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ABSTRACT

The prostaglandins comprise a group of bioactive lipids generated from arachidonic acid
by cyclooxygenases and cell type-specific prostaglandin and thromboxane synthases.
Prostaglandins mediate local cell signaling interactions by activation of G-protein
coupled prostanoid receptors. Because the prostaglandins and their receptors are active in
all tissues, they have an extraordinarily broad spectrum of physiological and
pathophysiological functions that have hampered the development of safe prostanoidbased medications. This situation has emphasized the importance of understanding the
functional properties of the prostanoid receptors and developing selective ligands capable
of being used in patient care.

The aims of this project were to identify novel regulatory functions of endogenous EP
and FP prostanoid receptors in cultured human cells. Our results show that activation of
EP2 receptors in human microglia and astrocytes led to increased secretion of BDNF, a
growth factor that regulates the survival of neurons. In the same cell lines, FP receptors
regulate the induction of TNF-α gene expression through a classic Gq-PKC pathway. In
microglia these FP receptors also stimulate a novel signaling crosstalk mechanism
involving the up-regulation of TCF transcriptional function by Raf kinases, which
culminates in the expression of the angiogenic inducer Cyr61. FP receptors also regulate
the induction of angiogenic immediate early genes in cultured ciliary muscle cells, which
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may constitute the early steps in a mechanism by which commercial FP agonists reduce
intraocular pressure in glaucoma therapy.

The up-regulation of BDNF through glial EP2 receptors constitutes a mechanism by
which elevated PGE2 in the inflamed brain might elicit either healing processes in the
brain or neuronal apoptosis. On the other hand, induction of TNF-α and Cyr61 by glial
FP receptors may mediate neuroinflammation and may also contribute to glioma tumor
growth. Stimulation of FP receptors in the ciliary muscle leads to the induction of
immediate early genes capable of coordinating tissue remodeling processes that have
been previously documented. The results of these studies suggest novel regulatory
functions of the prostanoid receptors in the brain and eye. Furthermore, these findings
provide insight on how the selective modulation of the EP2 and FP receptors might be
therapeutically advantageous.
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CHAPTER 1

BACKGROUND, PURPOSE & AIMS

1.1 Early discoveries in prostaglandin research
The prostaglandins comprise a group of endogenous bioactive lipids that mediate diverse
physiological processes involving short-range signaling among neighboring cells. The
investigation of these compounds was inaugurated by the work of Kurzok and Lieb, who
in 1930 observed rhythmic contraction of myometrial smooth muscle following
application of human semen. Within a few years of the initial discovery, the active
principle in seminal fluid was confirmed by the independent efforts of Goldblatt and von
Euler. Believing the origin of this substance to be the prostate gland, von Euler coined the
term “prostaglandin” to describe this substance (von Euler, 1936). After a lapse in
notable prostaglandin-related discoveries of about twenty years, Bergstrom and Sjovall
purified the first prostaglandins and named them PGE1 and PGF1 based on their solubility
in ether or phosphate (in Swedish, “fosfat”), respectively (reviewed in Miller, 2006).
Additional subsequent work by Eliasson in 1959 also revised notions of where
prostaglandins arise, determining the actual source organ to be the seminal vesicles rather
than the prostate.
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1.2 Characterization of prostanoid biosynthesis
The diversity of their biological effects was appreciated soon after the prostaglandins
were discovered. This led to strong interest in elucidating their chemical characteristics
and biosynthesis conditions. In 1964, van Dorp and Bergstrom independently showed
that prostaglandins can be produced by the conversion of three fatty acids. Thus, dihomo-γ-linolenic acid, arachidonic acid and timodonic acid give rise to prostaglandin
variants that contain one, two, or three double bonds respectively. The basic structure of
these compounds includes a five- or six-membered ring group substituted with an acyl αchain and a hydroxylated alkene ω-chain. The ring is also substituted with various
oxygen-containing functional groups that largely determine the pharmacodynamic
properties of the molecule. Because arachidonic acid is much more abundant the other
fatty acids, the major prostaglandins in animals contain two double bonds and are
denoted by a subscript numeral “2” in their name.

The conversion of arachidonic acid to prostaglandins involves a multi-step process
executed by multiple enzymatic activities. Enzymes referred to as “cyclooxygenases”
(COXs) carry out two distinct reactions that generate intermediate prostaglandin reaction
substrates (Hamberg & Samuelsson, 1973; Hamberg et al., 1974). The first COXmediated step is an oxygenase activity that cyclizes a portion of the fatty acid, yielding
the unstable endoperoxide intermediate prostaglandin G2 (PGG2).The second step,
catalyzed at a different cyclooxygenase active site, converts PGG2 to PGH2 by reducing
the endoperoxide to a hydroxyl group (Simmons et al., 2004). PGH2, in turn, becomes the
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substrate for group of enzyme called the prostaglandin synthases, which rapidly convert
PGH2 to products that are recognized as biologically active ligands. Thus prostaglandin D
synthase produces PGD2, prostaglandin E synthase produces PGE2, prostaglandin F
synthase produces PGF2α, prostacyclin I synthase produces PGI2, and thromboxane A
synthase produces TXA2. These five reaction products, sometimes referred to as the
“prostanoids,” are recognized as biologically active ligands that are released during
autocrine and paracrine signaling processes. With the exception of erythrocytes, all
animal cells express COX and at least one type of prostaglandin synthase and therefore
are competent to synthesize prostanoids. The prostanoid synthesis pathways, as well as
the chemical structures of arachidonic acid, the biosynthetic intermediates and the final
prostanoid ligands, are shown in Figure 1.1.

Although the diverse biological actions of the prostaglandins were appreciated and
actively investigated throughout the mid-twentieth century, the watershed moment for
their importance came in 1971. The work of John R. Vane that year showed that nonsteroidal anti-inflammatory drugs (NSAIDS) inhibit the activity of COX and therefore
block the synthesis of prostaglandins. These drugs, which include aspirin and
indomethacin, had been popular since the nineteenth century despite there being little
knowledge about how they worked. However, although the NSAIDs were effective in
alleviating symptoms of pain and inflammation, they were also associated with
unfavorable gastrointestinal and renal side effects. These side effects were attributed to
the inhibition of both the COX-1 and COX-2 variants of cyclooxygenase.

17

COX-1 is essentially a constitutively expressed housekeeping gene involved with
prostaglandin-mediated aspects of physiological homeostasis in some organs (especially
the stomach and kidneys). In contrast, COX-2 is usually expressed only under stimulation
associated with inflammation (Simmons et al., 2004). To avoid the side effects of
NSAIDs associated with COX-1 inhibition, a new class of COX-2 selective inhibitors
was developed to treat disorders related to advanced pain and inflammation. These drugs
initially proved effective in alleviating symptoms while avoiding gastrointestinal and
renal liabilities. Over time, however, the COX-2 inhibitors were found to cause
potentially fatal cardiovascular side effects, including stroke and heart attack. This
finding caused great public concern and resulted in the application of warnings and
restrictions on the use of COX-2 inhibitors, mandated by the US Food and Drug
Administration and supported by public health advocacy groups. In the most serious of
these cases, the Merck drug rofecoxib was voluntarily withdrawn from commercial use in
2004. These developments have emphasized and accelerated recent efforts to understand
the downstream biological functions of the prostaglandins, with the goal of developing
highly selective agents that can modulate the activity of one prostaglandin while leaving
the others unaffected.

The scientific importance of the prostaglandins was formally recognized when Sune
Bergström, Bengt I. Samuelsson and John R. Vane shared the 1982 Nobel Prize in
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Physiology or Medicine for their contributions to the elucidation of prostanoid
biosynthesis.

1.3 Discovery and characterization of the prostanoid receptors
By the 1970’s, little was known about the mechanism of action that mediated the diverse
biological effects of the prostaglandins. Based on their fatty acid character, initial
hypotheses attributed the actions of the prostaglandins to their proposed modulation of
cell membrane properties by solvation into the lipid bilayers. Evidence to oppose these
early ideas came from functional biological assays, radioligand binding studies, and
measurements of second messenger activation, the bulk of which indicated that
prostaglandins exert their effects by binding to discrete receptor sites and stimulating
intracellular second messengers (Coleman et al., 1994). The prostaglandins are now
known to activate intracellular signaling processes by activation of a subfamily of Gprotein coupled receptors (GPCRs). GPCRs are integral membrane proteins having seven
α-helical domains that span the lipid bilayer, oriented with the amino terminus residing
extracellularly and a carboxyl terminal tail directed intracellularly. The intracellular
domains of these receptors are coupled to heterotrimeric guanine nucleotide binding
proteins (G-proteins) that couple the extracellular ligand-receptor interactions to
intracellular second messenger pathways (Figure 1.2). Binding of a ligand leads to a
change in the orientation of the receptor’s transmembrane domains, which results in
activation of the G-protein heterotrimer. The activated state of the G-protein is attained
by replacement of guanosine diphosphate (GDP) bound to the resting Gα subunit with
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guanosine triphosphate (GTP), followed by dissociation of the Gα-GTP monomer from
the Gβγ dimer. Depending on the identity of the Gα subunit, the G-protein then stimulates
second messenger signaling pathways such as those mediated by cyclic AMP, Ca2+,
inositol phosphates and monomeric GTPases.

