition, our experiments in 

ARPE-19 and primary RPE cell cultures along with the qPCR results shown 

immediately above, indicate that treatment with GPR 1 09A-specific agonists may 

reverse or suppress this effect, specifically in wi ld type animals. Figure 37 shows 

data representative of leukocyte counts obtained from retinal flat mounts 

prepared from wild type and GPR 1 09A knockout animals treated with or without 

LPS in the presence or absence of ~-hydroxybutyrate. In wild type animals, the 

number of attached leukocytes in PBS control flat mounts was on average 22 ± 

4.3. With LPS treatment, this number spiked up to 17 4 ± 11.1 . ~-hydroxybutyrate 

treatment inhibited significantly LPS-induced leukostasis, reducing the average 

number of attached leukocytes found in wild type retinal blood vessels to 85.6 ± 

8.4. In GPR109A knockout mouse retinas, a similar effect was observed in the 

presence of LPS treatment. The average number of attached leukocytes was 127 

± 6.5 versus 58 ± 7.3 in corresponding PBS-injected knockout retinas. With ~

hydroxybutyrate treatment, LPS-induced leukostasis in knockout animals was 

again reduced (average = 78 ± 2.6 leukocytes/flat mount). Congruent with the 

qPCR results above, it is likely that while ~-hydroxybutyrate does interact with 

GPR 1 09A it also elicits some GPR 1 09A-independent effects. 

Another finding of importance that came about from my pilot experiments 

using LPS in which I employed LPS derived from Escherichia coli rather than that 

derived from Salmonella typhimurium, was that not only did treatment of animals 



Figure 37. GPR109A activation suppresses EIU induced leukostasis in 

retina. GPR109A WT and GPR109A KO mice were pre-treated with ~HB for 

four days. On fifth day, mice were exposed to LPS in presence of GPR109A 

agonists. After 16 hours, animals were anaesthetized and were perfused with 

FITC-Con A fluorescein dye. After perfusion, eyes were enucleated and fixed in 

4% PFA solution at room temperature. Eyes were transferred to PBS and retinal 

flat mounts were cut. Flat mounted retinal tissues were transferred to a glass 

slide, coverslipped with mounting media and dried overnight at 4 o C. The 

sections were analyzed under a fluorescent microscope to count leukocytes 

attached to the blood vessels. LPS-induced retinal /eukostasis was suppressed 

significantly in WT mice when treated with GPR1 09A agonists. Some 

suppression of leukostasis was also seen in GP1 09A knockout mice. The data 

obtained from counting of leukocytes was represented as a bar graph format as 

shown in the figure. *P < 0. 05 compared to PBS injected eye; **P < 0. 05 

compared to LPS injected eye. 
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with GPR 1 09A-specific agonists suppress the expression of molecular markers 

of inflammation and angiogenesis in vivo, but preserves the integrity of retinal 

blood vessels as shown in Figure 38. The dye was found to leak from LPS only 

treated vessels and they appear disrupted after the treatment. Interestingly, in 

NA or ~-HB treated eyes the integrity of the vessels is very much similar to that of 

the control, PBS-injected mice, strongly supporting the protective effect of the 

GPR 1 09A agonists towards preserving the integrity of retinal blood vessels. 



Figure 38. GPR109A agonists have a protective effect on retinal vessels in 

EIU-induced inflammation. WT mice were pre-treated with /3-HB for four days. 

On fifth day, mice were exposed to LPS in presence of GPR1 09A agonists. After 

16 hours, animals were anaesthetized and were perfused with FITC-Con A 

fluorescein dye. After perfusion, eyes were enucleated and fixed in 4% PFA 

solution at room temperature. Eyes were transferred to PBS and retinal flat 

mounts were cut. Flat mounted retinal tissues were transferred to a glass slide, 

coverslipped with mounting media and dried overnight at 4 o C. The sections were 

analyzed under a fluorescent microscope. LPS induced inflammation altered the 

vascular integrity. NAI/3-HB seemed to protect/retain the vascular integrity in WT 

animals. 
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DISCUSSION 

Diabetic retinopathy is the leading cause of blindness among working 

aged-adults in the U.S. (Klein et al. , 1998). The disease affects persons with type 

1 and type 2 diabetes. The pathogenesis of the disease is complex; multiple 

factors other than hyperglycemia are thought to play a role. This is supported by 

the fact that correcting hyperglycemia helps but does not prevent completely the 

development and progression of the disease. Clinical and experimental evidence 

supports strongly a role for inflammation in the disease. Development of new 

therapeutic targets and strategies to prevent or limit inflammation in diabetic 

retina is therefore the goal of many investigators. Congruent with this is my 

present work. My overarching goal was to investigate the functional relevance of 

a relatively new G-protein coupled receptor (GPCR) termed GPR109A in retina. 

