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ABSTRACT
Prostaglandins (PG) play a major role in many endogenous processes including
inflammation, labor, reproduction, and blood clotting1-6. In the last two decades, these
lipid signaling molecules have shown great potential as ocular hypotensive agents7-10.
Intraocular pressure (IOP) is a major risk factor in primary open-angled glaucoma
(POAG), the second leading cause of blindness world-wide11. Currently, prostaglandin
F2α analogues are the most widely prescribed medications used to treat ocular
hypertension. Studies have identified that almost all prostaglandin analogues exhibit
anti-hypertensive effects in the eye, although they are not clinically available12-16. Initial
studies attributed the decrease in IOP observed to changes in hydraulic conductivity
across the pressure-independent or uveoscleral pathway17. More recent studies have
shown that prostaglandin F2α analogues also lower IOP by affecting the pressuredependent or trabecular pathway--the diseased tissue in POAG7, 8, 18, 19. Little is currently
known about PG endogenous function, or the etiology of POAG. However, these studies
suggest prostaglandin involvement in the maintenance of IOP in humans and identify the
potential of PG analogues to treatment ocular hypertension.
The research and findings presented in this dissertation address three specific aims
designed to test the hypothesis that Endogenous prostaglandins, prostaglandin
enzymes and prostaglandin receptors are involved in regulating conventional
outflow facility.

Specific aim 1 characterizes the distribution and activity of

prostamide/prostaglandin F synthase (PM/PGFS) in the mouse and human eye using
immunohistochemistry, western blot analysis and thin layer chromatography. Using
Millard/2010
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techniques in biochemistry, molecular biology and physiology, specific aim 2, identifies
the presence of the PG-EP4 receptor within the outflow pathways, and the efficacy of a
selective PG-EP4 agonist, 3,7-dithiPGE1, is also determined. Finally, specific aim 3
identifies PG-EP4 receptor coupling and downstream signaling using in vitro assays of
transfected and primary cell lines to measure cAMP accumulation after treatment with a
PG-EP4 agonist. Collectively, these studies reveal the importance of PGE2 synthesis and
signaling to the conventional outflow pathway. They identify the PG-EP4 receptor as a
regulator of aqueous outflow and provide more specific therapeutic targets for the
treatment of POAG.
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CHAPTER 1:
INTRODUCTION, HYPOTHESIS AND AIMS
1.1 Introduction
Prostaglandins (PGs) are a diverse family of endogenous bioactive lipids synthesized
from the metabolism of arachadonic acid by two specific PG synthases: cyclooxygenase1 (COX-1) and cyclooxygenase-2 (COX-2) (fig 1)20. These lipid mediators are
ubiquitously expressed and exhibit a wide range of effects that are tissue specific20, 21.
PGs act in an autocrine and paracrine fashion affecting their immediate surrounding
environment. Major functions of PGs involve: 1) maintenance of vascular tone within
the renal, reproductive, pulmonary and cardiac systems6, 20-23; 2) regulation of cellular
proliferation, differentiation and apoptosis24, 25; 3) inflammatory responses due to the
selective up-regulation of COX-226, 27.
PGs have diverse effects which are tissue specific and involved in maintaining normal
physiological functions in tissues of the body. For instance, PGs have also been found to
play a role in the ocular system having a profound effect on intraocular pressure (IOP) in
both animals and humans. Across species, PG analogues induce a decrease in IOP in
both the hypertensive and normotensive ocular states7, 9, 28. PGs increase the hydraulic
conductivity of tissues within the outflow pathways of anterior segment increasing the
drainage of aqueous humor17. The conserved response in both normal and diseased
states, across species, suggests the endogenous importance of PGs in the maintenance of
IOP in both healthy and diseased states.
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Even though PGs significantly affect IOP, very little is known about their endogenous
contribution in the eye. By identifying the mechanisms involved in the regulation of
PGs, it is possible to determine their involvement in outflow facility. We know that PGs
and their biological effects are regulated at multiple levels: first, are the prostanoid
synthases which catalyze the synthesis of PGs; second, are their cognate receptors which
transduce the signal; third, are the down-stream signaling events specific to the g-protein
activation. Therefore, to investigate the endogenous role of PGs, this hypothesis was
formulated:
1.2 General Hypothesis
Endogenous prostaglandins, prostaglandin enzymes and prostaglandin receptors
play a critical role in regulating outflow facility.
1.3 Specific Aims
Three specific aims were designed to test this hypothesis: The objective of specific aim
1 is to characterize the distribution of prostamide/prostaglandin F synthase (PM/PGFS)
within the mouse and human ocular systems. In chapter 3, using protein biochemistry,
ocular tissues and cells were analyzed for the distribution and activity PM/PGFS. We
localized PM/PGFS to the mouse and human outflow pathways; however, in the human
CM, TM and SC cells, the major enzymatic activity was from PGE synthase (PGES).
Thus, chapter 3 provides a mechanism for PG synthesis in specific mouse and human
ocular tissues.

Additionally, the existence of PM/PGFS and PGES in the outflow

pathways of both mouse and human eyes supports the involvement of endogenous PGs in
outflow facility.
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Specific aim 2 was designed to determine the contribution of the PG-EP4 receptor to
conventional outflow in humans. Using techniques in biochemistry and functional assays
in vitro and in situ, chapter 4 documents the presence and functional response of PG-EP4
receptors within the conventional outflow pathway.

Here, the detection of PG-EP4

receptors within the outflow pathway suggests a role for PG-EP4 receptors in regulating
aqueous humor dynamics. Furthermore, activation of PG-EP4 receptors using a selective
agonist, 3,7-dithiPGE1, dramatically increases outflow facility in situ evidencing a
functional role for PG-EP4 receptors in maintaining IOP.
The purpose of specific aim 3 was to identify the PG-EP4 receptor coupling
mechanism(s) and downstream effectors in conventional outflow cells. Using a selective
PG-EP4 receptor agonist and selective PG-EP2 and PG-EP4 receptor antagonists in
recombinant and endogenous systems, chapter 5 demonstrates the selectivity of agonist
3,7-dithiPGE1 for the PG-E4 receptor. Additionally, these studies revealed the possibility
of multiple g-protein coupling profiles that were cell type specific within the
conventional outflow pathway. These studies identify PG-EP4 as a potential target for
endogenous PGs in maintaining IOP in humans.
A brief introduction to PGs with an emphasis on PGF2α and PGE2, and their
involvement in the current treatment of glaucoma is given in chapter 2. A summary of
the experiments and results found for the studies completed to address specific aims 1-3
are presented in chapters 3-5.

Finally, a discussion of future studies regarding

prostaglandins in the glaucoma field is provided in chapter 6.

Millard/2010

16
CHAPTER 2:
LITERATURE REVIEW
2.1 Prostanoids
The family of prostanoids are a diverse family of lipid mediators formed from the
metabolism of membrane phospholipids which are cleaved by phospholipase A2
(PLA2)29, 30. Prostanoids are classified into 3 series according to the number of double
bonds in their side chains, and the precursor from which they are synthesized; γhomolinolenic acid (series 1), arachadonic acid (series 2) and eicosapentaenoic acid
(series 3)31, 32. The most abundant precursor is arachadonic acid; therefore, the
prostanoids within series 2 are the most prevalent in the body and are the primary focus
of these studies.
The formation of the prostanoids is a multi-step process beginning with the
metabolism of arachadonic acid by cyclooxygenase 1 (COX-1) and cyclooxygenase 2
(COX-2) to form PGG/H2 (see fig 1, arachadonic acid metabolism pathway)33. The
oxidation of PGG/PGH2 generates the 5 primary bioactive prostanoids: PGD2, PGE2,
PGF2, PGE2 and TX2 (see fig 1, prostanoid structures). Although the major prostanoids
formed varies by tissue, PGE2 and PGF2 are overall the most abundant in the body29.
Prostanoids are unique signaling molecules. They are not stored and are immediately
released after synthesis. Because of their rapid removal and their short half-life,
prostanoids are considered autocrine and paracrine mediators exerting their effects locally
by acting at cognate prostanoid receptors designated DP (for PGD2) EP (for PGE2) FP
(for PGF2), IP (for PGI2) and TP for (TX2) 34.
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Figure 1: Synthesis and Metabolism of Arachadonic acid.
This image was directly taken from: Gupta RA, Dubois RN. Colorectal cancer
prevention and treatment by inhibition of cyclooxygenase-2. Nat Rev Cancer. Oct
2001;1(1):11-21.33
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2.2 Prostanoid Receptors
The initial characterization of the PG-receptors utilized animal tissue slices in which
various prostanoids were applied, and the response observed20, 21. Initially, this was
problematic because tissues express a heterogeneous population of prostanoid receptors;
therefore, the action measured was the net response of multiple PG-receptors being
activated. However, these studies did identify fundamental characteristics of PGs. First,
similar tissues obtained across species respond differently to the same prostanoid agonist.
Second, separate tissues from the same species have different responses to the same
agonist. Collectively, these two observations suggested species and tissue variations in
receptor expression, as well as sensitivity and g-protein coupling, which are indicative of
unique receptor activity profiles. These diverse effects of PGs on different tissues reflect
the importance of receptor expression profiles for each tissue
The discovery of recombinant systems allowed for the separation and classification of
the individual prostanoid receptors35. There are ten prostanoid receptors, each encoded
by a distinct gene (DP1-2, EP1-4, FP, IP1-2 and TP)32. PG-receptors are characteristic
guanine nucleotide-binding protein (G-protein)-coupled receptors (GPCRs), which
represent the largest family of cell surface receptors known. They are attractive target for
the development of small molecule therapeutics. All GPCRs have the characteristic
seven membrane spanning regions, an extracellular N-terminus, and a cytoplasmic Cterminus. Of the six families of GPCRs, which are grouped according to sequence
homology and function, the prostanoid family of GPCRs share characteristics with the
rhodopsin-type receptors such as: N-glycosylation sites, intracellular phosphorylation
sites, and palmitoylation sites on the carboxy tail36. Through the interaction of the NMillard/2010
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terminus and the extracellular loops, the prostanoids interact with each receptor35, 37, 38.
Although, individual PGs exhibit the highest affinity for their cognate receptor, multiple
PG-ligands can interact with one PG-receptor.
Indeed the N-terminus and extracellular loops are vital to receptor activation, the Cterminal tail and intracellular loops are responsible for transmitting the extracellular
signal by interacting with guanine nucleotide binding proteins (G-proteins)24, 39-41. The gprotein is a hetero-trimer consisting of α, β and γ subunits. There are eighteen different α
subunits grouped into four families: (1) Gs activates adenylate cyclase; (2) Gi/o inhibits
adenylate cyclase and regulates ion channels; (3) Gq/11 activates phospholipase Cβ
(PLCβ); and (4) G12/13 activates the Na+/H+ exchanger pathway, although these are very
simplified generalizations42. The specific Gα protein activated by the receptor dictates the
major signaling pathway activated. Although each prostanoid receptor couples primarily
to one g-protein, they can interact with multiple G-proteins giving each receptor a distinct
yet diverse signaling profile indicated in table one.
Based on the signal transduction pathways activated as well as their localized action,
prostanoid receptors are grouped into three categories: relaxant (EP2, EP4, IP and DP),
contractile (EP1, FP and TP) and inhibitor (EP3) receptors32. Additionally, the homology
of prostanoid receptors increases based on the action and G-protein coupling of the
receptor versus the primary PG ligand which binds it35, 36.
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Endogenous
Ligand
PGD
PGE

Receptor Subtypes
D1
D2
EP1
EP2
EP3
EP3A
EP3B
EP3C
EP3D

PGF
PGI
TX

EP4
FP
IP
TP

TPα
TPβ
Table 1: PG-Receptor Summary
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G protein Coupling

Function

Gs

↑cAMP

Gq
Gs

↑Ca2+
↑cAMP

Gi
Gs
Gs
Gi,Gs,Gq
Gs, Gi
Gq
Gs, Gq

↓cAMP
↑cAMP
↑cAMP
↓cAMP, ↑cAMP, Ca2+
↑cAMP,↓cAMP
↑Ca2+
↑cAMP,Ca2+

Gi, Gq
Gq, Gs

↓cAMP ,↑Ca2+
↑Ca2+,cAMP
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2.3
Prostaglandin-ethanolamides
PG-ethanolamides (prostamides) are synthesized from the oxidation of Narachidonoylethanolamide (anandamide , AEA) by cyclooxygenase 2 (COX-2)43. This
forms prostamide (PM) H2 as an intermediate which is then reduced by both specific PG
and PM terminal synthases to form the various PMs shown in figure 2. Although little is
known about endogenous PMs, two synthases have been identified in the synthesis of
PMF2α: prostaglandin F synthase (PGFS) and prostaglandin-ethanolamide (prostamide)
prostaglandin F synthase (PM/PGFS). PGFS is a part of the aldo-keto reductase (AKR)
family and in addition to reducing the keto group on PGH2 and PGD2 to PGF2α, it also
reduces PMD2 to PMF2α and PMH2 to PMF2α. PM/PGFS, found to be a member of the
thioredoxin superfamily, catalyzes the reduction of the endoperoxide group on PGH2 and
PMH2 to form PGF2α and PMF2α27, 44, 45. Because neither PGD2 nor PMD2 are substrates
for PM/PGFS, and its tissue expression varies from PGFS, it has been classified as a
unique enzyme.
Until recently, the pharmacological receptor profile for PMs was unknown. Weak PM
activity was detected at both the cannabinoid and PG-receptors revealing their
pharmacological differences from the PGs43.