Thus, five major subdivisions of the prostanoid receptors were defined by early
pharmacological studies using both natural and synthetic prostanoid ligands. The
receptors were distinguished based on their responsiveness to selective agonists and their
functional activities in bioassays. The receptors were designated DP, EP, FP, IP and TP
based on evidence that each receptor exhibited high affinity for PGD2, PGE2, PGF2α,
PGI2 or TXA2 respectively. Additional receptor diversity was also described; three
unique pharmacological responses elicited by PGE2 suggested that the EP receptor
occurred as three subtypes (EP1, EP2 and EP3). The binding affinity of each receptor type
for its cognate prostaglandin ligand is at least an order of magnitude greater than that for
the other prostaglandins. Despite this selectivity, there is a degree of cross-reactivity
within the prostanoid ligand and receptor families.

Deduction of the receptors’ structural and functional properties began with the
purification and molecular cloning of the TP receptor from human platelets (Hirata et al.,
1991). In the ensuing years, additional molecular studies based on sequence homology
facilitated the cDNA cloning of the DP, EP, FP and IP receptors from the tissues of
humans and other species (Pierce et al., 1995). These cloning studies facilitated the
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heterologous expression of recombinant prostanoid receptor in cell culture systems,
which led to our current understanding of the G-protein and second messenger coupling
properties of the receptors. Of particular interest was the functional characterization of
the EP receptors. The pharmacological profile designated EP2 was initially misattributed
to an EP receptor clone based on its coupling to the stimulatory G-protein Gs (Honda et
al., 1993). This flawed conclusion was formed despite the observation that butaprost, a
synthetic prostaglandin used to pharmacologically define the EP2 receptor, failed to
evoke a functional response in cells expressing the cloned receptor. Later work described
the structure of the authentic EP2 receptor and reassigned the designation of the former
EP2 receptor to EP4; thus four EP receptor subtypes with unique pharmacological
properties are now known to exist (Regan et al., 1994).

Overall, the prostanoid receptors were found to have 20-30% sequence similarity, with 65
conserved and 34 identical amino acid residues across the subfamily. Twenty of these
identical residues have been noted as a molecular signature that distinguishes the
prostanoid receptors from other GPCRs (Narumiya et al., 1999; Breyer et al., 2001).
Analysis of receptor sequence homology indicates that the prostanoid receptors are
organized into two main phylogenetic branches, which are correlated with G-protein
coupling characteristics (Figure 1.3). One branch consists of the DP, EP2, EP4 and IP
receptors, all of which stimulate adenylyl cyclase and cyclic AMP formation through the
activation of Gs. The second branch comprises the EP1, FP, TP and EP3 receptors: EP1,
FP and TP receptors stimulate inositol trisphosphate, Ca2+ and diacylglycerol signaling
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through the sequential activation of Gq and phospholipase C, while EP3 inhibits cyclic
AMP signaling through Gi. Interestingly, the appearance of EP receptor subtypes in both
phylogenetic branches may indicate that the ancestral prostanoid receptor from which the
modern subfamily evolved was an EP receptor. Furthermore, the second branch includes
the prostanoid receptors that undergo alternative mRNA splicing; multiple isoforms have
been identified for each of the EP1, FP, TP and EP3 receptors (Pierce & Regan, 1998).
These alternative splicing events do not appear to affect the ligand-binding properties of
the prostanoid receptors, but can influence G-protein coupling specificity, constitutive
activity, and agonist-induced receptor desensitization/internalization.

Cloning of the prostanoid receptors has facilitated the discovery of their intracellular
signaling properties (Pierce & Regan, 1998; Breyer et al., 2001). Generally, the
prostanoid receptors have been confirmed to regulate the signaling pathways predicted by
their G-protein coupling. Thus, stimulation of the DP, EP2, EP4 and IP receptors activates
the cyclic AMP signaling cascade, stimulation of EP3 inhibits that cascade, and
stimulation of EP1, FP, and TP receptors activates inositol phosphate and Ca2+ pathways.
In contrast, additional studies have revealed novel and, in some cases unexpected,
intracellular mechanisms coupled to the activation of the prostanoid receptors. A good
example of this is observed in the signaling properties of the FP receptor (partially
summarized in Figure 1.4). In addition to Gq-mediated signaling the FP receptor has been
shown to regulate the G12/13-Rho pathway (Pierce et al., 1999), the β-catenin/T-cell factor
pathway (Fujino et al., 2001), and the Ras-Raf-extracellular signal regulated kinase
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(ERK)-mediated mitogen-activated protein kinase (MAPK) cascade (Xu et al., 2008).
These three signaling pathways, which are probably not all-inclusive of the FP receptor’s
signaling potential, are capable of regulating an extraordinarily wide variety of cellular
processes and gene expression events. By association, the FP receptor might also
participate in the regulation of the targets of these pathways, which in turn can regulate
the cytoskeleton (Rho), the expression of the transcriptional regulator early-growth
response factor-1 (EGR-1, induced by ERK), and a broad spectrum of other genes
important for cell growth, differentiation and cancer. Likewise, other prostanoid receptors
have demonstrated similarly complex signaling properties by coupling to multiple Gproteins and activating important downstream cellular processes, signaling effectors and
transcriptional regulators.

1.4 Purpose and aims
We now appreciate that the prostanoid receptors contribute to an broad variety of
biological processes that influence normal health, pathological states and therapeutic
outcomes. While the breadth of this spectrum is scientifically interesting, it has stymied
the development of prostaglandin-mimicking or -blocking drugs that selectively target a
therapeutic endpoint without also delivering negative side effects. Thus, continued
elucidation of the prostanoid receptors’ structural and functional properties has the
potential to guide both the development of new selective ligands and the clinical
application of currently available drugs. The projects described herein aimed to describe
novel regulatory actions of EP and FP receptors endogenously expressed in cell culture
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systems that modeled native cell types of interest. The experiments focused on
identifying novel gene expression, protein synthesis or secretory events regulated by the
EP and FP receptors. Thus, the specific aims of these projects can be expressed as
follows:

Aim 1. Determine how PGE2 affects the secretory behavior of cultured human
microglial cells and astrocytes. In vivo, microglia and astrocytes perform a number of
functions supporting and protecting neurons, in part mediated by their capacity to secrete
chemical signals, cytokines, growth factors, and other neuromodulators. We approached
this aim by antibody-array screening of conditioned media supernatants from glial cell
cultures treated with PGE2. We selected one of the most strongly up-regulated secreted
targets for more detailed analysis; thus we explored the mechanisms linking PGE2 to the
induction of brain-derived neurotrophic factor (BDNF), an important mediator of both
neuroprotective and neurotoxic signals. Because this mechanism involves the EP2
receptor subtype, we were able to describe a novel regulatory function of this receptor.

Aim 2. Characterize the links between the FP receptor and the expression of tumor
necrosis factor-α (TNF-α) and cysteine-rich protein 61 (Cyr61). Previous studies
using cells expressing recombinant FP receptors or other endogenous cell types have
provided evidence that PGF2α stimulates the expression of both TNF-α and Cyr61.
Because these factors have important functions in pathophysiological processes such as
chronic inflammation and cancer, we set out to extend these findings using cultured cells
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endogenously expressing the FP receptor. In these experiments we used cultured
microglia and astrocytes to characterize the effects of the endogenous FP receptors in the
regulation of TNF-α and Cyr61. The results of these experiments were buttressed by
additional signal transduction studies performed in human embryonic kidney cells stably
expressing the FP receptor. Thus, we used these recombinant cells to compare the effects
of PGF2α on TNF-α and Cyr61 expression with the effects observed after co-treatment
with targeted signaling inhibitors.