GPR 1 09A was shown initially to be expressed only in adipocytes and immune 

cells and to be responsible for mediating the effects of niacin (nicotinic acid , NA) 

a high affinity agonist and the first ligand deciphered for the receptor (Soga et al., 

2003; Tunaru et al., 2003; Wise et al. , 2003). ~-hydroxybutyrate (~-HB), a ketone 

body elevated in conditions such as diabetes, was later identified to be a 

physiologic agonist (Taggart et al. , 2005) and around that same time, reports of 

GPR109A expression in cell types other than adipocytes and immune cells 

began to surface. 

119 
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The laboratory that I joined to carryout my Ph.D. studies reported for the first time 

the expression of GPR109A in RPE (Martinet al. , 2009) however, at the time of 

my joining they had not elucidated its functional role in this cell type. GPR109A is 

known to have cell and/or tissue-specific functions. In adipocytes and immune 

cells, cells central not just to the regulation of lipolysis but also to the 

development and progression of atherosclerotic lesions and cardiovascular 

disease, GPR109A activation was found to be associated with the elicitation of 

robust anti-inflammatory responses by way of suppressed pro-inflammatory 

cytokine and chemokine expression and signaling (Digby et al., 2012). RPE 

represents a self-contained immune system within retina, its involvement in the 

secretion of a plethora of pro- and anti-inflammatory cytokines in response to 

various stimuli is well known (Sparrow et al. , 2010). Given the long-standing 

interest of my lab in the study of diabetic retinopathy, the fact that ~

hydroxybutyrate, a metabolite highly relevant to the diabetic condition, is a 

physiologic agonist, the critical involvement of inflammation in the pathogenesis 

of retinopathy in diabetes and the purported anti-inflammatory functions of the 

receptor, I sought to explore the functional role of the receptor in retina, focusing 

specifically on its potential involvement in the regulation of inflammatory signaling 

in this tissue. 

As initial studies of GPR109A expression in retina revealed robust 

expression in RPE, my first aim (Aim 1) was dedicated to understanding the 

functional significance of GPR1 09A expression in this cell type. Studies were 

conducted using the ARPE-19 cell line, an established and highly used model of 
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adult human RPE (Dunn et al. , 1996), and primary RPE cells isolated from 

mouse retina. Given that others have demonstrated a role for GPR 1 09A in 

modulating inflammation in various other cell and tissue types, I examined 

whether the same was true also in RPE. The methodology 1 employed was very 

similar to that used by Digby et al. (201 0) to evaluate the role of the receptor in 

the regulation of inflammation in adipocytes. Data emanating from these studies 

demonstrated that in RPE, NA and ~-HB , pharmacologic and endogenous 

receptor agonists, respectively, suppress potently the TN F-a -induced expression 

and release of the pro-inflammatory cytokine IL-6 and the chemokine, Ccl2. The 

fact that the suppressive effects of NA and ~-HB were abolished in the presence 

of pertussis toxin (PTX) showed that the actions of NA and ~-HB in our 

experimental system were mediated by a PTX-sensitive G,-coupled receptor. 

This was corroborated well by Ahmed K et al. (2009) who reported that 

GPR109A is a G,-coupled receptor. However, what the data still did not show 

definitively was the direct involvement of GPR 1 09A in the anti-inflammatory 

effects observed. Therefore, I performed additional studies using GPR109A

overexpressing ARPE-19 cells and primary RPE cells isolated from wild type and 

GPR109A knockout mouse retinas. From these studies, I found that not only 

were the suppressive effects of NA and ~-HB lost in GPR109A knockout cells but 

that basal levels of the pro-inflammatory cytokines in untreated knockout cells 

were much higher than in corresponding wild type cells. This confirmed the 

involvement of GPR109A in RPE as the mediator of the anti-inflammatory effects 

elicited in response to NA and ~-HB treatment in my cell culture model system 
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and suggested a novel role for GPR 1 09A as a regulator of inflammation. These 

data have since been published (Gambhir et al., 2012); this represents the first 

report on the functional role of GPR 1 09A in RPE. 