With the identification of selective

antagonists and the use of knockout mice, PMs were found to interact with the FP-altFP
receptor hetero-dimer to induce second messenger signaling46, 47.
Little is understood about the physiological actions of PMs. It has been found that
PMs do not work by increasing AEA levels or by activating AEA molecular targets
suggesting that they target a downstream mechanism48. In addition, it has been found
that tissues do not re-uptake PMs and that they are stable against hydrolysis. This is
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unlike the PM precursor anandamide which is quickly inactivated by 1) re-uptake
mechanisms and intracellular metabolism by fatty acid amide hydrolase (FAAH) or 2)
oxidation by cytochrome p450s, lipoxygenaes and cyclooxygenase-248, 49.
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Figure 2: Anandamide Conversion Pathways.
This figure was taken directly from: Wan Z, Woodward DF, Stamer WD. Endogenous
Bioactive Lipids and the Regulation of Conventional Outflow Facility. Expert Rev
Ophthalmol. 2008;3(4):457-470.43
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2.4 Functions of Prostaglandins and Prostamides
Both PGs and PMs are endogenously present in the human body, and play a role in the
regulation of cellular processes. The literature on prostanoids is very extensive, and they
have been studied, in most systems, in depth for many decades. It is well known that the
prostanoids are ubiquitously expressed and exert diverse actions in various tissues and
cells. Therefore, it is not surprising that arachadonic acid metabolism is an important
pathway in a broad array of diseases. Prostanoids affect inflammation, neuronal
pathways, fever generation and sleep induction23, 29. They also play a large role in the
regulation of the GI tract, transport of ions and water in the kidneys and are involved in
apoptosis, cell differentiation, oncogenesis, the regulation of blood platelets and vascular
hemostatis. Additionally, prostanoids have been found to have IOP lowering effects in
both animal and human ocular systems50. However, even though prostanoids are
commonly known to play a role in many disease states, very little is understood about
their role in ocular physiology and aqueous humor dynamics.
Unlike the metabolism of arachadonic acid, the beneficial effects of PMs, products of
COX-2 anandamide oxidation, have only recently been discovered and localized to the
eye. Through the identification of a highly efficacious ocular hypotensive PGF2α
analogue, bimataprost, PMs have become a novel and attractive target for therapeutic
development.
Although the amount of literature available on both prostanoids and PMs is drastically
different, neither group is well characterized in the eye even though both exert equally
efficacious effects lowering IOP which is the leading risk factor for Glaucoma.
Therefore many groups have suggested that both PGs and PMs play a role in regulating
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IOP, however the degree of their contribution is unknown. In the chapters following, the
studies presented will help to increase the knowledge of both prostanoids and PMs in
both animal and human model systems.
2.5 Physiology of the Eye
The eye is a fluid filled, pressurized, spherical compartment. As light travels into the eye
is passes through many layers before it reaches the photoreceptor machinery, located
along the back of the eye. In this pathway, light first passes through the cornea and then
it enters the anterior chamber which is filled with aqueous humor. Next, light hits the
lens passing through into the vitreous humor which fills the back of the eye. Finally,
light reaches the cells of the retina and retinal pigmented epithelium (RPE). These cells
are responsible for transducing this light as a chemical signal to the brain.
The entire physiology of the eye has evolved giving humans the ability to see color,
definition, and depth. However, there are many ocular diseases which threaten the
integrity of the visual process. One of these diseases is glaucoma which is actually a
group of diseases affecting 65-70 million people making it a leading cause of blindness
worldwide 11, 51. In this disease, damage occurring to the optic nerve head causes the loss
of retinal ganglion cells leading to visual field defects. The initial loss of vision occurs at
the periphery, however if left untreated, glaucoma will eventually lead to blindness. The
leading risk factor for glaucoma is an elevated intraocular pressure (IOP), therefore
establishing the key regulatory mechanisms maintaining IOP is the first step in
determining treatments for glaucoma.
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The anterior of the eye, consisting of the posterior and anterior chamber, is filled with
aqueous humor that flows into the anterior chamber and provides nutrients to these
tissues. The constant flow of aqueous humor also maintains the pressure within the eye
which in a healthy individual is around 12-15 mmHg51. The ciliary processes produce
and secret aqueous humor into the posterior chamber which is located behind the iris, but
in front of the lens. This occurs at a relatively constant rate. Aqueous humor flows into
the anterior chamber and then out of the eye through the iridocorneal angle where it joins
systemic circulation. There are two outflow pathways that govern the outflow of aqueous
humor52. First, is the trabecular outflow pathway; this pathway is a pressure-dependent
system and is measured as outflow facility (µl/min/mmHg). Creating the pressure within
this pathway are 2 primary cell populations: the trabecular meshwork (TM) and
Schlemm’s canal (SC) cell types.
Within the TM, the cellular organization becomes more complex as aqueous humor
moves across it increasing the resistance to aqueous outflow. There are three
differentiated layers within the TM. The first layer within the trabecular outflow pathway
is the uveal meshwork which consists of endothelial cells sitting on top of connective
tissue projections from the iris and ciliary body. Because there are large intracellular
spaces in this region, this layer provides very little resistance. The next layer is the
corneoscleral meshwork where endothelial-like cells cover lamellae and form a higher
organizational network with smaller intracellular spaces providing an increased outflow
resistance. The third layer is the juxtacanalicular (JCT) meshwork. This region consists
of dense extracellular matrix, narrow intracellular spaces and lies in direct contact with
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the inner wall of Schlemm’s canal endothelium providing the majority of the TM
resistance. Additionally, the JCT region contains insertions of ciliary muscle ligaments
creating a contractile environment which can alter the permeability of the TM. The
finally barrier in this pathway, providing the greatest resistance, is the layer of endothelial
cells from the inner wall of the SC11, 52. The main mechanisms for aqueous passage into
the SC are through a paracellular route via the endothelial junctions and a transcellular
route through the intracellular pores of the endothelium. From the SC, the aqueous
humor can then reach systemic circulation. Together the TM and the SC within the
trabecular outflow pathway account for 90% of aqueous humor leaving the adult human
eye53, 54.
The second aqueous outflow pathway in humans is the uveoscleral pathway.

Here,

aqueous humor diffuses (a pressure-independent manner) through intercellular spaces
within ciliary muscle fibers before reaching systemic circulation. Therefore, altering the
size of these intercellular spaces through muscle contraction or relaxation directly affects
the hydraulic conductivity of this pathway. Even though uveoscleral outflow is the minor
drainage route for aqueous humor in humans, many species, including monkeys, rely
primarily on uveoscleral outflow.
The regulation of aqueous humor dynamics is important in maintaining IOP which
plays a critical role in the progression of Glaucoma. Primary Open-Angled Glaucoma
(POAG) accounts for the majority of cases of glaucoma55-59. In POAG, the anterior angle
containing both outflow pathways remains open even though there is a decrease in the
movement of aqueous humor through the trabecular pathway52. In addition, fewer
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trabecular meshwork cells are present within the inner meshwork in addition to the
presence of plaque material60. In many cases, the decrease in fluid leaving the eye
creates an increase in IOP. Studies have identified that individuals with elevated IOP
have a greater risk of developing glaucoma. Additionally, it was discovered that
lowering IOP decreased the progression of the disease and visual field defects51, 61.
Therefore, the IOP of an individual can be monitored and moderately regulated by ocular
hypotensive agents creating a prophylactic treatment for glaucoma.

Millard/2010

30
2.6 Ocular Pharmacology Related to Glaucoma
The pharmacological treatments used to control IOP target the 3 mechanisms regulating
aqueous humor dynamics: aqueous humor production, uveoscleral outflow and
trabecular outflow. The successful reduction in aqueous humor production was achieved
through the use of carbonic anhydrase inhibitors, α2-agonists and β-blockers. Carbonic
anhydrase inhibitors work by interfering with the formation of biocarbonate decreasing
the movement of fluid across the ciliary epithelium62. Within the ciliary body, the α2agonists activate α2-adrenoceptors while the β-blockers inhibit β-adrenergic receptors;
however, both cause a reduction in aqueous humor secretion63, 64. These medications
have been effective treatments and are still prescribed today, typically in combination
therapy.
Pharmacologically targeting the uveoscleral and trabecular outflow pathways has
been more complicated due to their unique tethered physiology where the tone of the
ciliary muscle affects both uveoscleral and trabecular outflow. The outflow pathways are
organized so that contraction of the ciliary muscle pulls on the insertions within the TM
causing the intercellular spaces to widen and thereby, increasing the permeability across
the trabecular meshwork while uveoscleral outflow decreases. However, when the ciliary
muscle relaxes the intercellular spaces of the TM narrow and trabecular outflow is
reduced; correspondingly, uveoscleral outflow increases. Therefore drugs targeting the
uveoscleral outflow pathway also indirectly affect trabecular outflow.
The first ocular hypertensive agents to target the outflow pathways were the
cholinergics65, 66. Parasympathetic stimulation causes the ciliary muscle to contract
opening the intercellular spaces of the TM and increases the hydraulic conductivity of the
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tissue. Next, Β2-agonists were identified to relax the ciliary muscle increasing
uveoscleral outflow, however they also increased trabecular outflow. Therefore, the TM
was identified to have contractile properties contributing independently to its
permeability in addition to ciliary muscle tone. Understanding that the TM is an active
tissue, identified the possibility of directly targeting it.
Finally, the most recent ocular hypotensive treatments to be developed were the PG
analogues67. PGs primarily act by increasing uveoscleral outflow by initially (1) causing
a relaxation of the ciliary muscle and long-term (2) increasing the activity of with matrix
metalloproteases (MMPs) and increasing the extracellular matrix turnover (ECM)9, 25, 68.
Although, further studies, using new PGF2α analogues and human data, report changes in
conventional outflow as well19, 50, 69. Therefore, this class of drugs clearly affects both
uveoscleral and trabecular outflow. Continued studies using PGs eventually led to the
discovery of PMs, also considered PG analogues7, 8, 18, 43. Together these lipid mediators
are the most prescribed ocular anti-hypertensives that are highly efficacious lowering IOP
by 30-50% with minimal side effects.
Currently, the PGs clinically available are PGF2α analogues: latanaprost, travoprost
and bimatoprost, although various other PGs and their corresponding receptors have been
found to be produced in ocular tissues27, 70-73. Additionally, targeting PG-DP, EP and IP
receptors using selective agonists also has hypotensive effects shown in mice, cats,
rabbits, dogs, monkeys and in situ human experiments16, 38, 67, 74-76. Taken together, it is
likely that maintaining and regulating IOP is the result of multiple PG-receptors.
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There are multiple drugs used to treat ocular hypertension which target aqueous
humor production, trabecular outflow and uveoscleral outflow. The most current
treatments directly and indirectly target these 3 regulatory pathways, however there has
yet to be an agent developed that primarily targets the trabecular pathway, the diseased
tissue in POAG, without unwanted systemic effects.
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Figure 3: Contraction and Relaxation Cellular Mechanisms.
The contractility of the TM is linked to Rho kinase A which regulates the
phosphorylation of myosin light chain (MLC). When MLC is phosphorylated, it can
interact with actin to produce contraction which decreases the size of the intercellular
spaces reducing the permeability of the tissue.
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CHAPTER 3:
PROSTAMIDE/PROSTAGLANDIN F (PM/PGF) SYNTHASE ACTIVITY AND
LOCALIZATION IN THE HUMAN EYE
3.1 Introduction
Bimatoprost, prostaglandin-ethanolamide F2α (PMF2α), and other prostaglandin F2α
(PGF2α) analogues are highly efficacious ocular hypotensive agents used as a first line of
therapy in glaucoma treatment. Endogenously, two enzymes have been identified for the
synthesis of PMF2α and PGF2α: prostaglandin F synthase (PGFS) and prostaglandinethanolamide (prostamide) prostaglandin F synthase (PM/PGFS). PGFS reduces the keto
group attached to PGH2 and PGD2 making it apart of the aldo-keto reductase (AKR)
family to form PGF2. Additionally, PGFS has the ability to reduce PMD2 to PMF2 and
PMH2 to PMF2, although this appears to be localized to the lungs and liver. PM/PGFS
catalyzes the reduction of the endoperoxide group and reduces PGH2 and PMH2 to PGF2
and PMF2. This enzyme does not use PGD2 or PMD2 as a substrate and is considered to
be a part of the thioredoxin (TRX) superfamily. Recently, PM/PGFS was isolated from
swine brain and shown to be present in both mouse brain and whole eye tissues. The
identification of PM/PGFS in mouse eye tissue suggests the endogenous PMF2 activity is
present and may be involved in the hypotensive activity of PGF2α analogues.
Both PMs and PGs are rapidly degraded, and therefore are thought to act locally in an
autocrine or paracrine fashion at specific receptors. Although a structural analogue of
PGF2α, bimatoprost only has activity at bimatoprost-senstive receptors recently identified
as a hetero-dimer of the wild-type FP-receptor with an alternative FP mRNA splice
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variant using knock-out mice. Although there is an antibody against the FP-receptor,
none exist against the FP-hetero-dimer, so in order to determine the localization of PM
and PG activity, we need to determine the distribution of PM/PGFS.
Although, much has been discovered regarding the mechanism of PGF2α analogues
such as latanaprost and bimatoprost, little is understood about the endogenous PMF2α
synthesis and localization in the outflow pathways. Given that PM/PGFS activity has
been identified in the mouse eye, it is of interest to determine the relevant structures and
tissues to which PM/PGFS is localized and whether this enzyme is responsible for the
endogenous prostaglandin and prostamide activity in the human. Therefore, with a
selective antibody against PM/PGFS, we use complementary mouse and human models
to identify the localization of this enzyme in the outflow pathways of both species. In
addition using primary human ciliary muscle (CM), trabecular meshwork (TM) and
Schlemm’s canal (SC) cells, measured the prostamide/prostaglandin F synthase activity
in cells within the outflow pathways.
3.2