Aim 3. Identify novel intracellular mechanisms activated by FP receptors in
cultured ciliary muscle cells. Synthetic agonists of the FP receptor exert an ocular
hypotensive effect that is useful in glaucoma therapy. The effects of these drugs have
been linked to increased aqueous humor flow through the ciliary muscle, but the
regulatory mechanisms mediating those effects are not entirely understood. Histological
studies have shown that chronic use of these drugs in monkeys leads to the formation of
partially organized channels that resemble blood vessels. We explored in cultured ciliary
muscle cells the FP receptor-dependent regulation of immediate early genes that have
known functions promoting angiogenesis and tissue remodeling. Thus in PGF2α treated
ciliary muscle cultures, we measured protein and mRNA levels of early growth response
factor-a (EGR-1), hypoxia inducible factor-1α (HIF-1α) and connective tissue growth
factor. Each of the genes has been described as a regulatory target of PGF2α in other cell
culture model systems.
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Figure 1.1 Biosynthesis of prostanoids. In animals, the most abundant prostanoids have
two double bonds. The precursor for these molecules is arachidonic acid, which is
derived from the phospholipids of the plasma membrane by the action of phospholipase
A2 (PLA2). Arachidonic acid is converted to the unstable PGH2 by the actions of COX1/2 isoenzymes, which are the pharmacologic targets of anti-inflammatory agents such as
the NSAIDs and COXIBs. PGH2 is a short-lived intermediate that is rapidly converted to
prostanoid ligands by the actions of prostaglandin (PG) synthases. The regulated
expression of these synthases dictates what prostanoids a cell is capable of producing.
The figure was adapted from Gupta & DuBois (2001).
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FIGURE 1.2 Model of GPCR structure and G-protein activation. GPCRs contain
seven α-helical domains that span the plasma membrane. The NH2 terminus and
extracellular linkers contribute to the formation of a binding pocket that confers ligand
selectivity. The intracellular loops and COOH terminal tail coordinate the coupling of the
receptor to heterotrimeric G-proteins. Transduction of signals from the exterior of the cell
to the interior occurs based on agonist-stimulated conformational shifts that activate a
guanine nucleotide exchange factor (GEF)-like activity in the receptor. GTP replaces
GDP on the α subunit of the G-protein, which then dissociates into the Gα-GTP monomer
and the Gβγ heterodimer. The Gα subunits are capable of activating intracellular signaling
cascades through second messengers such as cyclic AMP, Ca2+, IP3, and DAG. The Gβγ
subunits effect the inactivation of the receptor through their stimulation of GPCR kinases
(GRKs).
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FIGURE 1.3 Phylogenetic analysis of prostanoid receptor homology. Sequence
analysis suggests that the prostanoid receptors evolved as shown by this model. The
functional consequence of how the receptors evolved is that closely related receptors
share second messenger coupling properties. The second messengers activated by the
receptor subgroups are shown to the right. The DP1 receptor is a member of the
prostanoid receptor subfamily. The DP2 (also known as the chemoattractant receptorhomologous molecule expressed on Th2 cells or CRTH2) has high affinity for PGD2, but
is not related to the other prostanoid receptors.
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FIGURE 1.4 Signal transduction mechanisms of the human FP receptor. The FP
receptor was initially identified as a Gq coupled receptor. As such, the FP receptor
classically activates second messenger signaling through the activation of phospholipase
Cβ (PLCβ), which splits the plasma membrane constituent phosphatidylinostiol 4,5bisphosphate to yield IP3 and DAG. These second messengers can activate downstream
signaling through the release of intracellular Ca 2+ and the activation of PKC,
respectively. Additional research has shown that the FP receptor can regulate cellular
mechanisms aside from the Gq cascade, including the activation of β-catenin/TCF
transcriptional function through PI3 kinase and the modulation of the cytoskeleton
through G12/13-Rho signaling.
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CHAPTER 2

ACTIVATION OF EP2 PROSTANOID RECEPTORS IN HUMAN GLIAL
CELL LINES STIMULATES THE SECRETION OF
BRAIN-DERIVED NEUROTROPHIC FACTOR

This chapter is adapted from a manuscript in press at the time of this writing:
Hutchinson AJ, Chou C-L, Israel DD, Xu W, Regan JW. Activation of EP2 prostanoid
receptors in human glial cell lines stimulates the secretion of BDNF. Neurochemistry
International;doi:10.1016/j.neuint.2009.01.018.

2.1 Introduction
Prostaglandin E2 (PGE2) is a prominent lipid autocrine/paracrine signaling mediator
produced by the sequential metabolism of arachidonic acid by cyclooxygenase (COX)
and PGE2 synthase. PGE2 is a major agent in local intercellular signaling associated with
inflammation, pain, fever and immune responses (reviewed by Matsuoka & Narumiya,
2007; Khanapure et al., 2007; Harris et al., 2002). The cellular actions of PGE2 are
mediated by the activation of a group of G-protein coupled receptors that includes
subtypes termed the EP1, EP2, EP3 and EP4 prostanoid receptors. These receptor subtypes
are distinguished from one another by their selectivity for different ligands and by their
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unique coupling to intracellular signaling pathways. Thus, activation of the EP1 receptor
is associated with intracellular Ca2+ transients (Funk et al., 1993) while stimulation of the
EP2 receptor promotes the production of intracellular cyclic AMP (Regan et al., 1994a).
Activation of the EP3 receptor, which is expressed as multiple isoforms through
alternative mRNA splicing, inhibits cyclic AMP signaling (Regan et al., 1994b) while
also promoting the turnover of inositol phosphates (Wada et al. 2007). Stimulation of the
EP4 receptor promotes the activities of both the cyclic AMP and phosphatidylinositol-3kinase pathways (Fujino et al., 2002).

Numerous studies have found that levels of PGE2 in the central nervous system (CNS)
increase in various neurological disorders, including ischemic stroke, Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, multiple sclerosis and amyotrophic
lateral sclerosis. Conditions such as these are associated with neuronal death resulting
from inflammation and glutamate receptor-mediated excitotoxicity (Minghetti, 2004;
Klegeris & McGeer, 2005; Lee et al., 2000). Recent studies have suggested that the EP2
receptor is especially important in a number of these pathophysiological processes by
virtue of its capacity to affect neuronal death or survival. Thus, activation of EP2
receptors has been shown to induce apoptosis in cell cultures of rat hippocampal neurons
(Takadera et al., 2004) and to exacerbate glutamate receptor mediated neurotoxicity in
cultured rat cortical neurons (Takadera & Ohyashiki, 2006). Additionally, EP2 receptors
expressed in cultured murine microglia have also been shown to be important mediators
of neurotoxicity caused by microglial activation (Jin et al., 2007) and inflammatory
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innate immune responses (Shie et al., 2007). Counterintuitively, mounting evidence
suggests that the EP2 receptor also participates in processes that protect neurons from
neurotoxic processes. In studies using cell cultures of CNS neurons from a variety of
species, selective activation of EP2 receptors was shown to be protective against toxicity
induced by glutamate receptor-mediated excitation (Akaike et al., 1994; McCullough et
al., 2004), tumor necrosis factor-alpha (Lee et al. 2004), and β-amyloid peptide
(Echeverria et al., 2005). These findings have been corroborated by studies that show a
protective effect of EP2 receptor activation against glutamate receptor-mediated toxicity
in mice (Ahmad et al., 2006) and in organotypic slice cultures from the hippocampus
(Liu et al., 2005) and the spinal cord (Bilak et al., 2004).

Whereas studies using cultured neurons suggest that the effects of EP2 receptor activation
are at least partially mediated by direct action of PGE2 on the neurons themselves, studies
using live animals and organotypic slices leave open the possibility that other CNS cell
types may contribute to the induction of neurotoxic and neuroprotective processes.
Microglia and astrocytes perform a broad variety of metabolic, immune, and trophic
functions that can support the viability and function of neighboring nerve cells in healthy
brains, but can also contribute to neurodegenerative processes under certain conditions.
One well-characterized function of these cells is the induction of factors belonging to the
neurotrophin family, such as brain-derived neurotrophic factor (BDNF). This
neurotrophin was initially described as a secreted protein capable of promoting the
survival of neurons, but is now appreciated for its ability to induce neuronal apoptosis
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(reviewed in Binder & Scharfman, 2004). Both microglia and astrocytes have been
shown to release BDNF in response to chemical stimulation (Nakajima et al., 2002; Jurič
et al., 2008). Toyomoto et al. (2004) showed that prostaglandin treatment of cultured
mouse astrocytes stimulates the release of BDNF and nerve growth factor (NGF).
Moreover, BDNF reverses the deficits in learning and synaptic plasticity observed in rats
treated with ibuprofen, a nonselective COX inhibitor used to block prostaglandin
production (Shaw et al., 2003). These findings suggest that PGE2 may regulate the
expression of neurotrophic factors capable of regulating neuronal death and survival in
situations of neurological disease or injury.

2.2 Experimental procedures
Materials
Alpha Modification of Eagle’s Medium (AMEM), RPMI 1640, fetal bovine serum (FBS),
trypsin, penicillin/streptomycin, and sodium pyruvate were obtained from Mediatech
(Manassas, VA). PGE2 and butaprost were from Cayman Chemical (Ann Arbor, MI).
Forskolin and H-89 were from Calbiochem (San Diego, CA). Human cytokine antibody
array kits (Cat. No. AAH-CYT-5) were from Raybiotech (Norcross, GA). Monoclonal
and biotinylated polyclonal anti-human BDNF antibodies were from R&D Systems
(Minneapolis,

MN).