While RPE serves a number of key functions vital to the normal 

maintenance of retinal health and visual function including participating heavily in 

the regulation of immunity and inflammation, there are many other cell types in 

retina. Specifically, other cell types in retina have been shown to be involved in 

the pathogenesis of diabetic retinopathy, being affected significantly by diabetes

induced inflammation. So, while it is important to understand the function of the 

receptor in RPE, one cannot underestimate or overlook its potential role in retina 

as a whole. Given the fortuitous availability of the GPR 1 09A knockout mouse in 

our laboratory, I next sought to evaluate the global effects of GPR109A 

expression in retina (Aim 2). All of the tools and parameters tested (e.g., 

histologic and morphometric analysis, in vivo imaging, ERG, 

immunofluorescence and Western blot analyses) reflected consistently and 

collectively the importance of GPR 1 09A expression to the regulation of 

inflammation. We tested the mRNA expression of a plethora of pro-inflammatory 

and pro-angiogenic molecules (e.g., IL-1 ~. Ccl2, ICAM-1 , VEGF, FIAF/Angptl4, 

COX-2, EP3 receptor) and showed an age-dependent up-regulation of these 

molecules in the retinas of GPR109A knockout mice. Western blot and 

immunofluorescence analyses paralleled these results. Additionally, retinal 

morphology and function were altered. The temporal pattern and severity of 

these cellular and molecular alterations were accelerated and exacerbated by 
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diabetes. The fact that the absence of the receptor is associated with increased 

inflammatory and angiogenic molecule expression implies that, under normal 

physiologic conditions, the receptor regulates processes that maintain or keep 

inflammatory and angiogenic molecule expression and activation of related 

pathways in check. Increased pro-inflammatory cytokines have been shown to 

damage cell-cell junction proteins in RPE (Chen et al. , 2011 ; Peng et al. , 2012). 

Given the robust expression of GPR109A in RPE we evaluated the effect of 

absence of receptor expression on the expression of Z0-1 , a key junctional 

protein and commonly used marker to assess outer blood-retinal barrier integrity. 

Interestingly, the RPE cell layer of GPR109A knockout animals showed not only 

disrupted cell-cell junctions but also downregulated Z0-1 expression. In vitro 

barrier permeability (FITC-Dextran leakage) assays conducted using primary 

RPE isolated from wild type and GPR1 09A knockout mouse eyes supported 

these results. The fact that morphometrical analysis revealed an increase in the 

overall thickness of knockout mouse retinas suggests that macular edema 

stemming from inflammation-induced rupture or dysfunction of RPE tight cell 

junctions may occur in knockout animals. Compromised RPE barrier function is 

known to contribute to infiltration of blood contents from the choroidal side into 

the outer retina. RPE barrier dysfunction is involved in the development of 

macular edema, which is one of the leading causes of retinal detachment and 

blindness (Xu et al., 2011). Absence of GPR109A expression in retina was 

associated with abnormalities also in the retinal vasculature. Fluorescein 

angiography of older knockout mice exhibited increased tortuosity at several 
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regions in the vascular tree. Several investigations have reported that conditions 

including inflammatory disease, hypertension, pathologic angiogenesis and 

hyperglycemia produce tortuous blood vessels (Hart et al., 1999; Robinson et al., 

2011). Leakiness of fluorescein dye was also observed in angiography, 

suggesting the possible alteration not only of outer blood-retinal barrier integrity 

but also that of the inner blood-retinal barrier in GPR 1 09A knockouts. Gaining a 

better understanding of the expression and functional role of GPR 1 09A in retinal 

endothelial cells is definitely a worthwhile area of investigation for future studies. 

Others have demonstrated a role for GPR 1 09A in modulating 

inflammation in various tissues/cell types, and I have shown this to be true in 

RPE in vitro. Critical to the validation of GPR 1 09A as a therapeutic target for the 

modulation of inflammation and pathologic angiogenesis in diabetic retina is the 

demonstration that: (1) GPR109A expression remains intact in diabetic retina and 

(2) targeting it in vivo produces a response that is overwhelmingly anti

inflammatory and anti-angiogenic. These parameters were the focus on my next 

and final Aim, Aim 3. Analysis of GPR109A expression at the mRNA in human 

and animals models of type 1 and type 2 diabetes mellitus revealed that 

expression of the receptor is not only preserved in diabetes but apparently 

upregulated. I was pleased to find the receptor to still be expressed in the 

diabetic condition as it confirms that the receptor is present and available for 

therapeutic targeting using specific pharmacologic agonists. However, the finding 