Materials and Methods

3.2.1 Tissue and Cell Culture
Tissue Samples
Human donor eyes were obtained from Life Legacy Foundation (Tucson, AZ), National
Disease Research Interchange (Philadelphia, PA) and Sun Health Research Institute (Sun
City, AZ). Human brain was donated from Life Legacy Foundation (Tucson, AZ). All
human tissues were obtained from donors’ post-mortem. Human ocular structures were
isolated by dissection using a stereo microscope. Mouse tissues were a gift from the
McKay lab and Marmmostein labs. Mouse eyes and brains were dissected immediately
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after death. Human eyes were enucleated within 6 hrs after death. All tissue samples
were weighed and placed into 3 volumes of cold 30 mM potassium phosphate buffer
(KPB) containing 2.5 mM EDTA and a protease inhibitor cocktail of Halt protease
inhibitor (Pierce) and leupeptin (Roche). Tissue was first chopped into small pieces and
then homogenized using a cold glass douncer and complete homogenization was
analyzed under a microscope. Sample was transferred into a 1.5 ml eppendorf tube and
spun at 10,000xg for 10 min at 4˚C. Supernatant was removed and protein concentrations
were analyzed using a standard Bradford analysis. A total of 8 pairs of human eyes, 5
pairs of mouse eyes and 4 mouse brains were used. Only one sample of human brain was
tested.
Cell Culture
Human trabecular meshwork (TM) and Schlemm’s Canal (SC) were isolated,
characterized and cultured by methods previously developed by our laboratory. Briefly,
TM cells were isolated from human donor eyes using a blunt dissection procedure
followed by an extracellular matrix digestion77, while SC cells were isolated from
conventional outflow tissues using a cannulation technique78. Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, low glucose, GIBCO), supplemented
with 10% fetal bovine serum, penicillin (100 units/ml), streptomycin (0.1 mg/ml) and
glutamine (0.29 mg/ml) until confluence when TM cells were switched to DMEM
containing 1% FBS.
Human ciliary smooth muscle (HCSM) cells were isolated from human fetal eyes
obtained from Advanced Biological Resources and characterized by methods previously
described. HCSM cells were maintained in culture in Dulbecco’s MEM/Ham’s F-12
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(mediatech 10-090-CV) containing 10% fetal bovine serum (FBS) 100 IU/mL penicillin,
100 µg//mL streptomycin, 2.5 µg/ml amphotericin B and 1 ng/ml basic fibroblast growth
factor. Cultures were maintained at confluence for 2 weeks prior to use in the following
experiments.
3.2.2 Antibody
Anti-prostamide/prostaglandin F synthase (PM/PGFS) was obtained as a gift from Dr.
Watanabe and purified from swine brain as previously described.
3.2.3 Western Blot Analysis
Human and Mouse Tissues
Tissue supernatants were combined with 2x laemmli buffer (40% glycerol, 10% SDS, 5%
β-mercaptoethanol, 0.5 M Tris pH [6.8]) and 10-20µg of protein was loaded/lane on a
12% SDS PAGE. Gels were run in Tris/glycine running buffer (14.4g/132g 5 ml 20%
SDS) until blue dye front reached the bottom of the gel. Proteins were then transferred
onto nitrocellulose membranes. Membranes blocked in milk in TBS-t (19.2 mM Tris,
0.15 M NaCl, [pH to 7.4], 0.2% Tween 20) for 1 hr at room temperature (RT) followed
by an overnight incubation with anti-PM/PGFS IgG at 1:2000 in TBS-t containing 1%
BSA. Membranes were washed 4x10 min with TBS-t and then incubated with a goat
anti-rabbit secondary at 1:10,000 for 1 hr at RT. Following 4x10 min washes with TBS-t,
membranes were transferred onto film and visualized using chemiluminesence
(Amersham).
3.2.4 Immunohistochemistry
Mouse Eyes
Mice were sacrificed and eyes were immediately removed and submerged into 10%
paraformaldehyde for 2 weeks at 4˚C and then moved into 70% ethanol (EtOH). Eyes
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were then embedded into paraffin and sectioned onto slides. Three pairs of mouse eyes
were used.
Human Eyes
Human eyes received within 24 hrs after death were perfusion fixed with 10% PFA (in
PBS) under 8 mmHg pressure followed by emersion fixation at 4ºC in 5% PFA (in PBS).
Eyes were bisected at the equator and stored in 70% ethanol until they were embedded in
paraffin and sectioned.
Both mouse and human tissue sections (4 µm) were kept overnight at 37ºC to dry.
Sections were deparafinized using 100% xylene (3 x10 min incubations), re-hydrated
with 100% ethanol (3x3 min incubations) followed by 1 min sequential submersions in
90%, 80% and 70% ethanol. Slides were then rinsed in tap water for 30 min followed by
PBS. No antigen retrieval step was required. Endogenous peroxidase activity was
blocked by incubating sections with 0.3% H2O2 in methanol for 30 min at room
temperature (RT). After washing in PBS (3x5 min), sections were placed in blocking
buffer (10% goat serum in PBS) for 1 hr at RT. PM/PGFS was visualized using rabbit
polyclonal IgGs (Watanbe, Japan) overnight at 4ºC in a humidified chamber. Negative
controls were exposed to goat serum alone. The following day, sections were rinsed in
PBS (3x10 min) and then exposed to EnVision + System HRP-anti-rabbit (DAKO) for 1
hr at RT. Staining was visualized using DAB Chromagen solution (0.2mg/ml in 0.05M
Tris-HCL, pH [7.6], 6 µl/ml 3% H2O2) by incubating tissue sections for 15 min at RT
followed by washing in tap water for 5 minutes. Sections were rinsed 3 times with PBS
and cleared by dehydration using 100% ethanol (3x3 min) followed by 100% xylene (3x3
min). Sections then were cover slipped using Cytoseal mounting media. Hemotoxalyin
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and Eison (H&E) staining were conducted by the University of Arizona Health Sciences
Center, Histology Service Lab.
3.2.5 Enzymatic Analysis
PM/PGFS activity was measured using primary TM, SC and HCSM cells at confluence
in cultured flasks. Cells were washed with PBS, trypsinized from plate and centrifuged.
The pellet was washed with PBS, snap frozen in liquid nitrogen, and shipped on dry ice
to The University of Shimonoseki, Japan. Here the cell pellets were homogenized in 100
µl of 30 mM potassium phosphate buffer (KPB, pH 7.0) containing 0.5 mM DTT using a
Potter Elvehjem homogenizer. Homogenates were then spun at 10,000xg for 10 min at
4ºC and the supernatant was saved for PGFS activity analysis.
To measure synthase activity, 10 µM [14C]PGH2 was used as a substrate with 0.1 M
KPB (pH 7.0), 2 µM Thioredoxin (TRX), 0.5 mM NADPH, 6.6 µM TRX reductase, 0.4
M Ammonium sulfate and 30 µl of cell homogenate 10k supernatant (enzyme source).
50µl reactions were incubated for 1 min at 24ºC. Next, 250 µl of diethyl ether, methanol
and 1 M citric acid (30:4:1 ratio) was added for the extraction. The organic solvent phase
was applied on Thin Layer Chromatography (Benzen, Dioxan and acetic acid in a 20:20:1
ratio). The region containing PGF2α was removed and the percent conversion of
[14C]PGH2 to [14C]PGF2α was calculated from the percent conversion of the (radioisotope
measured in dpms of PGF2)/(the total count in dpms of the sum of
PGF2+PGE2+PGD2+PGH2).
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3.3 Results
Previously, the activity of PM/PGFS was detected in the whole mouse eye27. To
determine the expression and localization of this enzyme in the mouse eye, we used
immunohistochemistry (IHC) probing with anti-PM/PGFS IgG and visualization with
DAB. We found PM/PGFS localized to structures within the outflow pathway of the
mouse (fig 4A), specifically the non-pigmented cells of the ciliary processes (CP) and the
trabecular meshwork (TM). Western blot analysis confirmed previous activity assays
identifying the presence of PM/PGFS in the mouse eye (fig 4C, lane 1) at the previously
determined weight of 21-23 kDa of the full-size purified enzyme (fig 4C, lane 2).
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Figure 4: PM/PGFS Localization in the Mouse Eye.
Immunohistochemical analysis of mouse ocular structures. Fixed in 10% PFA and then
sectioned, tissues were probed with anti-PM/PGFS IgG (B) followed by visualization
with DAB. Positive light brown staining (arrowheads) was found in the conjunctiva,
non-pigmented cell of the ciliary processes (CP) and in the trabecular meshwork (TM).
Negative control was done by omission of the primary antibody (C). This is a
representative image of 3 total experiments. Western blot analysis of mouse eyes
homogenized and centrifugated at 10,000xg. These blots were probed using antiPM/PGFS IgG (C). This is a representative image of 8 total experiments.
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In order to determine the localization of PM/PGFS in the human eye, we also used
IHC and probed human ocular sections with anti-PM/PGFS IgG. Comparable to the
results found in the mouse eye, strong PM/PGFS staining in the human eye was found in
the various layers of the retina (fig 5G), the non-pigmented cells of the ciliary processes
(CP) (fig 5D) and within the ciliary muscle (CM) (fig 5A). However, non-specific
staining was present in the CM making it difficult to determine the staining intensity.
Additionally, light staining was present within the TM and SC (fig 5A).
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Figure 5: PM/PGFS Localization in the Human Eye.
Immunohistochemical analysis of both the anterior and posterior structures of the human
eye including trabecular meshwork (TM), Schlemm’s canal (SC), ciliary muscle (CM),
ciliary processes (CP), and the layers of the retina. Sections were probed with antiPM/PGFS IgG followed by visualization with DAB (A, D and G) at high (Bar = 50 µm)
magnification. TM and SC show diffuse light brown positive staining (A arrows) in
comparison to the negative control (B). Strong positive staining was found in the nonpigmented cells of the CP (D arrowheads) and in the Ganglion cell layer (GCL) and inner
and outer nuclear layer of the retina (G arrowhead and arrow). Negative controls shown
(B, E and H). Hematoxilyn and eosin (H&E) staining shows orientation and structure of
tissues (C, F and I). Shown are representative images from one human donor eye (age 80)
of 3 total that were examined.
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To evaluate the relative expression of PM/PGFS, we looked at the protein distribution
of PM/PGFS in separate ocular structures using western blot analysis. Human brain was
used as a positive control tissue since the initial discovery of this enzyme was localized to
the brain and spinal cord in both swine and mouse tissues. Surprisingly, our results
identified a single band of similar band intensity with an unexpected molecular weight
near 50 kDa in all of our tissues which were controlled for protein content by loading 20
µg of protein/lane (fig 6).
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Figure 6: Expression of PM/PGFS in the Human Eye.
Western blot analysis of human ocular, swine and mouse tissues dissected, homogenized
at 10,000xg and probed with anti-prostamide/PGF synthase IgG (A and B). Each well
contains 20 µg of protein measured by a BCA analysis. A prominent 50 kDa band was
found, consistent in all samples. These images are representative of one representative
image using ocular tissues from one human donor of 7 total that were analyzed.
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In order to test the possibility of PM/PGFS dimerization or protein-protein binding, we
used gel electrophoresis to separate the proteins of homogenized tissues in the presence
of 8 M urea, a strong protein denaturant (fig 7B). Although our data shown no change in
the weight of the 21-23 kDa band, there was a increase in the presence of a 25 kDa and
37 kDa band in the retina, choroid, Bruch’s membrane, sclera and ciliary muscle tissue
homogenates. Additionally, we saw an increase in the 50 kDa band intensity in the
TM/SC, the retina, vitreous and lens while corneal epithelial and iris lysate 50 kDa band
intensities decreased.
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Figure 7: Western Blot Analysis of PM/PGFS in Human Eye Tissue.
Tissues from fresh human donor eyes were isolated and homogenized with 3 volumes of 30mM KPB (pH 7.0). Homogenates
were centrifuged at 10,000 x g and the supernatant was loaded onto an SDS page gel and probed for PM/PGFS expression
using western blot analysis (a) 10 µg of protein from homogenized tissue samples was loaded per lane on a 12% SDS PAGE
gel. (b) 5 µg of protein from same homogenized tissue samples was loaded per lane on a 12% 8 M urea SDS PAGE gel. Gels
were analyzed by western blot using affinity purified anti-PM/PGFS IgGs.
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In order to examine the specificity of the 50 kDa band to the PM/PGFS antibody, we
used a peptide competition experiment (fig 8). Our results show that our anti-PM/PGFS
IgG is specific for both the 21-23 kDa band and the 50 kDa band from CM, TM and SC
cell lysates (fig 8).