Horseradish

peroxidase

(HRP)-conjugated

streptavidin,

dimethylsulfoxide (DMSO), isobutylmethylxanthine (IBMX) and oligonucleotide PCR
primers were from Sigma (St. Louis, MO). One-Step Ultra TMB-ELISA solution and the
SuperSignal West Pico Enhanced Chemiluminescence (ECL) system were from Pierce
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(Rockford, IL). TRizol and Opti-MEM were from Invitrogen (Carlsbad, CA). RNase-free
DNase I, dNTPs, reverse transcriptase and oligo-dT primers were from Fermentas
(Hanover, MD). Taq polymerase and ThermoPol reaction buffer were from New England
BioLabs (Ipswich, MA). Antibodies for phospho-CREB (Ser-133) and total CREB were
from Cell Signaling Technology (Beverly, MA). FuGENE-6 was from Roche Applied
Science (Indianapolis, IN). The pGL3/CRE-Luc reporter plasmid was from Strategene
(La Jolla, CA). HRP-conjugated anti-rabbit antibody, pRL-CMV-BActin reporter
plasmid and Dual Luciferase Reporter Assay System were from Promega (Madison, WI).

Cell culture
Immortalized human microglial cells were a generous gift from Dr. Carol A. Colton at
Duke University. This cell line was established by SV40 transformation as described by
Janabi et al. (1995), and characterization studies showed that the cells retained the
macrophage-like functional and antigenic properties of primary microglia. The
immortalized cells were grown at 37°C under 91% air and 9% CO2 in media consisting of
AMEM with 10% (vol/vol) heat-inactivated FBS, 100 IU/mL penicillin and 100 µg/mL
streptomycin. CCF-STTG1 human astrocytoma cells, noted for their similarity to native
astrocytes (Mentz et al., 1999) were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). Glial fibrillary acidic protein (GFAP), a phenotypic marker for
astrocytes, has been shown to be expressed in 80% of cultured CCF-STTG1 cells (Barna
et al., 1985). These cells were grown at 37°C under 95% air and 5% CO2. Media for the
astrocytes were made by supplementing RPMI 1640 with 10% (vol/vol) FBS, 100 IU/mL
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penicillin, 100 µg/mL streptomycin, 1 mM sodium pyruvate, 4.5 g/L glucose and 10 mM
HEPES. Both cell lines were passaged in 75 cm2 flasks until transfer to 10-cm or 6-well
plates for experiments. In experiments involving treatment of cells with H-89 and PGE2,
drugs were prepared as 1000-fold concentrated solutions in DMSO and delivered to the
cell culture media appropriately. Forskolin was prepared as a 1000-fold concentrated
solution in ethanol and delivered to cells identically. Vehicle treatments were 0.1%
(vol/vol) DMSO or 0.1% (vol/vol) ethanol in the culture media.

Antibody array screening assay
Human microglial and astrocyte cells were grown to confluence in 10 cm2 plates. Cells
were serum starved for 16 h, then treated with vehicle or 1 µM PGE2 for 24 h. Culture
media supernatants were collected from the treated cultures and cleared by centrifugation
at 2100 g. Supernatants were incubated 24 h over membrane-based arrays of antibodies
against a panel of secreted cytokines and growth factors. The membranes were processed
and developed according to the manufacturer’s instructions, using reagents provided in
the array kit. Signals were detected by chemiluminescence.

Measurement of BDNF by ELISA
Human microglial and astrocyte cells were grown to confluence in 6-well plates. Cells
were serum starved for 16 h and treated with PGE2 using the time and concentration
conditions specified in Figures 2.1 and 2.4. Culture media supernatants were collected
from the treated cultures, cleared by centrifugation at 2100 g, and incubated overnight at

35

4°C in 96-well polystyrene microtiter plates coated with anti-human BDNF monoclonal
capture antibodies. The plates were washed with a solution of phosphate-buffered saline
(PBS) containing 0.05% (vol/vol) Tween-20 and 1% (vol/vol) FBS, then incubated
overnight at 4°C with a solution of 50 µg/mL biotinylated anti-BDNF detection
antibodies in a blocking buffer of PBS containing 1% (vol/vol) FBS. The plates were
washed again and incubated for 1 h at room temperature with 1 mg/mL HRP-conjugated
streptavidin for 1 h at room temperature. Detection of BDNF was accomplished by
development in 1-Step Ultra TMB-ELISA solution followed 0.5 M H2SO4. Data were
acquired by measuring absorbance at 450 nm on a plate spectrophotometer.

Reverse transcription-polymerase chain reaction (RT-PCR)
Microglial cells and astrocytes were cultured to confluence in 10 cm plates and scraped
into TRizol. Total RNA was extracted from the lysates with chloroform, precipitated in
isopropanol and incubated with RNase-free DNase I for 30 min at 37°C. RNA was
extracted from the DNase reaction using a mixture of phenol, chloroform, and isoamyl
alcohol (25:24:1) and purified by two cycles of ethanol precipitation. The purified RNA
was reverse transcribed using oligo-dT primers and 5 μL of this reaction solution were
used as template material for PCR analysis of the EP prostanoid receptor transcripts.
Each reaction contained 1.5 mM MgCl2, 0.2 mM in each dNTP, 0.2 mM each in forward
and reverse primers, 1 unit Taq polymerase and 1x ThermoPol reaction buffer. The
primer sequences were as follows: EP1 forward 5’-GGT ATC ATG GTG GTG TCG TG3’, reverse 5’-GGC CTC TGG TTG TGC TTA GA-3’; EP2 forward 5’-CCA CCT CAT
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TCT CCT GGC TA-3’, reverse 5’-CGA CAA CAG AGG ACT GAA CG-3’; EP3
forward 5’-CTT CGC ATA ACT GGG GCA AC-3’, reverse 5’-CTT CGC ATA ACT
GGG GCA AC-3’; EP4 forward 5’-TGG TAT GTG GGC TGG CTG-3’, reverse 5’-GAG
GAC GGT GGC GAG AAT-3’. Plasmids containing the full-length cDNAs for each of
the EP receptors were used as positive controls, and template was replaced with water in
the negative control reactions. The reactions were run through 30 cycles of 1 min at 94°,
30 s at 55°, and 1 min at 72° followed by a final 10 min extension step at 72°. The
products were resolved on 1.2% agarose gels containing 500 ng/mL ethidium bromide.

Measurement of cyclic AMP production
Human microglia and astrocytes were cultured to confluence in 10-cm plates and washed
once with assay media of 0.1 mg/mL IBMX in Opti-MEM. Cells were detached by
treatment with 0.25% trypsin, counted, and distributed in equal numbers among culture
tubes containing 1 mL assay media. Cells were then treated in suspension with either
vehicle or the indicated concentration of PGE2 and incubated for 1 h at 37°C. The cells
were pelleted by centrifugation at 1500 g, after which the media were removed and the
cells were placed on ice. The cells were resuspended in 500 µL Tris-EDTA (TE) buffer
(50 mM Tris-HCl, 4 mM EDTA, pH 7.5), boiled for 8 min, returned to ice for 5-10 min,
and centrifuged for 1 min at 21000 g. Fifty μL of the supernatants were added to 200 μL
assay reactions containing 6 μg cyclic AMP-dependent protein kinase (PKA) and 25 nCi
3

H-labeled cyclic AMP (28.1 Ci/mol). The reactions were incubated at 4°C for 2 h, after

which the reactions were quenched by addition of 100 µl of slurry containing 26 mg/mL
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activated charcoal in TE buffer containing 2% bovine serum albumin (BSA). The
quenched samples were centrifuged at 21000 g for 1 min and 200 μL of the supernatants
were transferred to vials containing 10 mL scintillation cocktail. Radioactivity of the
samples was measured by liquid scintillation as counts per min. The amount of cyclic
AMP in each sample was interpolated by a standard curve derived from assay reactions
containing known amounts of unlabeled cyclic AMP.

Immunoblot analysis of CREB phosphorylation
Microglial cells were grown to confluence on 10-cm plates. Cells were pretreated with
either vehicle or 10 µM H-89 for 15 min, then incubated with either vehicle or 1 µM
PGE2 for 10 min. Cells were then scraped into a lysis buffer consisting of 15 mM NaCl,
1% (v/v) Triton X-100, 2 mM EGTA, 2 mM EDTA, 20 mM HEPES, 50 µM sodium
molybdate, 500 µM sodium orthovanadate, 10 mM sodium fluoride, 1 mM
phenylmethylsulfonyl fluoride, 10 µg/mL leupeptin, and 10 µg/mL aprotinin and
transferred to microcentrifuge tubes. The samples were sonicated for 5 sec at 4°C and
were centrifuged at 16,000 g for 10 min. Aliquots of the supernatants containing 50 µg of
protein were electrophoresed on 7.5% SDS-polyacrylamide gels and transferred to
nitrocellulose membranes as described previously. Membranes were incubated in 5%
nonfat dry milk for 30 min and were then washed and incubated for 16 h at 4°C in 5%
nonfat dry milk containing anti-phospho-CREB (Ser-133) antibody at a dilution of
1:1000. Membranes were washed three times and incubated for 1 h at room temperature
in 5% nonfat milk with a 1:2000 dilution of HRP-conjugated anti-rabbit secondary
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antibodies. After three washes, immunoreactivity was detected by chemiluminescence
using the SuperSignal West Pico ECL system. To ensure equal loading of proteins, the
membranes were stripped and re-probed with a 1:1000 dilution of anti-CREB antibody as
described above for the anti-phospho-CREB antibody.