of its upregulation came somewhat as a surprise. The most plausible explanation 

for GPR109A upregulation in diabetic retina is that it represents the tissues 
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attempt to counter inflammation however, it is largely futile given that in diabetic 

human patients taking insulin and other anti-diabetic drugs there is no associated 

physiologic agonist present in sufficient concentrations to activate it 

maximally/induce a protective effect. The same would hold true in our rodent 

models as diabetic mice do not develop ketoacidosis or experience significant 

elevations in P-HB even in the absence of insulin treatment (Polotsky et al. , 

2001). The importance of GPR109A to the regulation of inflammation under 

normal conditions was reflected by the fact that in the absence of GPR109A 

expression the expression of pro-inflammatory and angiogenic markers 

increased significantly. When diabetes was induced in GPR109A knockout 

animals, the temporal pattern of expression of pro-inflammatory and pro

angiogenic markers was accelerated and exacerbated. Most notable was the 

upregulated expression of CD1 05/endoglin. CD1 05/endoglin is a marker for 

"new" blood vessel formation. It is expressed highly in various tissues during 

development but downregulated in adults, its expression generally rising only 

during pathologic angiogenic events such as those associated with cancer 

tumorigenesis or retinal neovascularization in response to ischemia (Bodey B et 

al. , 1998). Neovascularization or pathologic angiogenesis is a characteristic of 

advanced or accelerated retinopathy in human patients but, is a feature not 

commonly replicated in rodent models of the disease. However, upregulated 

CD105 expression/new vessel formation was readily apparent in GPR109A 

knockout mouse retinas; the finding was even more pronounced in diabetic, 

knockout retina. Collectively, my observations to this point led me to predict that 
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targeting the receptor pharmacologically in the diabetic condition would enable 

one to take full advantage of augmented receptor expression, activating the 

receptor and thereby suppressing or lessening unregulated inflammation and 

pathologic angiogenesis. 

Using an acute model of retinal inflammation, the LPS (endotoxin)-induced 

model, I was able to demonstrate that activating GPR109A in vivo elicits robust 

anti-inflammatory responses. This was evidenced by the suppression of pro

inflammatory molecules in LPS-injected wild type mice treated with NA or P-HB. 

Activating the receptor also curbed the increase in leukocyte attachment to the 

retinal blood vessels in LPS-injected wild type animals. Interestingly, there was 

some dampening of a few markers of pro-inflammatory and angiogenic molecule 

expression in GPR109A knockout animals. This suggests that while activating 

the receptor is overwhelmingly beneficial, the ligands used in our studies, NA and 

~-HB, have additional effects that are GPR 1 09A-independent but still beneficial. 

Thus we can argue safely, the importance of GPR109A as a target for retinal 

inflammatory diseases. Additional in-depth studies are needed to evaluate the 

efficacy of GPR 1 09A targeting for treatment of diabetes-induced, chronic low

grade retinal inflammation. Before proceeding further with the discussion of my 

experimental findings, I feel its important to point out that when I first began this 

part of my studies, I did not realize that there were multiple types of LPS 

endotoxin, that from Salmonella typhimurium and that from Escherichia coli, 

available commercially and that for leukostasis assay it matters tremendously 

which type you use. The appropriate one for use in leukostasis assay is derived 
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from Salmonella typhimurium as it induces inflammation but not to a level that 

destroys or disrupts retinal vessel integrity as does LPS derived from E. coli, the 

type that I tested initially. This I found out only after consulting with Dr. Mohamed 

AI-Shabrawey, a faculty member on campus and expert in creating and studying 

the LPS-induced leukostasis model. Though seemingly a mistake on my part, 

from this I was able to gain invaluable information that I might not have 

otherwise. Others and we have demonstrated the importance and involvement of 

neuronal components as well as RPE in the pathogenesis of diabetic retinopathy, 

however clinically the disease is viewed overwhelmingly as a vascular disease. 

The fact that activation of GPR 1 09A in our experiments was found to suppress 

inflammation and pro-angiogenic molecule expression in RPE and neural retina 

AND to improve or help maintain vascular integrity increases the relevance of 

targeting the receptor in the human, clinical condition. Future studies should 

evaluate this phenomenon further, investigating specifically the cellular and 

molecular parameters consistent with GPR 1 09A activation that are responsible 

for this added protective vascular benefit. 