49

Figure 8: Anti-PM/PGFS Peptide Competition.
10 µg of protein from human primary cell culture cell lysates supernantant centrifuged at
10,000xg were loaded onto paired 12% polyacrylamide gels. Ciliary muscle (CM) cell
lysate, Schlemm’s canal (SC) cell lysate expressed a single 50 kDa band when probed
with anti-PM/PGFS IgGs (A). Upon pre-incubation of the anti-PM/PGFS IgG with
PM/PGFS purified peptide in 10 fold excess, followed by probing the blot, both the 21-23
kDa and 50 kDa bands expression are significantly reduced (B).
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In parallel experiments, we tested PM/PGFS enzyme activity in primary cultures of CM,
TM and SC cells by measuring the conversion of PGH2 to PGF2 and PGE2. Since both
PM/PGFS (PGFS-TRX from the thioredoxin superfamily) and PGFS-AKR (from the
aldo-ketoreductase family) are present in these cells and able to form PGF2 from PGH2,
we measured the activities of both enzymes (fig 9A, B). Because only PGFS-AKR is
capable of converting PGD2 to PGF2, we were able to determine the amount of PGF2
from PM/PGFS activity by subtracting the conversion product of PGD2 to PGF2. Results
from the enzymatic activity analysis of PM/PGFS (PGFS-TRX) conversion of PGH2 to
PGF2 in primary cultured CM, TM and SC cells show little to no activity of PM/PGFS
enzyme (fig 9A, blue bars). These data are consistent with both the IHC staining and
protein expression data shown via western blot analysis in human tissue. Surprisingly,
we found high enzymatic activity of PGES in both TRX and AKR measurements. PGFS
activity from the AKR family exhibited some activity in these cells, although it was still
much lower than the activity of PGES (fig 9B, blue bars).
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Figure 9: Enzyme Activity of PM/PGFS in Outflow Cells.
Ciliary Muscle (CM), Schlemm’s canal (SC) and Trabecular meshwork (TM) cells were
isolated from human donor tissue, cultured and membranes were prepared. PM/PGFS
enzyme activity was analyzed by measuring the conversion of PGH2 to PGF2α and PGE2
identified by thin layer chromatography (TLC). Green bars represent PGES enzyme
activity analyzed by measuring the conversion of 40 µM PGH2 to PGE2 and blue bars
represent PGFS enzyme activity from the thioredoxin superfamily (TRX) (fig 9A) and
from the AKR family (fig 9B) analyzed by measuring the conversion of 40 µM PGH2 to
PGF2.
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3.4 Discussion
These studies clearly indicated the localization of PM/PGFS in the outflow pathways of
the mouse eye. In our studies using human tissue, our results were not as straight
forward. Through protein analysis we detected a specific band, although not at the
expected weight for PM/PGFS. Additionally, enzymatic studies demonstrated high
activity, although not from PM/PGF or PGFS in CM, TM and SC primary cells. The
goal of this study was to determine the presence and activity of PM/PGFS in the human
outflow pathways with the overall purpose of correlating the regional distribution of this
enzyme with the known functions for PGF2α and PM analogues currently used as ocular
hypotensive agents for primary open-angled glaucoma (POAG). Our results suggest a
role for PM/PGFS in the outflow pathways of the mouse eye, but not in the human eye.
Instead, we identified PGES as the primary PG synthase in the human outflow pathways.
PGF2α analogues are efficacious ocular hypotensive agents that lower IOP in most
species including mice, monkeys and humans. The initial effects on IOP in pre-clinical
animal studies observed increases uveoscleral outflow. Recently, human outflow data
identified a trabecular outflow contribution as well7, 19, 43. These studies identified the
effects prostaglandins have on the outflow pathways in different species. Therefore, it is
difficult to determine the direct target of prostaglandin treatment. In these studies we
looked at the distribution and expression of PM/PGFS, the terminal synthase partially
responsible for PMF2α and PGF2α synthesis endogenously. Previously identified in the
whole mouse eye, we localized PM/PGFS to the non-pigmented cells of the ciliary
muscle (CM) and the trabecular meshwork (TM) through immunohistochemical (IHC)
staining which was confirmed by western blot analysis to be the expected weight of 20Millard/2010
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23 kDa of PM/PGFS previously reported. Because prostaglandins are autocrine and
paracrine mediators, our results suggest that the TM and/or SC are involved in
endogenous PM/PGFS signaling in the mouse.
The mouse sequence for PM/PGFS has been identified to share almost 90%
homology with the ox, swine and human sequences indicating that PM/PGFS is widely
conserved among species. We tested human tissues and cells of the outflow pathways to
compare enzyme distribution and expression to the mouse. IHC staining identified
PM/PGFS throughout the retinal layers and non-pigmented cells of the ciliary processes.
The localization of PM/PGFS in the ciliary processes suggests a role for PMF2α and
PGF2α formation in aqueous humor production. PM/PGFS was identified in the TM and
SC cells but was considered to be low due to the light intensity of the staining. Further
analysis of human ocular tissues through western blot techniques identified a prominent
single band present in most ocular tissues at 50-60 kDa. Although, our results did
sometimes show the presence of other bands, this band was the primary product
identified. We found this interesting because a band of the same weight was also
identified in the previous study by Morichi et al., but remained unidentified and
suggested to be a dimer of PM/PGFS. To test this, we used stringent reducing conditions
in the presence of 8 M urea. We found that the 50-60 kDa band intensity did not
decrease; there was also no increase in the presence of a 20-23 kDa band, the expected
weight of PM/PGFS. Additionally, we were unable to reproduce the 20-23 kDa band in
mouse brain which was previously detected using this antibody and shown expressed by
mouse eyes here and in their previous study.
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In a further attempt to identify PM/PGFS in human tissue, we measured the
conversion of PGH2 to PGF2 in cells isolated from the human outflow pathways.
Endogenously, PGFS, belonging to the aldo-keto reductase family (PGFS-AKR),
catalyzes the reduction of PGH2 to PGF2, and PGD2 to 9α,11β-PGF2 (specific to only
PGFS) in the presence of NADPH. Therefore, by measuring the conversion of PGH2 to
PGF2, and PGD2 to PGF2, we were able to determine the contribution of PM/PGFS
activity to the production of PGF2α. The results from these experiments show little to no
activity of either PGFS-AKR or PM/PGFS in CM, TM and SC cells tested. Although,
surprisingly we identified significant PGES activity suggesting that PGES is the primary
PG enzyme mediating endogenous PG synthesis in these cells.
Although we did not detect the presence or activity of PM/PGFS using IHC, western
blot or enzymatic analysis in either human cells or tissues; we cannot conclusively say
that this enzyme is not present. First, little is understood about the regulatory mechanisms
of this enzyme, it is possible that in humans PM/PGFS is endogenously down regulated
and only active in disease states. In an unpublished study, monkey eyes were treated
with a lentivirus carrying PGFS to elevate endogenous levels of PGF2α. The outcome of
the study observed a transient IOP reduction. Because PGF2α analogues dramatically
lower IOP, PGFS and PM/PGFS activity may only be active during hypertensive states.
If PM/PGFS is only active in disease states, the tissues and cells analyzed here,
would only express a very small amount of this enzyme making the 10-20 µg of protein
analyzed insufficient to detect its presence. Although, PM/PGFS appears to be in normal
mouse ocular tissues, the activity of the enzyme may differ between species.
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Additionally, primary antibodies are inherently inconsistent varying in specificity,
between species, and by experimental and tissue fixation methods. A large majority of
the experiments conducted here depend on the specificity of the PM/PGFS primary
antibody for both mouse and humans. If PM/PGFS is present in very low quantities, a
very specific and high affinity primary antibody is required to detect a signal. Indeed, it
appears that this antibody worked well in mouse tissues; it may not be as specific in
human tissues.
In summary, these studies have advanced our knowledge of PM/PGFS localization in
the mouse ocular system. By understanding the distribution of this key enzyme, we more
specifically determine its role in regulating outflow facility. Indeed, we have yet to
understand this enzyme’s involvement in humans; however, given the success of the
PGF2α analogues bimatoprost and latanoprost in lowering IOP, it is likely that their
endogenous production is involved in regulating aqueous humor dynamics. Therefore,
further understanding of the regulatory mechanisms controlling their synthesis is another
step toward.
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CHAPTER 4:
PROSTAGLANDIN EP4 RECEPTOR EFFICACIOUSLY INCREASES
OUTFLOW FACILITY
Portions of this chapter were taken directly from: “The Role of the Prostaglandin EP4
Receptor in the Regulation of Human Outflow Facility” 1 L.H. Millard, 3 D.F. Woodward
and W.D. Stamer 2.Manuscript in review
4.1 Introduction
Blindness, due to glaucoma, affects almost 70 million people worldwide11. It has been
established that maintaining and significantly lowering intraocular pressure in individuals
with primary open-angled glaucoma (POAG) prevents disease progression and vision
loss79. Currently, the most effective ocular anti-hypertensive agents used to medically
treat POAG are the PGF2α analogs80, 81. Other classes of endogenous PG, such as PGE2,
PGD2, and PGI2 also efficaciously lower IOP in animals, human anterior segments and
whole-eye organ perfusions, although side effects have thus far inhibited them from
clinical use16, 76, 82-85. Therefore, new, more selective PG analogues are currently under
development as potential therapeutics. For example, a selective PG-EP4 agonist in
clinical studies has been found to lower IOP in canines by 30-45%84.
PGs are locally acting signaling molecules that are ubiquitously expressed, but have
diverse, tissue-specific effects throughout the body. These differential effects are exerted
when PGs bind to specific G-protein coupled receptors (GPCRs). For example,
differentially PGE2 activates all four EP-receptor subtypes (EP1-EP4). However, the
effects of PGE2 on a particular tissue are dependent upon the expression pattern of EPreceptors. Thus, to achieve a desired functional response of tissue behavior with minimal
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side effects, it is imperative to develop compounds that can selectively activate or block
individual or a combination of specific receptor subtypes.
Current treatments of PG-FP analogues selectively bind to PG-FP receptor isoforms,
lowering IOP in humans and non-human primates primarily by increasing uveoscleral
outflow67, 80, 81, 86. Interestingly, recent studies suggest that these compounds also have
significant activity on the pressure-dependent pathway in humans, an action that was not
initially detected in non-human primates. A new PG-EP4 receptor selective agonist, 3,7dithiaPGE1, effectively lowers IOP by ~40% in non-human primates, increasing
conventional outflow facility but not uveoscleral outflow85. Here, to investigate the
contribution of PG-EP4 receptors to conventional outflow regulation in human eyes, we
utilized complementary models of the human conventional outflow pathway. We
observed that human SC and TM cells express PG-EP4 receptors. In addition, we found
that use of a PG-EP4 receptor agonist in the human conventional pathway rapidly and
significantly increases outflow facility in situ.
4.2