Transient transfections and luciferase activity assays
Human microglia and astrocytes were seeded into 6-well plates at approximately 50%
confluence. Approximately 24 h later, the cells were transiently co-transfected with 2
µg/well of the firefly luciferase reporter plasmid pGL3/CRE-Luc and 10 ng/well of
Renilla luciferase reporter pRL-CMV-BActin using 5 µL FuGENE-6 in 1 mL of OptiMEM. After 4 h, the transfection media were replaced with 2 mL growth media and the
cells were incubated overnight under normal growth conditions. Transfected cultures
were pretreated with either vehicle or 10 µM H-89 for 15 min, then incubated for 18 h
with either vehicle or 1 µM PGE2. The cells were harvested and luciferase activity in 5
uL of each sample was measured using a Dual Luciferase Reporter Assay System as
instructed by the manufacturer. The data were normalized for differences in transfection
efficiency by calculating ratios of firefly luciferase scores to the corresponding Renilla
luciferase values.

Statistical analysis
Statistical analyses were performed using GraphPad Prism software. For multiple
comparisons, data were analyzed by a one-way analysis of variance followed by the
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Newman-Keuls multiple comparison test. For paired comparisons, data were analyzed by
a one-tailed Student’s t-test. The threshold for statistical significance was set at p < 0.05.

2.3 Results
PGE2 stimulation of BDNF secretion from human microglia and astrocytes
BDNF was initially identified as an up-regulated secreted product in PGE2 treated human
microglia and astrocytes by screening a panel of cytokines and growth factors using an
antibody array method (Figure 2.1A). Media supernatants from cultures of both cell lines,
treated with 1 µM PGE2, produced markedly stronger BDNF signals on the arrays than
did supernatants from control cultures. The signal for vascular endothelial growth factor
(VEGF) was also increased in PGE2-treated cultures of both cell types, whereas most of
the seventy-seven other cytokines and growth factors tested were not different between
the PGE2 treated and control supernatants (e.g. neurotrophins-3 and -4, interleukin-1beta
[IL-1β] and tumor necrosis factor-alpha [TNF-α]). Based on this preliminary result and
the findings of Toyomoto et al. (2004) and Shaw et al. (2003) regarding prostaglandin
regulation of other neurotrophins, we were interested in the potential link between PGE2
and BDNF secretion from these cells. To confirm the array findings, we used a two-site
ELISA approach to determine the time- and concentration-response characteristics of
PGE2-mediated BDNF regulation. When cells were treated with 1 µM PGE2 for varying
lengths of time up to 48 h, BDNF accumulated in the culture media of both microglial
cells and astrocytes in a time-dependent manner (Figure 2.1B). This effect achieved
statistical significance (p < 0.05) at 24 h after dosing. Cultured microglia and astrocytes
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treated with increasing concentrations of PGE2 for 24 h released BDNF in a
concentration dependent manner (Figure 2.1C). For microglia the increase in BDNF
accumulation became significant in cultures treated with 0.1 µM PGE2, whereas for
astrocytes significance was achieved at 0.01 µM. We observed that the basal BDNF
secretion level measured in the concentration-response study (VEH control, Figure 2.1C)
was greater than that of the basal level measured in the time course study (0 h time point,
Figure 2.1B), whereas the corresponding astrocyte measurements were equivalent.
Because the vehicle control measurements in the concentration response studies were
taken from cells that were incubated for the same time period as the PGE2-treated cells,
this difference suggests a higher rate of BDNF secretion in unstimulated microglia
compared to astrocytes. In contrast, the 0 h time point measurements in the time course
studies were taken from samples harvested at the beginning of the experiment, before the
PGE2-treated cells were harvested.

EP2 receptor mRNA expression in human glial cells
To identify the potential receptors that mediate the effect of PGE2 on BDNF release, total
RNAs were extracted from cultured microglia and astrocytes and analyzed by RT-PCR.
RT reaction products were amplified by PCR in reactions containing primer pairs
selective for each of the human EP1, EP2, EP3 and EP4 prostanoid receptor cDNAs.
Positive control reactions which used expression vectors for each of the EP receptors as
template material were included for reference. The EP2 transcript was detected in both
microglia and astrocytes by the observation of bands that matched the electrophoretic
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mobility of the EP2 reference band and were of the expected size (Figure 2.2). Although
appropriate sized reference bands were observed for each of the EP1, EP3 and EP4
positive control PCR reactions, we did not detect the transcripts for these receptors in
either the microglia or the astrocytes.

PGE2 stimulated cyclic AMP production in human glial cells
Binding of PGE2 to the Gαs-coupled human EP2 prostanoid receptor leads to the
activation of adenylyl cyclase (EC 4.6.1.1) and the conversion of intracellular ATP to
cyclic AMP (Regan et al. 1994a). Thus the major second messenger associated with EP2
receptor stimulation is cyclic AMP. To confirm the presence of a functional EP2 receptor
in cultured human microglia and astrocytes, we treated cell cultures with increasing
concentrations of PGE2 for 1 h. Lysates from these cultures were assayed for cyclic AMP
content by competitive binding against a standard amount of 3H-labeled cyclic AMP in
reactions containing purified PKA. In both microglia and astrocytes, we observed a
concentration dependent increase in cyclic AMP in response to PGE2 stimulation (Figure
2.3A). In microglial cells, cyclic AMP was significantly increased over the vehicletreated cells starting with 1 µM PGE2 (p < 0.05), whereas in astrocytes cyclic AMP was
significantly increased over the control cells starting with 0.01 µM PGE2 (p < 0.05).

PGE2 stimulated CREB/CRE signaling in human glial cells
An important function of cyclic AMP signaling is the induction of genes controlled by
the cyclic AMP response element (CRE) through the sequential activation of protein
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kinase A (PKA, EC 2.7.11.11) and the cyclic AMP response element binding protein
(CREB). Cyclic AMP-dependent signaling has also been shown to be specifically
important in the regulation of BDNF expression. For instance, BDNF has been shown to
be increased in rat astrocytes by treatment with forskolin, a direct activator of adenylyl
cyclase commonly used in experiments to increase intracellular cyclic AMP levels (Jurič
et al., 2008). The 5’-promoter region of the BDNF gene has been shown to contain
multiple CRE sequences (Tabuchi et al., 2002; Fukuchi et al., 2005) and activation of
CREB increases BDNF expression in rat neurons (Tao et al., 1998). To characterize the
link between EP2 receptor activation and CRE-mediated transcription, microglial and
astrocyte cultures were transiently transfected with a pGL3/CRE-Luc reporter plasmid
containing the CRE sequence linked to a downstream firefly luciferase reporter gene.
Stimulation of these cells with 1 µM PGE2 produced a threefold increase in the luciferase
activity of transfected microglia and a tenfold increase in astrocytes (Figure 2.3B). These
effects were statistically significant in both cell lines (p < 0.05). The presence of 10 µM
H-89, an inhibitor of PKA, inhibited the stimulation of CRE reporter activity by PGE2 in
both microglia and astrocytes (p < 0.05). The phosphorylation of CREB at Ser133 by a
variety of kinases is associated with the activation of this transcription factor.
Immunoblotting with antibodies against phospho-CREB (Ser133) can, therefore, be used
as a measure of CREB activation. In both microglial (Figure 2.3C) and astrocyte (Figure
2.3D) cultures treated with 1 µM PGE2, CREB phosphorylation is strongly induced after
10 min; this effect is completely blocked by pretreatment of the cells with 10 µM H-89.
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In contrast, these drug treatments left total CREB levels essentially unchanged in both
cell lines.