Retinal inflammation is a common feature of blinding diseases such as 

age-related macular degeneration, diabetic retinopathy, retinopathy of 

prematurity, glaucoma and uveitis (Boehm et al., 2011; Yoshimura et al. , 2009). 

RPE is known to play a major role in regulating immunity and inflammation in 

retina (Detrick and Hooks, 2010; Simo et al. , 2010; Sparrow et al. , 2010). As 

such, the identification of a receptor, GPR 1 09A, capable of stimulating anti

inflammatory pathways in RPE may have broad implications in terms of limiting 
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retinal inflammation. This makes GPR109A a new and attractive drug target for 

treatment of a broad spectrum of retinal disease. The fact that f3-HB, a metabolite 

that is elevated in the circulation of patients with diabetes, is the only identified 

endogenous ligand for the receptor in non-colonic tissues, including retina, 

greatly enhances the biologic relevance and therapeutic significance of our 

findings in the clinical management of diabetic retinopathy. Even though it has 

long been known that uncontrolled diabetes, particularly type 1 diabetes, is 

associated with ketoacidosis (i.e., elevated circulating levels of f3-HB), the 

biologic significance of this metabolic phenomenon is not known except that 

insulin insufficiency/insulin resistance, as occurs in uncontrolled diabetes, 

enhances the metabolism of fatty acids via f:\-oxidation, thus increasing the 

generation of f3-HB. Because this metabolite is now known to be an agonist for 

GPR109A, this raises a question as to whether the elevated levels of f:\-HB in 

diabetes have any biologic significance in the progression of the disease. 

Currently, ketoacidosis in diabetes is viewed as a signal of the increased severity 

of the disease, caused simply by the shift in the metabolic use of free fatty acids 

in favor of glucose as the energy source. Based on my present findings, I 

speculate that induction of GPR109A in diabetic retina, coupled with elevation of 

its agonist f3-HB, represents a mechanism by which the tissue tries to stop the 

progression of the damage caused by the disease; a speculation well-supported 

by our present in vitro and in vivo data. Although we observed significant 

increases in GPR109A expression in the diabetic animals used in the present 

study, interaction of f:\-HB with GPR109A was not a factor, as diabetes in mice is 
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not associated with significant elevations in serum levels in the absence of a 

high-fat diet or other experimental manipulations (Polotsky et al., 2001 ; Rose et 

al., 2007). Hence ~-HB levels in the animals employed in these studies likely 

remained too low to significantly affect receptor activity and thereby protect retina 

from diabetes-induced inflammation. The same would be true also in diabetic 

human patients treated with insulin or other blood glucose-regulating drugs, as 

they would prevent increases in circulating levels of ~-HB (Eiedrisi et al., 2006). 

As such, further studies are needed to gain a better understanding of the exact 

molecular mechanisms involved in GPR109A-dependent regulation of retinal 

inflammation and how to control these processes. This is particularly true given 

the fact that the effects elicited in response to GPR109A activation are known to 

be cell and tissue type dependent. For example, activation of GPR 1 09A in some 

cell types produces desirable effects such as the anti-lipolytic and anti

inflammatory effects in adipocytes (Tunaru et al. , 2006), anti-inflammatory and 

anti-tumorigenic effects in colonocytes (Cresci et al. , 2010) and in the present 

study, anti-inflammatory effects in RPE and retina. On the other hand, receptor 

activation in other cell types (Langerhans cells and keratinocytes) is associated 

with unwanted effects (i.e., flushing and other pro-inflammatory responses) 

(Hanson et al. , 2010; Walters et al. , 2009). However, the discovery that 

unwanted effects of receptor activation are specifically due to ~-arrestin 1 

pathway activation (Walters et al. , 2009) lends hope that specific agonists can be 

developed to activate GPR 1 09A in a ~-arrestin-independent fashion and 

circumvent side effects that may be counterintuitive. 
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In sum, my studies characterizing the expression and functional role of 

GPR109A in normal and diabetic mammalian retina and the consequent 

discovery of its anti-inflammatory function therein, suggests that the receptor has 

great potential as a therapeutic drug target in the clinical management of diabetic 

retinopathy and that pharmacologic activation of the receptor may provide a 

novel therapeutic avenue for effective management of the progression of the 

disease process in retina and other GPR 1 09A-expressing tissues. 
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