Materials and Methods

4.2.1 Cell culture
Human donor eyes were obtained from Life Legacy Foundation (Tucson, AZ), National
Disease Research Interchange (Philadelphia, PA) and Sun Health Research Institute (Sun
City, AZ). Human trabecular meshwork (TM) and Schlemm’s Canal (SC) were isolated,
characterized and cultured by methods previously developed by our laboratory. Briefly,
TM cells were isolated from human donor eyes using a blunt dissection procedure
followed by an extracellular matrix digestion77, while SC cells were isolated from
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conventional outflow tissues using a cannulation technique78. Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, low glucose, GIBCO), supplemented
with 10% fetal bovine serum, penicillin (100 units/ml), streptomycin (0.1 mg/ml) and
glutamine (0.29 mg/ml) until confluence when TM cells were switched to DMEM
containing 1% FBS.
Human embryonic kidney (HEK-293-EBNA) cells stably expressing PG-EP4 and PGEP2 receptors were generated by and a gift from Professor John Regan87. Cells were
maintained in culture with DMEM containing 10% fetal bovine serum, geneticin (250
µg/ml), gentamicin (100 µg/ml), and hygromycin B (200 µg/ml).
4.2.2 Cell surface biotinylation
Monolayers of TM and SC cells were grown in t25 flasks and allowed to mature at
confluence for at least 2 weeks prior to experimentation. HEK 293 cells stably
expressing PG-EP2 or PG-EP4 receptors were grown to confluence in t25 flasks and used
immediately. Each t25 was rinsed three times with reaction buffer (100 mM NaCl, 50
mM NaHCO3 [pH 8.0]) followed by two 30 minute incubations with Sulfo-NHS-LCBiotin (1 mg/ml). Reactions were attenuated with Tris/glycine buffer (25 mM Tris, 192
mM glycine [pH 8.3]) and then scraped in lysis buffer (2 mM EDTA, 1% Triton X, and
1% Tween 20 in TBS) in the presence of Halt Protease Inhibitor Cocktail (Pierce). Next,
preparations were centrifuged at 14,000 rpm for 15 min to remove any remaining intact
cells and then incubated overnight (rotating at 4ºC) with streptavidin-conjugated beads to
capture biotinylated surface proteins. After incubation, proteins bound to beads were
separated from unbound proteins by centrifugation at 2,500 rpm and washed with lysis
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buffer. Reducing sample buffer (40% glycerol, 0.5 M Tris pH [6.8], 10% SDS, 5% βmercaptoethanol) was added to bound and unbound fractions and constituent proteins
were fractionated by SDS-PAGE. Proteins were transferred electrophoretically to
nitrocellulose and probed for PG-EP4 receptors or β-actin using polyclonal rabbit IgGs
(Cayman Chemical). Proteins of interest were visualized using X-Ray film in contact
with blots that had been incubated with goat anti-rabbit IgGs conjugated with horseradish
peroxidase followed by chemiluminescence reagent (GE Healthcare Amersham).
4.2.3 Immunohistochemistry
Human eyes received within 24 hrs after death were perfusion fixed with 10% PFA (in
PBS) under 8 mmHg pressure followed by emersion fixation at 4ºC in 5% PFA (in PBS).
Eyes were bisected at the equator and stored in 70% ethanol until they were embedded in
paraffin. Sections (4 µm) were cut and kept overnight at 37ºC to dry. Sections were
deparafinized using 100% xylene (3 x10 min incubations), re-hydrated with 100%
ethanol (3x3 min incubations) followed by 1 min sequential submersion in 90%, 80% and
70% ethanol. Slides were then rinsed in tap water for 30 min followed by PBS. Antigens
were retrieved by heating sections in citrate buffer (10 mM citric acid, 0.05% Tween 20,
pH=6.0) until solution boiled (repeated at a lower heat) and then were placed on ice for
30 min. Endogenous peroxidase activity in sections was blocked using 0.3% H2O2 in
methanol for 30 min at room temperature (RT). After washing in PBS (3x5 min),
sections were incubated in blocking buffer (10% goat serum in PBS) for 1 hr at RT. PGEP4 receptors were visualized using polyclonal rabbit IgGs (Cayman Chemical) overnight
at 4ºC in a humidified chamber. Negative controls were exposed to goat serum alone.
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The following day, sections were rinsed in PBS (3x10 min) and then exposed to
EnVision + System HRP-anti-rabbit (DAKO) for 1 hr at RT. Staining was visualized
using DAB Chromagen solution (0.2mg/ml in 0.05M Tris-HCL, pH [7.6], 6 µl/ml 3%
H2O2) by incubating tissue sections for 15 min at RT followed by washing in tap water
for 5 minutes. Sections were rinsed 3 times with PBS and cleared by dehydration using
100% ethanol (3x3 min) followed by 100% xylene (3x3 min). Sections then were cover
slipped using Cytoseal mounting media. Hemotoxalyin and Eison (H&E) staining were
conducted by the University of Arizona Health Sciences Center, Histology Service Lab.
4.2.4 β-arrestin mobilization
HEK cells stably expressing PG-EP4 receptors were plated on 8 well glass slides and
treated with 10 nM 3,7-dithiaPGE1 (0 sec to 210 sec). Cells were fixed with ice cold
methanol three times for 10 min and then incubated overnight at 4˚C with polyclonal
antibodies against β-arrestin (Santa Cruz Biotechnology, Inc.) and anti-EP4 (Cayman
Chemical) receptor IgGs. The following day, cells were rinsed 3 times with TBS-t (19.2
mM Tris, 0.15 M NaCl, [pH to 7.4], 0.2% Tween 20) prior to incubation with Rhodamine
(TRITC)-conjugated Donkey anti-Goat and Fluorescein (FITC)-conjugated Donkey antiRabbit IgG secondary antibodies (Jackson ImmunoResearch Laboratories) for 1 hr at RT.
Cells were rinsed 3 times with TBSt and then cover slipped using a 50% glycerol
solution. Immunostaining was analyzed using a Carl Ziess LSM 700 coupled to an Axio
Observer.Z.1 confocal microscope. Three-dimensional analysis of the EP4-receptor and
β-arrestin distribution was performed using ImageJ 1.42.
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4.2.5 Whole-eye Organ Perfusion
Dulbecco’s phosphate buffered saline containing 5.5 mM glucose (DBG) served as mock
aqueous humor for the perfusion studies. DBG was perfused into the eyes at a constant
pressure of 8 mmHg via a needle inserted through the cornea into the posterior chamber
as previously described88, 89. After a stable baseline facility was reached for 30 min, one
eye received anterior chamber exchange (5 ml over 10 min) with 10nM 3,7-dithiaPGE1
(Allergan, Inc) in DBG, while the contralateral eye was exchanged with DBG only. A
two-chamber constant perfusion exchange using a second needle inserted into the anterior
chamber insured that an IOP of 8 mmHg was maintained during the exchange. We
calculated the percent increase in outflow facility (C) as 100x (Cfinal/Cbaseline-1) and the
net change in C as the percent increase in experimental eye minus percent increase in
control eye. Average net change values were analyzed by a two-tailed, paired Student’s
t-test assuming unequal variance and differences were considered significant at p<0.5.
Perfusion experiments concluded with an anterior chamber exchange and perfusion with
4% paraformaldehyde (PFA) at 8 mmHg for 30 min. Eyes were removed from the
system, submersion fixed for 2 weeks in 4% PFA, and then hemisected by cutting the
outflow

tissue
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4.3 Results
To determine the expression pattern of PG-EP4 receptors in the conventional outflow
pathway of human eyes, we probed tissue sections taken from post-mortem human eye
with IgGs that specifically recognize PG-EP4 receptors (fig 10). Results show that PGEP4 receptors are expressed by both TM and SC cells. Interestingly, SC cells
demonstrated more robust staining than TM cells; and comparable to strong staining
observed in the ciliary muscle and non-pigmented cells of the ciliary epithelium.
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Figure 10: PG-EP4 Receptor Expression.
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Figure 10: PG-EP4 Receptor Expression.
Immunohistochemical analysis of angle structures including trabecular meshwork (TM),
Schlemm’s canal (SC), ciliary muscle (CM), and ciliary processes (CP).
Sections were probed with anti-EP4 IgG followed by visualization with DAB (A, D, G
and J) at low (A-C; Bar = 100 µm) and higher (D-L; Bar = 100 µm) magnification. TM
show diffuse light brown positive staining (D arrows). The SC outer wall stained dark
brown (D arrowheads). Strong positive staining was also found in the CM (G arrows)
along with the non-pigmented cells of the CP (J arrowheads). Negative controls shown
(B, E, H and K). Hematoxilyn and eosin staining shows orientation and structure of
tissues (C, F, I and L). Shown are representative images from one human donor eye (age
80) of 4 total that were examined.
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Expression of PG-EP4 receptors in TM and SC cells was confirmed by using a cell
surface biotinylation strategy in cultures of human cells which serves to concentrate lowdensity surface proteins. Here, we observed that both TM and SC cells express a protein
at the plasma membrane that corresponds to the molecular weight and banding pattern of
a glycosylated PG-EP4 receptor (fig 11).

Millard/2010

66

Figure 11: PG-EP4 Receptors at SC and TM Cell Surface.
Western blot analysis of bound (B) and unbound (U) protein captured by cell surface
biotinylation and strepavidin chromatography of cultured TM and SC cell monolayers.
Blots were probed with anti-EP4 IgG and β-actin, used as a control for cytosolic protein
contamination. PG-EP2 and PG-EP4 transfected HEK 293 cells were used as controls.
Shown is one representative experiment of 4 total, executed on 3 TM and 3 SC cell
strains.
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Given that the PG-receptors are all GPCRs, to determine that 3,7-dithiPGE1 activates a
GPCR specifically, we tested a 10 nM concentration of 3,7-dithiaPGE1 using a β-arrestin
translocation assay. In HEK cells stably expressing PG-EP4 receptors, we monitored the
translocation of β-arrestin, a protein that binds to only GPCRs upon activation. After 60
sec of treatment with 10 nM 3,7-dithiPGE1, we observed that PG-EP4 receptors and βarrestin co-localized at the plasma membrane, with β-arrestin mobilizing from
intracellular locations (fig 12). We also noticed the possible internalization of PG-EP4
receptors following prolonged treatment.
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Figure 12: PG-EP4 Receptor Mediated Translocation of β-arrestin.
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Figure 12: PG-EP4 Receptor Mediated Translocation of β-arrestin.
HEK 293 cells stably expressing PG-EP4 receptors were treated with 10nM 3,7dithiPGE1 for 60 sec (D-F) or remained untreated (A-C). Localization of PG-EP4 receptor
(green) and β-arrestin (red) was monitored by immunofluorescence confocal microscopy
(1-µm optical sections) which were digitally merged (C and F) to determine colocalization (yellow). Shown is a representative experiment of 4 total performed on
different days. Bar=5 µm.
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To determine the role of PG-EP4 receptors in conventional outflow regulation, we
perfused human eyes with 3,7-dithiaPGE1 and measured the infusion volume needed to
maintain a constant pressure (8 mmHg) over time. The contralateral eyes served as
paired controls. Six pairs of eyes were used with a mean age of 83 (table 2). Baseline
facility measurements were similar between the control (0.18 ± 0.03 µl/min/mmHg) and
drug treated eyes (0.21 ± 0.03 µl/min/mmHg) (table 2) and similar to reported previously
by our group and others88. Following chamber exchange, results showed that 3,7dithiPGE1 significantly and rapidly (within 20 min) increased outflow facility above
baseline by 51 ± 18% (fig 13 A, p=0.05). When compared to the contralateral eyes,
outflow facility in drug treated eyes increased by 69 ± 23% (fig 14 B, p<0.01, n=6).
Analyses of conventional outflow tissues in sections (fig 13 C,D) showed no discernable
differences in gross morphology, cell numbers or appearance between the drug treated
and contralateral control eyes.
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Figure 13: Effects of 3,7-dithiaPGE1 on Outflow Facility in Perfused Enucleated
Human Eyes.
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Figure 13: Effects of 3,7-dithiaPGE1 on Outflow Facility in Perfused Enucleated
Human Eyes.
Panel A shows a graph depicting summary of perfusion data (mean ± SEM for 6 pairs of
eyes). Measured outflow facility was normalized to baseline readings (30 minutes) prior
to treatment (dotted line). Anterior chamber contents were exchanged with normal media
(gray) or normal media containing 10 nM 3,7-dithiaPGE1. Asterisk indicate time points
where facility between drug-treated and contralateral eyes are significantly different
(p<0.05). Panel B is a histogram showing comparison of mean (± SEM) outflow
facilities for drug-perfusion and media-perfused eyes 30 minutes prior to drug exchange
(solid red, solid grey) and post drug exchange (striped red, striped grey). Significance
between pre and post-exchange for both drug treated and media-perfused eyes was
analyzed by a one-way ANOVA followed by a Bonferroni multiple comparison test
(p<0.05). Panels C and D show histological sections through angle tissues of perfused
human eyes (22-C, 22-D) that were examined by H&E staining.
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ID

01-C

Donor age (yrs)

91

Donor gender

F

Time to
enucleation
(hrs)
2.3

Time to
perfusion (hrs)

Baseline C
(µl/min/mmHg)

Ending C
(µl/min/mmHg)

Increase in C
(%)

Net change in C
(%)

17.3

0.239

0.129

-46.02

161.23

0.250

0.538

115.20

0.233

0.102

-56.22

0.260

0.364

40.00

0.110

0.160

45.45

0.170

0.265

55.88

0.164

0.100

-39.02

0.247

0.339

37.25

0.218

0.239

9.63

0.239

0.270

12.97

0.089

0.103

15.73

0.105

0.136

29.52

0.193

0.146

-17.24

0.233

0.355

01-D
04-C

93

F

3.1

13.5

04-D
18-C

81

M

2.4

20.3

18-D
22-C

92

F

--

18.0

22-D
29-C

86

M

2.3

16.0

29-D
43-C

55

M

3.5

12.0

43-D
Mean-C

83

3F/3M

Mean-D

Table 2: Whole-eye Organ Perfusions
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16.2