Role of EP2 receptor, PKA, and adenylyl cyclase in PGE2 stimulated BDNF
production in microglia and astrocytes
To assess the direct effects of cyclic AMP dependent signaling and EP2 receptor
activation on the induction of BDNF release, we measured the secretion of BDNF in
cultures of microglial cells and astrocytes treated with pharmacological agents that
selectively modulate this pathway. To confirm the link between EP2 receptor activation
and the secretion of BDNF, microglial cells and astrocytes were treated with 10 μM
butaprost, an agonist that selectively stimulates the EP2 receptor. We chose to use this
relatively high concentration because compared to PGE2, butaprost has been shown to
have lower potency in activating EP2-mediated second messenger signaling (Regan et al.,
1994a). Butaprost significantly enhanced the secretion of BDNF from both cell lines
compared to vehicle treatment (Figure 2.4A; p < 0.05). Furthermore, this stimulation of
BDNF secretion by butaprost involved the activation of PKA because pretreatment of the
of both cell lines with 10 μM H-89 abolished butaprost stimulated BDNF secretion (p <
0.05). The same concentration of H-89 also significantly inhibits the release of BDNF
induced by PGE2 in both cell lines (Figure 2.4B; p < 0.05). Treatment of microglia and
astrocytes with 10 µM forskolin, which induces cyclic AMP production by directly
activating adenylyl cyclase also significantly increased the secretion of BDNF from both
cell lines compared to vehicle treated cells (Figure 2.4C; p < 0.05).
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2.4 Discussion
Over the past several years, the complex contributions of PGE2 to the survival and death
of nerve cells have been the subject of great interest. Much of this work has focused on
the actions of PGE2 through the EP2 prostanoid receptor and, surprisingly, has linked the
activation of this receptor to both neurotoxic and neuroprotective outcomes. Based on the
known capacity of glial cells to affect neuronal survival, we became interested in the
effect of PGE2 on EP2 receptor activation and the secretion of bioactive factors in cultures
of these cells. Our initial studies using antibody array assays and RT-PCR showed that
PGE2 induces the secretion of BDNF in cultures of immortalized microglial cells and
CCF-STTG1 astrocytes (Figure 2.1A), and that these cells express the transcript for the
EP2 receptor (Figure 2.2). To confirm this observation of PGE2 dependent BDNF
induction, we performed detailed ELISA analyses and showed the effect of PGE2 on
BDNF levels to occur in a time- (Figure 2.1B) and concentration- (Figure 2.1C)
dependent manner in both cell types. Additionally, the capacity of the EP2 receptor to
induce BDNF release was verified using the EP2 selective agonist butaprost (Figure
2.4A). These findings are consistent with published reports that show prostaglandinstimulated release of neurotrophins from mouse astrocytes (Toyomoto et al., 2004) and
studies that show correlations between PGE2 and BDNF levels (Shaw et al., 2003;
Ajmone-Cat et al. 2006).

Moreover, the induction of BDNF by EP2 receptor activation constitutes a potential
mechanism by which PGE2 may contribute to both neurotoxic and neuroprotective
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functions. Like other members of the neurotrophin family, BDNF is initially synthesized
as a precursor that gives rise to the mature product through intracellular prohormone
convertase-mediated cleavage in the regulated secretory pathway (Mowla et al., 1999).
Whereas the precursor form of BDNF was once considered to be an inactive pro-protein,
it is now understood that both it and the mature product are released from cells and
capable of exerting biological effects. The functions of mature BDNF most thoroughly
documented in the literature are related to the promotion of neuronal survival,
differentiation and synaptogenesis through a high affinity interaction with the tyrosine
receptor kinase B (TrkB) receptor. BDNF mediated activation of TrkB receptors has been
shown to be important in memory, mood, behavior and the rescue of neurons threatened
by injury or disease (reviewed by Binder & Scharfman, 2004). On the other hand, both
the precursor and mature forms of BDNF can also bind to the low affinity p75
neurotrophin receptor (p75NTR), a member of the tumor necrosis factor receptor family.
In neurons lacking high affinity TrkB receptors, interactions between neurotrophins, or
proneurotrophins, and the p75NTR are capable of inducing apoptosis when co-receptors
such as sortilin are available (Frade et al., 1996; Teng et al., 2005). Thus, depending on
variations in posttranslational BDNF processing and the receptor expression profile of
neighboring neurons, BDNF is capable of promoting neuronal survival in some situations
while inducing neuronal death in others. EP2 receptor mediated induction of BDNF
secretion may constitute a mechanism by which the EP2 receptor may contribute to either
neurotoxicity in pathological situations or neuroprotection during functional recovery.
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Our analysis of the mRNA expression of the four EP receptor subtypes indicates that the
EP2 receptor is expressed in both microglial and astrocyte cell lines (Figure 2.2). Based
on our observation of PGE2 stimulated cyclic AMP production in both cell lines (Figure
2.3A), the Gαs-coupled EP4 receptor subtype could be expected to participate in PGE2
mediated BDNF secretion. However, mRNA encoding the EP4 prostanoid receptor was
not detected in either the microglial or astrocyte cultures by our RT-PCR analysis. This is
also true for the EP1 and EP3 receptor subtypes. While detection of the EP2 receptor in
these cell lines are consistent with the findings of other studies on prostanoid receptor
expression in human glial cells (Caggiano & Kraig, 1999; Payner et al., 2006), the
absence of the other receptors is not. Thus expression of the mRNAs for the EP1
(Caggiano & Kraig 1999) and EP3 (Kitanaka et al., 1996) receptors have been reported in
different microglial cell culture systems while EP3 (Kitanaka et al., 1996) and EP4
(Payner et al., 2006) receptor transcripts have been found in astrocyte model systems. It
should be noted, however, that there is some disagreement among these studies
concerning the presence of particular receptor subtypes in different types of microglial
and astrocyte cultures. There is even less clarity regarding the expression of EP receptor
subtypes in the native microglia and astrocytes of living animals, and some evidence
suggests that expression patterns in glial cells can be altered by excitotoxic and
proinflammatory stimuli (Slawik et al., 2004; Waschbisch et al., 2006). Nevertheless, our
findings have clearly established that functional EP2 receptors are expressed in the human
glial cell lines used for our studies and that stimulation of these receptors leads to the
induction of BDNF release.
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Based on the dual actions of BDNF on neuronal survival, our findings provide a
mechanism by which the EP2 receptor could potentially contribute to either neurotoxicity
or neuroprotection in the brain. However, identifying the conditions that determine which
outcome prevails will require the use of more complex model systems that include both
glial cells and neurons, such as co-culture models or organotypic brain slice cultures.
Ideally, such a model system will be able to account for the diversity of the brain in terms
of cell types, prostanoid receptors, and neurotrophin receptors. While our results clearly
link EP2 receptor activation to BNDF secretion, these variables have the potential to
modulate BDNF regulation and its ultimate effect on neuronal survival.

Activation of the EP2 prostanoid receptor is known to stimulate cyclic AMP-dependent
intracellular signaling that involves the activation of PKA and consequent
phosphorylation and activation of the transcription factor CREB (Regan, 2003).
Activation of CREB leads to the expression of genes under the control of promoters that
contain the CRE sequence, including many that block neuronal death (Dawson & Ginty,
2002). The bdnf gene is known to contain multiple CRE sequences in its 5’-upstream
promoter region and expression of this gene is increased by cyclic AMP signaling and
CREB activation (Tao et al., 1998; Tabuchi et al., 2002; Fukuchi et al., 2005). Our
studies now show for the first time that PGE2 activates a cyclic AMP/PKA/CREB signal
transduction pathway in cultured human microglia and astrocytes. In both cell lines, we
observed increased CRE mediated transcriptional activity (Figure 2.3B) and CREB
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activation (Figure 2.3C & D) in response to PGE2 stimulation. Both of these effects were
blocked by H-89 in both cell lines, implicating PKA as an effector of PGE2 stimulated
signaling in these cells. Inhibition of PKA in microglia and astrocytes also blocked the
secretion of BDNF induced by EP2 receptor stimulation by PGE2 (Figure 2.4A) and
butaprost (Figure 2.4B). Moreover, treatment of the microglial and astrocyte cells with
forskolin also increases BDNF secretion (Figure 2.4C), showing that direct activation of
adenylyl cyclase in both cell lines is sufficient to induce BDNF release. These data
support the model shown in Figure 2.5, in which the increased levels of secreted BDNF
observed in our studies are the result of EP2 receptor mediated activation of cyclic
AMP/PKA signaling leading to the phosphorylation of CREB and the transcriptional
activation of the bdnf gene.
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FIGURE 2.1 PGE2-stimulated secretion of BDNF from cultured human microglial
cells and astrocytes. (A). PGE2 stimulated BDNF release from human microglial cells
and astrocytes was initially identified by using an antibody microarray to screen a panel
of human cytokines and growth factors. The arrays were incubated in conditioned media
supernatants from microglia (left) and astrocytes (right) treated with vehicle or 1 µM
PGE2 for 24 h. Signals from the BDNF antibody are shown in the boxes. Signals for
VEGF are circled. Bar graphs show the results of densitometry analysis of the scanned
autoradiograms for BDNF. BDNF signal values were normalized to the corresponding
positive control values derived from the upper left spots on each array. (B). Regulation of
BDNF secretion was confirmed by ELISA analysis of conditioned media from PGE2
treated microglial and astrocyte cultures. The graph shows the accumulation of BDNF in
supernatants from microglial cells (open bars) and astrocytes (filled bars) treated with
PGE2 for the indicated times. (C). ELISA analysis of the effect of PGE2 concentration on
the secretion of BDNF from microglia and astrocytes. ELISA data are shown as the mean
± SD of triplicate measurements from a representative experiment that was repeated three
times. *p < 0.05 compared to 0 h time point or vehicle control.