52.26

96.22

10.42

76.27

3.34

13.79

60.21
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4.4 Discussion
This study demonstrates that PG-EP4 receptors are expressed by both SC and TM cells of
the human conventional outflow pathway and that activation of these receptors, using a
selective agonist, results in an immediate and substantial increase in outflow facility. Our
observations suggest that the PG-EP4 receptor is involved in the maintenance of
intraocular pressure.
Our expression results are consistent with previous studies which found PG-EP4
receptors expressed throughout the conventional outflow pathway70, 72, 73. Our study
extended these initial findings by validating the presence of PG-EP4 receptors in cultured
human TM and SC cells. Significantly, we demonstrated that PG-EP4 receptors were
located at the plasma membrane using a cell surface biotinylation technique. This
observation is consistent with previous studies showing functional PG-EP4 receptors in
immortalized human TM cells (TM-3)14. However, our data provide the first evidence of
PG-EP4 expression in primary cultures of human TM and SC cells.
Through the analysis of β-arrestin translocation in PG-EP4 transfected HEK cells we
were able to identify that the PG-EP4 receptor is activated by 3,7-dithiaPGE1. In these
studies we observed a large of co-localization between β-arrestin, a cytosolic protein, and
PG-EP4 receptors in treated EP4-HEK cells. Additionally, we identified possible
internalization of the PG-EP4 receptor through β-arrestin binding; however to insure that
the cytoplasmic co-localization observed is due to PG-EP4 receptor internalization,
further experiments need to be conducted.
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Currently, there are two compounds under development that target PG-EP4 receptors
and efficaciously lower IOP in both canines and non-human primates84, 85. Studies in nonhuman primates used the same compound tested in the present study, 3,7-dithiaPGE1, and
showed that IOP lowering was due to effects on conventional outflow and not aqueous
humor production or uveoscleral outflow85. Because of species differences in effects of
PG-FP receptor agonists on conventional versus unconventional outflow, we examined
3,7-dithiaPGE1 in perfused human eyes. In contrast to results with PG-FP receptor
agonists, we observed that 3,7-dithiaPGE1 increased outflow facility in humans, similar to
the previous report in non-human primates. Our studies indicate that 3,7-dithiaPGE1
activated the PG-EP4 receptor within the trabecular outflow pathway. A possible
mechanism for the increase in outflow facility observed many be the result of increases in
intracellular cAMP due to PG-EP4 receptor activation, a primarily Gs coupled GPCR.
The trabecular meshwork is a contractile tissue, increases in intracellular cAMP may
cause relaxation widening the intracellular spaces of the TM and thereby decreasing the
resistance within this pathway. In order to determine the mechanism responsible for the
changes observed, further experiments are required.
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CHAPTER 5:
PROSTAGLANDIN EP4 SIGNALING IN THE HUMAN CONVENTIONAL
OUTFLOW PATHWAY
Portions of this chapter were taken directly from: “The Role of the Prostaglandin EP4
Receptor in the Regulation of Human Outflow Facility” 1 L.H. Millard, 3 D.F. Woodward
and W.D. Stamer 2. Manuscript in review
5.1 Introduction
Endogenous PGs and their receptor distribution differ between species, tissues and even
individual cells. Due to their heterogeneous expression, their ability to hetero-dimerize,
and their promiscuous G-protein coupling, PGs have a complicated signaling profile and
it is difficult to determine the exact signaling mechanism responsible for an effect.
Previously, shown in monkeys, 3,7-dithiPGE1, a PG-EP4 receptor agonist, decreased
IOP by a mechanism that appeared to be mediated through the pressure-dependent
outflow pathway85. This is intriguing because many initial monkey studies find a change
in the pressure-independent outflow. An effect on conventional outflow has only been
observed in humans using PG analogues7,

9, 19

. In our initial studies, in chapter 4, we

demonstrated that 3,7-dithiPGE1 behaves similarly in our human in situ model system
rapidly increasing outflow facility, a measurement of trabecular outflow. Although, a
significant effect was observed in situ, the selectivity of the 3,7-dithiPGE1 for PG-EP4
receptors was not investigated; its direct effect on the cells of the conventional outflow
pathway, as well as its mechanism of action, remain unknown.
In this study, we identify specific tissues, cells, receptors and potential signaling
mechanisms involved in 3,7-dithiaPGE1 activity within the human outflow pathways.
We demonstrate that: 1) 3,7-dithiaPGE1 selectively activates PG-EP4 and PG-EP2
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receptors, that 2) PG-EP4 receptors are capable of activating both Gs and Gi G-protein
signaling pathways and that 3) 3,7-dithiaPGE1 activity at both PG-EP4 and PG-EP2
receptors can be selectively inhibited.
5.2

Materials and Methods

5.2.1 Pharmacological Compounds
PG EP4 agonist, 3,7-dithiaPGE1 was a gift from Allergan, Inc. Both selective
antagonists, PG-EP2 AH6809 (CAS 33458-93-4) and PG-EP4 GW627368 (CAS 43928866-1) were purchased from Cayman Chemical.
5.2.2 Cell Culture
Human trabecular meshwork (TM) and Schlemm’s Canal (SC) were isolated,
characterized and cultured by methods previously developed by our laboratory. Briefly,
TM cells were isolated from human donor eyes using a blunt dissection procedure
followed by an extracellular matrix digestion77, while SC cells were isolated from
conventional outflow tissues using a cannulation technique78. Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, low glucose, GIBCO), supplemented
with 10% fetal bovine serum, penicillin (100 units/ml), streptomycin (0.1 mg/ml) and
glutamine (0.29 mg/ml) until confluence when TM cells were switched to DMEM
containing 1% FBS.
Primary cultures of human ciliary smooth muscle cells (HCSM) were isolated
essentially as described previously25. Briefly, HCSM cultures derived from fetal eye
tissue and characterized by staining positive for the ciliary muscle marker α-smooth
muscle actin (α-SMA). HCSM cells were maintained in Dulbecco’s MEM/Ham’s F-12
(mediatech 10-090-CV) containing 10% fetal bovine serum (FBS) 100 IU/mL penicillin,
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100 µg//mL streptomycin, 2.5 µg/ml amphotericin B and 1 ng/ml basic fibroblast growth
factor. Cultures were maintained at confluence for 2 weeks prior to use in the following
experiments.
5.2.3 cAMP Experiments
Intracellular cAMP was measured using a protein kinase A (PKA) binding assay as
described previously90. Briefly, HEK 293 cells stably expressing the PG-EP4 or PG-EP2
receptors, primary SC and TM cells were seeded onto 24-well plates at a density of
100,000 cells per well. EP4-HEK and EP2-HEK cells were maintained until confluent in
high glucose DMEM containing10% FBS, geneticin (250 µg/ml), gentamicin (100
µg/ml), and hygromycin B (200 µg/ml). Primary SC and TM cells were maintained as
previously described. Twelve to sixteen hrs prior to treatment, EP4-HEK, EP2-HEK and
TM cells were transferred to serum-free DMEM while SC cells were transferred to low
glucose DMEM containing 1% FBS. Further treatment of all cells was dependent upon
the experiment completed:
Treatment with 3,7-dithiaPGE1
Prior to treatment, cells were incubated with 0.5 mM 3-isobutyl 1-methyl-xanthine
(IBMX) for 2 min at 37 ˚C. The media was aspirated and increasing concentrations of
an PG-EP4 receptor agonist (3,7-dithiPGE1) plus IBMX (0.5 mM) were added for 15
min and incubated at 37 ˚C.
Treatment with Forskolin (FSK)
Fifteen minutes before treatment TM and SC cells were placed in serum free DMEM
containing 10 µM FSK and 0.5 mM IBMX and incubated at 37˚C. Media was then
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aspirated and replaced with increasing concentrations of 3,7-ditihaPGE1 in the
presence of 10 µM FSK and 0.5 mM IBMX and incubated at 37˚C for 20 min.
Treatment with AH6809 and GW627368
Cells were initially incubated with either 1 µM GW 627368 or 5 µM AH6809
containing 0.5 mM IBMX prior to dose-response treatment with 3,7-dithiaPGE1.
After a 15 min incubation at 37˚C, media was aspirated and cells were treated with
increasing concentrations of 3,7-dithiPGE1 in the presence of either 1 µM GW627368
or 5 µM AH6809 plus 0.5 mM IBMX and incubated at 37˚C for 20 min.
The drug solutions were then aspirated, the plates put on ice and 150 µl of cold
Tris/EDTA buffer (50 mM Tris/4 mM EDTA) was added to each well. Cells were
scraped from culture plates, transferred into 1.5 ml eppendorf tubes, boiled for 8 min and
centrifuged at 4 ˚C for 15 min at 15,000 rpm. Supernatant (50 µl) was added to 50 µl of
[3H]cAMP (0.5 µCi/ml) plus 100 µl of cold protein kinase-A solution (180 µg/ml PKA in
Tris/EDTA buffer). Following incubation at 4˚C for 2 hr, 100 µl of activated charcoal
slurry (26 mg/ml activated charcoal in Tris/EDTA containing 2% BSA) was added. The
mixture was vortexed briefly and then centrifuged for 1 min to pellet charcoal. The
supernatant (200 µl) was added to scintillation cocktail (Ecolite and 9.8 ml) and
radioactivity was analyzed by an automated scintillation counter (Beckman Coulter LS
6500). Data were analyzed by GraphPad statistical software (GraphPad Prism).
5.3 Results
The PG-EP4 receptor primarily couples to the small G-protein, Gs, activating adenylate
cyclase to increase intracellular cAMP. Therefore, we measured the accumulation of
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cAMP using increasing doses of 3,7-dithiaPGE1 in both stably transfected and primary
ocular cells (fig 14). Due to the heterogeneous expression of both PG-EP4 and PG-EP2
receptors in the conventional outflow pathway, we tested the selectivity of 3,7dithiaPGE1 using both PG-EP4 and PG-EP2 transfected HEK 293 cells (Fig 14A). We
found that 3,7-dithiaPGE1 is a selective agonist for the PG-EP4 receptor (EC50=2.86x10-10
M, n=4) in the recombinant system. Although, this agonist does have activity at the PGEP2 receptor (EC50=3.98x10-7 M, n=3), the dose required to maximally activate the PGEP2 receptor (10 µM) is 1000 fold more potent than the dose required to maximally
activate the PG-EP4 receptor (10 nM). Therefore it is possible to selectively activate PGEP4 receptors.
In order to determine the activity of PG-EP4 receptors in SC, TM and CM primary cell
cultures, we measured the accumulation of cAMP using increasing doses of agonist (fig
14B). Our results show that 3,7-dithiPGE1 activates SC, TM and CM cells in a dosedependent manner. Interestingly, only SC cells show cAMP accumulation at 10 nM a
concentration corresponding to maximal PG-EP4 receptor activation (EC50=6.25x10-9 M,
n=4) as determined in the recombinant system. The SC cells exhibited no significant
increases in cAMP accumulation at higher concentrations corresponding to PG-EP2
receptor activation. Additionally, we found cAMP accumulation in TM cells
(EC50=1.72x10-7 M, n=5) and in CM cells (EC50=1.20x10-6 M, n=3) corresponding to
concentrations consistent PG-EP2 receptor activation in the recombinant system.
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Figure 14: Concentration-Response Relationship for 3,7-dithiaPGE1.
Concentration-response relationship for 3,7-dithiaPGE1 in PG-EP4 (charcoal) and PG-EP2
(gray) stably transfected HEK 293 cells (A) in addition to primary cultures of TM
(charcoal), SC (purple) and CM (green) cells (B). Accumulation of cAMP was used as
indicator of drug efficacy. Shown are combined results of 3 experiments for the
recombinant systems, 4 experiments for SC, 5 experiments for TM and 3 experiments for
CM. The primary cultures include at least 2 separate cell lines for each cell type
conducted on different days
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Since previous studies have identified that the PG-EP4 receptor does not couple as tightly
to Gs as the PG-EP2 receptor, and that in transfected systems it can alternatively couple to
Gi, inhibitng cAMP accumulation; we tested the cAMP accumulation in the presence of
forskolin (FSK), a molecule that stimulates adenylate cyclase independent of receptor
activation providing a basal accumulation of cAMP (Fig 15). In these studies, we
focused on the cells of the conventional outflow pathway using only primary SC and TM
cells. Our results show that the SC cells responded dose-dependently to increasing
concentrations of 3,7-dithiaPGE1 in the presence of 10 µM FSK with a large increase in
cAMP accumulation above FSK treatment alone (fig 15A,B) at concentrations of 1-10
µM of agonist. Alternatively, the TM cells displayed a significant decrease in the basal
cAMP accumulated at 1-10 nM, concentrations specific to PG-EP4 receptor activation
(Fig 15C,D). Similar to results in the SC cells, we also observed an increase in cAMP
accumulation above basal stimulation due to FSK alone at concentrations corresponding
to the PG-EP2 receptor (1-10 µM).
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Figure 15: cAMP Accumulation in Primary TM and SC cells in the Presence of Forskolin.
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Figure 15: cAMP Accumulation in Primary TM and SC cells in the Presence of
Forskolin
Accumulation of cAMP as a percentage of 10 µM forskolin (FSK) treatment alone
(controls shown in B for SC cells and D for TM cells) are shown performed in SC (A)
cells and in TM (C) primary cultured cells. Experiments are done in the presence of 10
µM FSK with increasing doses of 3,7-dithiaPGE1. These data represent the average of 4
individual experiments done in triplicate in at least 2 different human cell lines on
different days. Error bars show standard deviation, p<0.01.
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Due to the activity of 3,7-dithiPGE1 at two receptor subtypes and the potential
differences in G-protein coupling, we used selective PG-EP4 and PG-EP2 receptor
antagonists to determine the receptor activation in primary TM and SC cells (Fig 16).
To initially characterize the specificity and selectivity of both the PG-EP4 receptor
antagonist (GW 627368) and the PG-EP2 receptor antagonist (AH6809) we measured the
cAMP accumulation in EP4-HEK and EP2-HEK cells treated with 3,7-dithiPGE1 in the
presence of the antagonists separately (Fig 16). Our results in EP4-HEK cells treated
with 3,7-dithiaPGE1 in the presence of 1 µM GW627368 show inhibition of cAMP
accumulation and a shift to the right in the EC50 (EC50=2.60x10-7 M, n=4, see table 3)
with no significant effect in EP2-HEK cells (EC50=8.65x10-8 M, n=3) (fig 16A,C). The
PG-EP2 receptor antagonist, AH6809 had no significant effect on cAMP accumulation in
EP4-HEK cells (EC50=2.31x10-10 M, n=3), however exhibited a shift in the EC50 to the
right in EP2-HEK cells (EC50=1.19x10-6 M, n=3).
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Figure 16: Selectivity of PG-EP4 and PG-EP2 Antagonists.
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Figure 16: Selectivity of PG-EP4 and PG-EP2 Antagonists.
EP4-HEK (A) and EP2-HEK (C) cells treated with 3,7-dithiaPGE1 in the presence of
either 1µM PG-EP4 receptor antagonist GW627368 (blue) or 5 µM PG-EP2 receptor
antagonist AH6809 (green). Controls are shown in B (EP4-HEK) and D (EP2-HEK).
Shown are combined results of 6 experiments for each cell type done in triplicate.
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Consistently, using primary SC cell monolayers, we found an inhibition of the cAMP
accumulation in the presence of GW627368 (EC50=1.09x10-2 M, n=4). Interestingly,
treatment with 5 µM AH6809 exhibited a reduced efficacy suggestive of non-competitive
antagonist activity, although, there was no shift in the EC50 (EC50=4.10x10-9 M, n=5) (Fig
17A and B). In treatment with both the PG-EP4 receptor antagonist and PG-EP2 receptor
antagonist alone, we saw no significant activity (Fig 17B and D). In TM cells, no change
in cAMP accumulation was seen in the presence of GW627368 (EC50=5.92x10-7 M, n=5),
although, a partial decrease in the efficacy of 3,7-dithiaPGE1 in TM cells at doses
consistent with PG-EP2 receptor activation, there was no change in the EC50 in the
presence of 5µM AH6809 (EC50=7.3x10-8 M, n=3). These data, in TM cells, correlate
with the activity of this antagonist seen in SC cells (Fig 17C and D).
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Figure 17: Primary SC and TM Cells Treated with 3,7-dithiaPGE1 and Antagonists.
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Figure 17: Primary SC and TM cells Treated with 3,7-dithiaPGE1 and Antagonists.
cAMP accumulation is measured in human SC (A) and TM (C) cells in response to
increasing concentrations of 3,7-dithiaPGE1 in the presence or absence of 1 µM EP4
antagonist GW627368 or 5 µM AH6809. Controls for these experiments are shown in B
(SC cells) and D (TM cells). These data are cummulative of 4 total experiments done
with each antagonist in at least 2 different cell lines.
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Cell Type
EP4-HEK
EP2-HEK
TM
SC