50

FIGURE 2.2 Expression of the EP2 prostanoid receptor mRNA in cultured human
microglia and astrocytes. The expression of EP receptor mRNAs was evaluated by RTPCR analysis using primer pairs selective for each of the EP receptor subtype genes. The
lanes marked CCF and MG show the PCR products of reactions that included cDNA
templates from astrocytes and microglia, respectively. The reference lanes (marked EP1,
EP2, EP3 and EP4) shows the products of positive control reactions using plasmids
containing the EP receptor gene cDNAs as templates. The negative control lane (H2O)
shows the absence of products from reactions in which water was used in place of a
template. Molecular size standards (bp) are shown in the left lane of each panel. Data are
representative of four independent experiments.
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FIGURE 2.3 PGE2-stimulated cyclic AMP second messenger signaling in cultured
microglia and astrocytes. (A) Activation of second messenger signaling in PGE2 treated
human microglia and astrocytes was evaluated by measuring cyclic AMP production.
Cells were treated with the indicated concentrations of PGE2 for 1 h. Data are presented
as the mean ± SD from duplicate cultures from a representative experiment that was
repeated three times. (B). Cultured human microglia and astrocytes were transiently
transfected with luciferase reporter plasmids under the control of a CRE. Cells were
treated with either vehicle (VEH) or 1 µM PGE2 with or without 10 µM H-89 for 16 h.
Data are presented as the mean ± SD from triplicate measurements cultures from a
representative experiment that was repeated three times. (C & D) The activation of CREB
in PGE2 treated microglia (C) and astrocytes (D) was analyzed by immunoblotting for
Ser133-phosphorylated CREB (pCREB, upper panel). Cultured human microglia were
either untreated (Con) or pretreated with either vehicle (Veh) or 10 µM H-89 followed by
treatment with either vehicle or 1 µM PGE2 for 10 min. The antibody we used also
detects the phosphorylated form of the CREB-related protein ATF-1 (pATF-1). The
membrane was stripped and reprobed with an antibody that labels total CREB (lower
panels). The blots are representative of three independent experiments for both microglia
(C) and astrocytes (D). * p < 0.05 compared to vehicle treatment; † p < 0.05 compared to
PGE2 treatment.
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FIGURE 2.4 Role of the EP2 receptor, PKA, and adenylyl cyclase in PGE2stimulated BDNF secretion from microglia and astrocytes. (A) The roles of the EP2
receptor and PKA in the stimulation of BDNF release were investigated following
treatment with the EP2-selective agonist butaprost either under control conditions or
following pretreatment with the PKA inhibitor H-89. Serum starved microglia (open
bars) and astrocytes (filled bars) were treated with vehicle, 10 μM butaprost alone
(BUTA), or butaprost in the presence of 10 μM H-89 for 24 h. (B) Cells were treated
with either vehicle, 1 μM PGE2 alone, or PGE2 in the presence of 10 μM H-89 for 24 h.
(C) The role of cyclic AMP in PGE2 stimulated BDNF release was determined using
forskolin, a direct activator of adenylyl cyclase. Cells were treated with either vehicle or
10 µM forskolin for 24 h. In all experiments, BDNF levels were assessed by ELISA.
Data are presented as mean ± SD from triplicate measurements in representative
experiments that were repeated three times each. * p < 0.05 compared to vehicle
treatment; † p < 0.05 compared to PGE2 treatment.
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FIGURE 2.5 Model for PGE2-stimulated BDNF secretion through the EP2
prostanoid receptor in human microglia and astrocytes. PGE2 stimulates the secretion
of BDNF from both microglial and astrocyte human cell lines through the activation of
the EP2 receptor and the cyclic AMP pathway. Both cell types express the mRNA for the
EP2 receptor and have a functional cyclic AMP response to PGE2 treatment. Luciferase
reporter gene studies indicate that CRE-mediated transcriptional activity is induced by
PGE2 in both cell types in response to PGE2. Accordingly, CREB is rapidly
phosphorylated following PGE2 stimulation in a PKA-dependent manner. Signal
transduction studies confirm the involvement of the EP2 receptor, cyclic AMP signaling,
and PKA activity in PGE2 stimulated BDNF secretion.
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CHAPTER 3

FP PROSTANOID RECEPTOR MEDIATED INDUCTION OF
TNF-α, CYR61, AND NOVEL CROSSTALK BETWEEN THE
RAS/RAF AND TCF PATHWAYS

Portions of this chapter also appear in a manuscript in press at the time of this writing:
Xu W*, Chou CL*, Israel DD, Hutchinson AJ, Regan JW. PGF2α stimulates FP
prostanoid receptor mediated crosstalk between Ras/Raf signaling and TCF
transcriptional activation. Biochem Biophys Res Commun 2009; doi:10.1016/
j.bbrc.2009.02.102.

3.1 Introduction
Prostaglandin F2α (PGF2α) is produced from arachidonic acid by the sequential actions of
cyclooxygenase (COX) and PGF2α synthase. It is involved in local cellular signaling
through the activation of FP prostanoid receptors, which are G-protein coupled receptors
that are important in reproductive and vascular physiology. FP receptors are also the
target of latanoprost and other analogues of PGF2α that are used extensively for the
treatment of glaucoma. Classically, FP receptors couple to Gq and activate protein kinase
C and Ca2+ signaling pathways (Bos et al., 2004). FP receptors can also activate Rho and
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focal adhesion kinase signaling (Pierce et al., 1999) as well as Ras and mitogen activated
protein kinase (MAPK) signaling (Sales et al., 2005). In addition, the stimulation of FP
receptors by PGF2α stabilizes cytosolic β-catenin leading to an increase in nuclear βcatenin and increased TCF transcriptional activity (Fujino & Regan, 2001).

PGF2α stimulation of FP receptors has been shown to activate luciferase reporter
plasmids controlled by the tumor-necrosis factor-α (TNF-α) gene promoter (Fujino &
Regan, 2004). This finding suggests that the FP receptor may be able to regulate the
expression of endogenous TNF-α. The product of the TNF-α gene was initially identified
as a potent inducer of tumor cell necrosis, up-regulated by the presence of bacterial
endotoxin (Carswell et al. 1975). The expression of TNF-α is classically regulated
through cytokine receptors and pattern receptors such as the Toll-like receptors, and is a
key component of innate immune responses and physiological inflammation. Based on its
cytotoxic actions on tumor cells, TNF-α was once considered a potential anti-cancer
therapy, but was found to have prohibitive systemic side effects (Hundsberger et al.,
2008). Thus, systemic elevation of TNF-α is a major component of septic shock, and
TNF-α overexpression is linked to a number of inflammatory pathological conditions,
including arthritis, psoriasis, Crohn’s disease, and autoimmune disorders (Kruglov et al.
2008). TNF-α is also suspected in the establishment of chronically inflamed
microenvironments that favor cancer transformation and malignant growth (Sethi et al.,
2008), which is somewhat surprising given the direct toxic effect of the cytokine on
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tumor cells. Logically, the potential regulation of TNF-α expression suggests novel roles
for the FP receptor in these diseases.

PGF2α has also been shown to up-regulate the expression of mRNA encoding cysteinerich protein 61 (Cyr61/also known as CCN1), both in cells expressing recombinant FP
receptors and in primary cultures of human ciliary smooth muscle (Liang et al., 2003).
Cyr61 is an immediate early response gene whose expression can be rapidly up-regulated
by such factors as mechanical strain (Chaqour & Goppelt-Struebe, 2006). As a secreted
extracellular matrix protein, Cyr61 modulates the activity of variety of growth factors and
is involved in inflammation, angiogenesis and tissue regeneration (Leask & Abraham,
2006). Importantly, Cyr61 overexpression has been linked to tumorigenesis and
malignant cell growth in glioma (Xie et al., 2004). The specific molecular mechanisms
underlying the regulation of Cyr61 expression are in many cases unknown, but signaling
pathways that have been implicated include Rho and phosphatidyl inositol 3-kinase; as
well as MAPK cascades. For example, the growth factor mediated induction of Cyr61
mRNA expression in immortalized hippocampal neuronal cells could be mimicked by
activation of Raf-1 and blocked with an inhibitor of MAPK signaling (Chung & Ahn,
1998). Recently it has been shown that Cyr61 expression can be induced by treatment of
mesenchymal stem cells with Wnt3A (Si et al., 2006). This induction involved activation
of a canonical Wnt signaling pathway leading to the association of β-catenin with TCF4
and transcriptional activation of Cyr61 gene expression.
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Based on the important pathophysiological roles played by TNF-α and Cyr61, we were
interested in exploring possible mechanisms in the regulation of these factors by FP
receptors. We examined the link between PGF2α activation and TNF-α regulation in
human microglial and astrocyte cell lines expressing endogenous FP receptors, as well as
HEK-293 cells stably expressing recombinant human FP receptors (HEK-hFP). Our
results show that activation of FP receptors in these cell culture systems leads to the upregulation of TNF-α through a Gαq-PKC pathway that activates NK-κB. To explore the
mechanism of the induction of Cyr61 expression by PGF2α, we were interested in the
possibility that FP receptor-mediated activation of MAPK signaling was a prerequisite
for TCF transcriptional activation of Cyr61 expression. Such crosstalk between these two
signaling pathways has not been previously described. To test this hypothesis we utilized
human microglial cells and HEK-hFP cells. We found that in both of these systems
PGF2α induces the expression of Cyr61 by sequential activation of Ras/Raf signaling and
TCF transcriptional activation.