3,7-dithiPGE1
2.86x10-10 M
8.98x10-8 M
1.72x10-7 M
6.25x10-9 M

1 µM GW627368
2.60x10-7 M
8.64x10-8 M
5.92x10-7 M
1.09x10-2 M

5 µM AH6809
2.31x10-10 M
1.19x10-6 M
7.30x10-8 M
4.10x1-9 M

Table 3: EC50s of Transfected and Primary cells Treated with 3,7-dithiPGE1 and
PG-EP4 and PG-EP2 Receptor Antagonists.
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5.4 Discussion
In current PG treatments, the principal mechanism for increasing outflow facility targets
the uveoscleral outflow pathway. The contribution of trabecular outflow is considered
insignificant, even though this pathway accounts for 90% of the aqueous humor leaving
the eye. Here, we provide evidence that functional PG-EP4 receptors, within the
trabecular outflow pathway, mediate the changes in outflow facility observed in chapter 4
after treatment with a PG-EP4 receptor agonist. cAMP appears to be a key signaling
molecule for PG-EP4 receptors within this outflow pathway, as it is produced in a dosedependent manner in these cells, a response that is selectively blocked with a PG-EP4
receptor inhibitor.
Although PGs and their receptors are known to be present within the aqueous outflow
pathways, and their effects within the uveoscleral outflow pathway are well defined; their
function in trabecular outflow is poorly understood. This is major drawback, as PG
analogues are the primary treatment for ocular hypertension and POAG where the
trabecular outflow pathway is the affected tissue. Therefore, it would beneficial to
understand the involvement of PGs in trabecular outflow as well. Recently, a study
applied a specific PG-EP4 receptor agonist, 3,7-dithiaPGE1, to hypertensive monkeys and
observed a significant decrease in IOP which appeared to be mediated by changes in the
trabecular outflow pathway. In chapter 4, we found that the application of a relatively
low concentration of 3,7-dithiaPGE1 to whole human eyes significantly increased outflow
facility. These findings are in agreement that 3,7-dithiaPGE1 targets the conventional
outflow pathway. However, neither study, in the monkey nor human ocular systems,
addresses the specificity of 3,7-dithiaPGE1 for the PG-EP4 receptor or the mechanism
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involved in lowering IOP. In this study, we used functional assays and PG receptor
antagonists to test the selectivity of 3,7-dithiaPGE1 for the PG-EP4.
By measuring cAMP accumulation, we obtained a series of unexpected findings.
First, 3,7-dithiaPGE1 has activity at both PG-EP4 and PG-EP2 receptors, although it is
more potent at the PG-EP4 receptor. Second, PG-EP4 receptors within TM and SC
primary cultured cells differentially respond to 3,7-dithiaPGE1. In a dose-dependent
manner, both cells increase intracellular cAMP, however, SC cells respond by increases
in cAMP at a range of concentrations corresponding to the PG-EP4 receptor as well as the
PG-EP2 receptor. Third, even though descriptive studies in chapter 4 identified the
distribution of PG-EP4 receptors within CM tissues and TM tissues and cells, the primary
CM and TM cells appear to have to no cAMP accumulation within the range for PG-EP4
receptor activation in response to 3,7dithiaPGE1. Fourth, TM cells stimulated with 3,7dithiaPGE1 in the presence of forskolin exhibit a decrease in cAMP production at
concentrations associated with the PG-EP4 receptor. On the basis of these findings, we
suggest that a specific range of concentrations of 3,7-dithiaPGE1 selectively activates PGEP4 receptors within the conventional outflow pathway.
There are potential consequences of targeting the cells of the trabecular outflow
pathway. First, because this is the pathway which is affected in POAG, there is greater
potential to efficaciously increase outflow facility. Indeed targeting uveoscleral outflow
can indirectly affect conventional drainage; however this does not appear to be the
primary mechanism in current PG therapies. Additionally, the cellular organization of
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the TM and SC provide a specialized signaling environment encouraging PG paracrine
and autocrine signaling.
In attempt to determine the selectivity of PG-EP4 receptor activation in transfected
and primary cell cultures, we used specific PG-EP4 and PG-EP2 receptor antagonists.
Our results, from using both antagonists, indicate 3,7-dithiPGE1 activation of PG-EP4 and
PG-EP2 receptors is selectively blocked in transfected cell systems. However, in both
TM and SC cells, which express a heterogeneous population of PG receptor subtypes, the
PG-EP4 and the PG-EP2 receptors do not appear to be the only contributing factor to
cAMP accumulation. Due to the magnitude of the blocked cAMP accumulation in SC
cells when treated with the PG-EP4 receptor antagonist, and the downward shift of the
maximal cAMP accumulated in both cell lines when treated with the PG-EP2 antagonist,
these data suggest that the net cAMP accumulated in both SC and TM is the result of
endogenous PG activity in addition to the PG-EP4 receptor activation. Interestingly, the
PG-EP4 receptor antagonist had no effect on cAMP accumulation in primary TM cells,
however, because of potential alternative G-protein coupling, further experiments, such
as testing this antagonist in TM cells in the presence of forskolin, are required.
An interesting aspect that emerged from our studies is the potential role of
endogenous prostaglandins in the efficacy of 3,7-dithiaPGE1 and the effect of the
architecture of the trabecular outflow pathway on the signaling mechanisms of these
prostaglandins. In agreement with previous observations, we found 3,7-dithiaPGE1 to
efficaciously increase outflow facility. Our results imply that the full effect observed
endogenously is the combinatory activation of multiple pathways signaling through
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cAMP. Here, we identify functional PG-EP4 receptors within SC cells, thus defining, for
the first time to our knowledge, an alternative role for the SC in outflow facility other
than providing resistance. We believe that this represents a major step towards
understanding TM and SC signaling. Although we cannot exclude the possibility that 3,7dithiaPGE1 activates PG-EP4 receptors within CM cells through an alternative G-protein.
Additional studies are needed to further investigate G-protein coupling within the TM
and CM and the dynamic nature of paracrine and autocrine signaling within the
trabecular outflow pathway.
In summary, our data show that prostaglandin signaling within the conventional
outflow pathway may be more complex than currently recognized. PG-EP4 receptors
stimulate adenylate cyclase to increase cAMP, which is commonly known for its role in
relaxation by stimulating PKA and by inhibiting the activation of myosin-light chain
kinase (MLCK). However our studies in endogenous cells are not so straightforward.
The expression of multiple PG subtypes within the conventional outflow pathway and the
observation that independently activating these subtypes’ results in increased outflow
facility suggests that the receptor and G-protein coordination is complicated. The major
findings in this study identify 3,7-dithiaPGE1 as a potent and efficacious PG-EP4 receptor
agonist in both recombinant and primary cultured cells. In particular, the signaling
mechanisms between the cells of the conventional outflow pathway may indicate a
specific mechanism of action. The SC appear to be an important component affecting
outflow facility, possibly through downstream signals from the TM. These findings may
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lead to targeting the SC cells and suggest new models focusing on the contribution of the
SC in POAG.
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CHAPTER 6:
SUMMARY, CONCLUSIONS, FUTURE DIRECTIONS AND PERSPECTIVE
6.1
Summary
Prostaglandins (PGs) are well-known ocular hypotensive agents. They efficaciously
lower intraocular pressure (IOP) in individuals with ocular hypertension, and they are
currently used as a first-line therapy to treat patients with primary open-angle glaucoma
(POAG). Although it is evident that PGs affect IOP, their involvement in aqueous humor
dynamics and outflow regulation is not understood. The studies here help to characterize
PGs in the eye by examining the mechanisms regulating PGs; terminal PG synthases, PG
receptors and PG signaling.
Terminal PG synthases are enzymes that control the synthesis of specific PGs.
Prostamide/prostaglandin F synthase (PM/PGFS) is one of the enzymes responsible for
the synthesis of both prostaglandin (PGF2α) and prostamide F2α (PMF2α). Since both
PGF2α and PMF2α lower intraocular pressure, establishing the distribution of PM/PGFS in
the eye represents the first step in determining a role for this enzyme in regulating
aqueous humor dynamics. In chapter 3, the distribution of PM/PGFS was characterized
in both mouse and human tissues. In mouse ocular sections, this enzyme was found
localized to the TM. The presence of PM/PGFS within the conventional outflow
pathway suggests this enzyme’s involvement in regulating aqueous flow through this
tissue in the mouse. However, even though PM/PGFS was specifically localized in
mouse ocular tissues, PM/PGFS distribution was difficult to determine in both human
primary cultured cells and tissues. In an attempt to examine the distribution of this
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enzyme in the human eye, the activity of PM/PGFS was analyzed using primary cells of
both the uveoscleral and conventional outflow pathways. Our results suggest that the
presence and activity of PM/PGFS in human tissues is very minimal. Although
unexpectedly, high PGE synthase activity was detected. PGE synthase regulates the
formation of PGH2 to PGE2. PGE synthase activity was found to be the highest in the SC
cells of the conventional outflow pathway and moderately active in CM cells. These
studies suggest that PGE2 is a major PG signaling molecule in the outflow pathways of
the human eye.
Since PGE synthase is highly active in the resident cells of the human outflow
pathways, chapters 4 and 5 focus on the PG-EP receptor subtypes and signaling
mechanisms. Of the four PG-EP receptor subtypes, the contribution of the PG-EP4
receptor activation was specifically examined in chapter 4 to determine whether the
effects of 3,7-dithiaPGE1 in human model systems were similar to the effects observed in
monkeys. In chapter 4, PG-EP4 receptors were identified for the first time to be present
at the cell surface of both TM and SC cells of the conventional outflow pathway.
Through IHC analysis, the PG-EP4 receptor localization and distribution was confirmed
to be tissue specific. Additionally, a rapid increase in outflow facility was measured after
treatment with a specific PG-EP4 agonist, 3,7-dithiPGE1, in human in situ experiments.
The effects observed on outflow facility in this study were consistent with the previous
work in monkeys treated with 3,7-dithiaPGE1 which exhibited a significant decrease in
IOP85. Therefore, in chapter 4, we determined that 3,7-dithiaPGE1 increases outflow
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facility in human eyes suggesting that the PG-EP4 receptor subtype plays a role in
regulating aqueous humor outflow.
In chapter 5, the selectivity of the PG-EP4 agonist was determined as well as the
activation and signaling mechanisms of the PG-EP4 receptor were investigated. Using
SC, TM and CM primary cell cultures and PG-EP2 and PG-EP4 transfected HEK cells,
the selectivity of 3,7-dithiPGE1 for the PG-EP4 receptor was determined. Measuring the
accumulation of the second messenger cAMP, the concentration required for PG-EP4
receptor to reach maximal efficacy was found to be 1000x fold more potent than the
concentration required for PG-EP2 receptor activation. Additionally, the cAMP response
was inhibited in these cells using PG-EP2 and PG-EP4 specific receptor antagonists. Next
we showed that the endogenous SC and TM cells of the conventional outflow pathway
express functional PG-EP4 receptors. We observed that the PG-EP4 receptors were
selectively blocked in SC cells using a selective PG-EP4 receptor antagonist previously
identified. Additionally, in the presence of the PG-EP2 receptor antagonist, partial
inhibition of accumulated cAMP was found in both SC and TM cells. In these studis, we
also identified potential Gi g-protein coupling between PG-EP4 receptors within the TM
and SC cells of the conventional outflow pathway. Together, in chapter 5, we
demonstrated that the selective agonism of the PG-EP4 receptor differentially activates
cAMP accumulation in TM and SC cells of the conventional outflow pathway, both of
which may contribute to the effects in outflow facility observed in chapter 4.
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6.2
Conclusions
The major findings in these studies identify specific regulatory components of PGF2α and
PGE2 synthesis and signaling within the mouse and human outflow pathways. First, the
presence of PM/PGFS in the mouse outflow pathway signifies endogenous PGF2α and
PMF2α activity in these tissues. It also suggests that the PG-FP receptor and the PG-FP
hetero-dimer are potentially expressed in this pathway. These data provide evidence that
PGF2α analogues may affect trabecular outflow in the mouse eye; however, it remains
unclear if PGF2α analogues affect the conventional outflow pathway in humans.
Second, the discovery of PGE synthase activity within human CM and SC cells
localizes PGE2, the product of PGE synthase activity to the outflow pathways. We
determined the presence of functional PG-EP4 receptors at the membrane surface in the
primary cells of the conventional outflow pathway therefore, providing a direct target for
PGE2 autocrine and paracrine signaling. Additionally, with the use of a selective agonist,
we observed a dramatic and efficacious increase in outflow facility in the human eye.
Interestingly, in both chapters 3 and 5, our results indicat the importance of SC cells in
PG signaling; first through the identification of high PGE synthase activity; and second,
through the activation of the PG-EP4 receptor and cAMP accumulation. These data
suggest that the SC plays a larger role in conventional outflow than is anticipated. Given
that prostaglandins are autocrine and paracrine mediators, the identification of high PGE
synthase activity in SC cells and not TM cells, raises the question how 3,7-dithiaPGE1,
and potentially endogenously produced PGE2, are acting in these tissues. The physiology
and structure of the conventional outflow pathway allows for aqueous humor to flow
from the ciliary processes into the anterior chamber and primarily out the TM and the SC.
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The inner wall of the SC provides a great amount of resistance to aqueous humor
outflow. Movement of aqueous humor through the SC is mediated by both paracellular
and transcellular routes. For paracellular movement, aqueous humor moves through gap
junctions and tight junctions present in the SC; transcellular movement occurs through
aquaporins and giant vacuoles. Therefore, the disruption of the cell-cell junctions within
the inner wall of the SC is a potential mechanism to increase the inner wall permeability.
The permeability of the inner wall of the SC is measured as transepithelial electrical
resistance (TER or TEER). Studies in MDCK cells within the nephron observed that by
activating ERK1/2 there was an increase in TEER leading to an increase in the expression
of claudins. Additionally, they found that PGE2, through cAMP/PKA activation, blocked
ERK1/2 decreasing TEER. In this study, it was concluded that nephron permeability is
dependent upon the various claudin expression which can be modulated by PGs. It is
possible that PGs signaling within the outflow pathway may disrupt the cell-cell junctions
of the TM and the inner wall of the SC decreasing the TEER and increasing outflow
facility.
From these studies we conclude that our initial hypothesis was correct, prostaglandin
synthases, prostaglandins and PG-receptors play a critical role in regulating outflow
facility in the human eye. More specifically, our observations suggest PGE2–mediated
paracrine and autocrine signaling, within the human conventional outflow pathway,
participates in the regulation of aqueous humor dynamics. Together, these studies bring
us closer to understanding the endogenous regulatory mechanisms of prostaglandins in
aqueous humor dynamics.
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6.3
Future Experiments
Although we can identify that prostaglandins contribute to the regulation of aqueous
humor and IOP, there are still persistent questions that remain unanswered; some of
which were not addressed in this study, while others evolved from the findings here.
In chapter 3, we determined that PM/PGFS is present in the trabecular meshwork of
the mouse outflow pathway. Identification of the machinery responsible for PMF2α and
PGF2α synthesis localized to the conventional outflow pathways is consistent with a
trabecular outflow effect observed with Bimatoprost. Additional studies, requiring the
generation of primary antibodies to the PG-FP hetero-dimer as well as PM/PGFS
knockout mice, are needed to further investigate the endogenous involvement of
PM/PGFS and PMF2α synthesis in IOP.
In human tissues and cells, we did not conclusively detect the presence or absence of
PM/PGFS; therefore, it is unknown whether PM/PGFS in the mouse is the same enzyme
responsible for the synthesis of endogenous PMF2α in humans. The first step, in order to
whether PM/PGFS is expressed by humans, is to analyze human tissues by RT-PCR.
Even though our preliminary studies have not been able to detect the presence of
PM/PGFS in human ocular or brain tissues by RT-PCR methods, these experiments need
to be confirmed. Additionally, IHC and western blot experiments relied on the
specificity of the primary PM/PGFS antibody. These studies identified a single band in
most ocular tissues that tested at a heavier weight than expected for PM/PGFS identified
in both the swine and mouse. Although it is possible that the band identified is a heavier
isomer, it could also be a non-specific band that the primary recognizes. This can be
addressed by generating a more specific primary antibody.
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One of our major findings, in chapter 3, was the discovery of high PGE synthase
activity present in both CM and SC cells. Outside of our results, little information is
known about PGE synthase distribution and activity in the eye, and there are no
quantitative or descriptive studies localizing PGE synthase to the uveoscleral or
conventional outflow pathway. This could be because PG characterization has primarily
focused on receptor localization and expression. Additionally, since only PGF2α
analogues have advance clinically, PG research has been geared toward PGF2α signaling.
However, studies of the enzymes and proteins involved in PG synthesis and PG receptor
signaling can be just as valuable.

Co-localization studies using specific primary

antibodies to both PGE synthase and the PG-EP receptor subtypes may elucidate key
cells and tissues in the outflow pathways. Additionally, the generation of specific PGE
synthase inhibitors as well as specific PG receptor antagonists would identify the
contribution of endogenous PG synthase activity in response to specific PG analogues.
Together, further studies investigating the function(s) of PGE synthase in the eye will
determine whether it is the major PG regulating outflow facility and IOP in humans.
In chapters 4 and 5 we looked at the expression and localization of the PG-EP4
receptor within the uveoscleral and trabecular pathways. Here we identified that not only
is the PG-EP4 receptor present in both outflow pathways, it is functional within primary
TM and SC cells identifying a target for PGE2 signaling. However, our results show that
the knock-down in cAMP accumulation observed in TM cells treated with forskolin and
3,7-dithiPGE1 may be Gi related. This suggests that activation of PG-EP4 receptors
within the TM and SC elicits opposing responses, either of which could be responsible
Millard/2010

104
for the increases in outflow facility observed in chapter 4. Therefore, the effects of 3,7dithiPGE1 in situ, may be mediated by either TM decreases or SC increases in cAMP.
Therefore, we need to further investigate the role of the PGE2 receptor subtypes: EP1,
EP2, EP3 and EP4 in the TM and SC cells.
Additionally, we should look at the integrity of the cell-cell junctions within the TM
and SC to determine whether this is a plausible mechanism for PGs to increase outflow
facility. Future studies looking at the expression of ZO-1 and claudins within the outflow
pathways, as well as measuring the TEER across monolayers of primary TM, SC and CM
cells would be beneficial studies.
Together, both chapters 4 and 5 characterize 3,7-dithiaPGE1, a selective PG-EP4
receptor agonist in in vitro and in situ human models. These studies demonstrate that
activating PG-EP4 has a direct effect on human outflow, and for the first time, these
results correlate with previous studies in the monkey suggesting the primary effect is via
the conventional outflow pathway. The next step involving 3,7-dithiaPGE1 is to
demonstrate its selectivity in situ with the use of the specific PG-EP4 and PG-EP2
antagonists. This is an important step in validating receptor specificity of 3,7dithiaPGE1.
6.4
Perspective
These studies contribute breadth and depth to both the prostaglandin and glaucoma fields.
In glaucoma, PGs are the primary treatment however, little is understood about their
participation in increasing outflow facility; therefore, it is imperative that we further our
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understanding of these lipid molecules in ocular systems. By determining the important
regulatory mechanisms of IOP, we step closer to uncovering the etiology of glaucoma.
Investigating the role for prostamide pharmacology is in its infancy. The recent
discovery of prostamide anti-hypertensive effects increased interest in their
pharmacology and potential effects in other disease states. The discovery of PM/PGFS
and the FP hetero-dimer in the mouse are the first observations of endogenous prostamide
activity within the aqueous outflow pathways.
These studies also identified prostaglandin E synthase to be active in the human
conventional outflow cells. Until now, the focus of prostaglandin research in glaucoma
has been on PGF2α analogues. However, we have identified that PGE synthase exhibits
greater activity than PGF synthase in CM, SC and TM cells. This activity supports PGE
endogenous activity in the human outflow pathway and creates another avenue for IOP
regulation. We also identified PG-EP4, a specific downstream target of PGE2, as having
a key role in outflow facility and therefore, we determined that the PG-EP4 receptor is a
modulator of aqueous humor dynamics. From the observations in these studies
completed in chapters 3-5, we identified new molecular targets within the prostaglandin
pathway for 1) further investigation and 2) pharmacological treatments in glaucoma.
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Clearly the PGs play an important role in controlling the removal of aqueous outflow.
We know that prostaglandin F2α, E2 and D2 all impact outflow, increasing fluid flow
through a combination of primary and secondary routes. In addition, other members of
the prostanoid family, such as prostacyclin and thromboxane, have exhibited potential to
be used as IOP lowering agents75. Unfortunately, we do not presently have a daily
therapeutic that directly targets the diseased tissue in ocular hypertension, the
conventional outflow pathway. Perhaps the development of PG-EP4 receptor analogues
will finally provide a drug that selectively, safely and efficaciously activates receptors in
the conventional pathway to lower pressure in those with primary open-angle glaucoma;
offering patients superior medical treatment to those currently available.
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publication platform at www.interscience.wiley.com. The Materials shall not be used in
any other manner or for any other purpose. Permission is granted subject to an
appropriate acknowledgement given to the author, title of the material/book/journal and
the publisher and on the understanding that nowhere in the text is a previously published
source acknowledged for all or part of this Material. Any third party material is expressly
excluded from this permission.
1. With respect to the Materials, all rights are reserved. No part of the Materials may be
copied, modified, adapted, translated, reproduced, transferred or distributed, in any
form or by any means, and no derivative works may be made based on the Materials
without the prior permission of the respective copyright owner. You may not alter,
remove or suppress in any manner any copyright, trademark or other notices
displayed by the Materials. You may not license, rent, sell, loan, lease, pledge, offer
as security, transfer or assign the Materials, or any of the rights granted to you
hereunder to any other person.
2. The Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc or one of its related
companies (WILEY) or their respective licensors, and your interest therein is only
that of having possession of and the right to reproduce the Materials pursuant to
Section 2 herein during the continuance of this Agreement. You agree that you own
no right, title or interest in or to the Materials or any of the intellectual property rights
therein. You shall have no rights hereunder other than the license as provided for
above in Section 2. No right, license or interest to any trademark, trade name, service
mark or other branding ("Marks") of WILEY or its licensors is granted hereunder,
and you agree that you shall not assert any such right, license or interest with respect
thereto.
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3. WILEY DOES NOT MAKE ANY WARRANTY OR REPRESENTATION OF
ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR
STATUTORY, WITH RESPECT TO THE MATERIALS OR THE ACCURACY OF
ANY INFORMATION CONTAINED IN THE MATERIALS, INCLUDING,
WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF
MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS
FOR A PARTICULAR PURPOSE, USABILITY, INTEGRATION OR NONINFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED
BY WILEY AND WAIVED BY YOU.
4. WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.
5. You shall indemnify, defend and hold harmless WILEY, its directors, officers, agents
and employees, from and against any actual or threatened claims, demands, causes of
action or proceedings arising from any breach of this Agreement by you.
6. IN NO EVENT SHALL WILEY BE LIABLE TO YOU OR ANY OTHER PARTY
OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL,
CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION
WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR
BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE,
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS
OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT
THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.
7. Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.
8. The failure of either party to enforce any term or condition of this Agreement shall
not constitute a waiver of either party's right to enforce each and every term and
condition of this Agreement. No breach under this agreement shall be deemed waived
or excused by either party unless such waiver or consent is in writing signed by the
party granting such waiver or consent. The waiver by or consent of a party to a breach
of any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.
9. This Agreement may not be assigned (including by operation of law or otherwise) by
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you without WILEY's prior written consent.
10. These terms and conditions together with CCC’s Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you
and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written.
This Agreement may not be amended except in a writing signed by both parties. This
Agreement shall be binding upon and inure to the benefit of the parties' successors,
legal representatives, and authorized assigns.
11. In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC’s Billing and Payment terms and conditions,
these terms and conditions shall prevail.
12. WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms
and conditions.
13. This Agreement shall be governed by and construed in accordance with the laws of
England and you agree to submit to the exclusive jurisdiction of the English courts.
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