3.2 Experimental procedures
Materials
PGF2α

and

AL8810

were

obtained

from

Cayman

Chemical

Company.

Bisindolylmaleimide I (BIM I), BAY11-7082 and PD98059 was from Calbiochem.
TRIzol and Opti-MEM were from Invitrogen; FBS and all other cell culture media were
from Mediatech. PCR primers, anti-vinculin and anti-rabbit IgG conjugated with
horseradish peroxidase (HRP) were from Sigma-Aldrich). iScript cDNA synthesis kits
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were from Bio-Rad; all other PCR reagents were from Fermentas. Fugene-6 was from
Roche. Dual Luciferase Reporter kits and pRL-CMV Renilla luciferase plasmid were
from Promega. Anti-TNF-α ELISA antibodies were from R&D Biosystems. SuperSignal
West Pico Enhanced Chemiluminescence reagents and 1-Step TMB-ELISA were from
Pierce. Cell Lysis Buffer was from Cell Signaling Technology. Anti-Cyr61 antibody was
from Santa Cruz Biotechnology. The TNF-Luc-SV40 was a kind gift from Lawrence J.
Abraham of the University of Western Australia. The luciferase reporter plasmid under
the control of the NF-κB response element was a gift from Qin Chen (University of
Arizona). BAY43-9006 was generously provided by Laurence Hurley (University of
Arizona). Plasmids encoding dominant negative mutants of Ras, TCF4 and B-Raf were
provided, respectfully, by Richard Vaillancourt (University of Arizona), Eric Fearon
(University of Michigan) and Deborah Morrison (National Cancer Institute). TOPFLASH
and FOPFLASH were from Upstate Biotechnology.

Cell culture
HEK-293-EBNA cells were used to prepare a cell line stably expressing human FP
prostanoid receptors (HEK-hFP) essentially as described previously for the preparation of
cell lines stably expressing the ovine FP receptors (Pierce et al., 1999). Cells were
maintained in DMEM containing 10% (vol/vol) FBS, 250 μg/ml geneticin, 200 μg/ml of
hygromycin B, and 100 μg/ml gentamicin. Incubator conditions were 37°C with a
humidified atmosphere of 95% air, 5% CO2. Immortalized human microglial cells were a
generous gift from Dr. Carol A. Colton at Duke University. This cell line was established
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by SV40 transformation as described by Janabi et al. (1995), and characterization studies
showed that the cells retained the macrophage-like functional and antigenic properties of
primary microglia. Immortalized microglial cells were grown at 37°C under 91% air and
9% CO2 in media consisting of AMEM with 10% (vol/vol) FBS, 100 IU/mL penicillin
and 100 µg/mL streptomycin. CCF-STTG1 human astrocytoma cells, noted for their
similarity to native astrocytes (Mentz et al., 1999) were obtained from the American
Type Culture Collection (ATCC, Manassas, VA). Glial fibrillary acidic protein, a
phenotypic marker for astrocytes, has been shown to be expressed in 80% of cultured
CCF-STTG1 cells (Barna et al., 1985). These cells were grown at 37°C under 95% air
and 5% CO2. Media for the astrocytes were made by supplementing RPMI 1640 with
10% (vol/vol) FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin, 1 mM sodium
pyruvate, 4.5 g/L glucose and 10 mM HEPES.

Reverse transcription-polymerase chain reaction (RT-PCR)
CCF-STTG1 astrocytes and human microglial cells were grown to ~90% confluence in
10 cm plates and scraped into TRIzol. Total RNA was purified from the lysates with
according the manufacturer’s instructions and subsequently incubated with RNase-free
DNase I for 30 min at 37°C. RNA was extracted from the DNase reaction using
phenol/chloroform/isoamyl alcohol (25:24:1), purified by ethanol precipitation, and
reverse transcribed using the iScript cDNA synthesis kit. The cDNAs (5 μL) were used as
templates for PCR analysis of the FP prostanoid receptor transcript. Each PCR mixture
contained 1.5 mM MgCl2, 0.2 mM in each dNTP, 0.2 mM each in forward and reverse

60

primers, 1 unit Taq polymerase and 1x reaction buffer. The primer sequences were as
follows: hFP forward: 5’-ATG TCC ATG AAC AAT TCC AAA CAG CTA GTG-3’;
hFP reverse: 5’-GGT TTT GTG ACT CCA ATA CAC CGC TC-3’; GAPDH Forward:
5’-TGG GTG TGA ACC ATG AGA AG-3’; GAPDH Reverse: 5’-TCT ACA TGG
CAA CTG TGA GG-3’. Positive control reactions contained pCEP4 plasmids containing
the cloned human FP receptor cDNA. In the negative controls water was used in place of
a PCR template. The reactions were run through 40 cycles of 1 min at 94°, 30 s at 55°,
and 1 min at 72° followed by a final 10 min extension step at 72°. The products were
electrophoresed on 1.5% agarose gels containing 500 ng/mL ethidium bromide and
photographed on an ultraviolet transilluminator.

Inositol phosphates assay
Cultured human microglia, astrocytes, and HEK-hFP cells were seeded in 6-well plates
and grown to ~90% confluence. Starting approximately 18 h prior to the assay, the cells
were incubated with Opti-MEM containing 3.25 µCi/mL myo-[2-3H(N)]-inositol (1.5
mM). The cells were pre-treated with 10 mM LiCl, followed by 1 h of incubation with
varying concentrations of PGF2α and AL 8810. The cells were rinsed and harvested in 1
mL ice cold MeOH and 1 mL cold deionized H2O. The samples were transferred to
borosilicate glass culture tubes containing 1 mL chloroform and centrifuged at 1000 g for
10 min. Aqueous supernatants were applied to chromatography columns containing 250
mg AG1-X8 anion exchange resin. The columns were washed 3 times with 5 mL
deionized H2O, followed by two washes with 5 mL of a solution containing 5 mM
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sodium tetraborate and 60 mM sodium formate. Total phosphates were eluted with 2 mL
of elution buffer containing 200 mM ammonium formate and 100 mM formic acid.
Samples were measured by liquid scintillation and data were expressed as count per
minute (CPM).

Transient transfections and luciferase activity assays
To examine the regulation of TNF-α expression and NF-κB transcriptional activity,
microglia, astrocytes, and HEK-hFP cells were seeded into 6-well plates at approximately
50% confluence. Approximately 24 h later, cells were transiently co-transfected with1
µg/well of pGL2-based TNF-Luc-SV40 or 3κB-Luc-SV40 firefly luciferase reporter
plasmids and 10 ng/well of Renilla luciferase reporter pRL-CMV using 5 µL FuGENE-6
in 1 mL of Opti-MEM. The firefly luciferase plasmids, as described by Steer et al.
(2000), were controlled by either the cloned 5’-untranslated region of the TNF-α gene
(TNF-Luc-SV40) or three NF-κB binding sites cloned from the interferon-β gene (3κBLuc-SV40). For experiments with dominant negative mutants, either 1 μg of plasmid
encoding the respective mutant or 1 μg of control plasmid were co-transfected with the
TCF reporter plasmids. After 4 h, the transfection media were replaced with 2 mL growth
media and the cells were incubated overnight under normal growth conditions.
Transfected cultures were pretreated with either vehicle or the indicated inhibitors for 30
min, then incubated for 24 h with either vehicle or 1 µM PGF2α. The cells were harvested
and luciferase activity in 5 µL of each sample was measured using a Dual Luciferase
Reporter Assay System as instructed by the manufacturer. Data were recorded by a
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Turner TD20/20 luminometer. The data were normalized for differences in transfection
efficiency by calculating ratios of firefly luciferase scores to the corresponding Renilla
luciferase values. To test the effect of PGF2α on TCF function, human microglia and
HEK-hFP cells were transfected with the TCF-responsive luciferase plasmid TOPFLASH
or its counterpart containing mutated TCF binding sites (FOPFLASH) in paired cell
cultures. Dominant negative transfections and drug treatment were the same as described
above for the TNF-α reporter experiments. Luciferase activity was measured in the crude
lysate (1 μg protein) using the Luciferase Assay Reagent II from the Dual Luciferase
Reporter assay kit. Data were calculated as the differences between paired TOPFLASH
and FOPFLASH luminometry scores.

Enzyme linked immunosorbent assay (ELISA) for TNF-α secretion
CCF-STTG1 human astrocytes were grown to confluence in 6-well plates. Cells were
serum starved for 16 h and treated with PGF2α for 24 h. Culture media supernatants were
collected from the treated cultures, cleared by centrifugation at 2100 g, and incubated
overnight at 4°C in 96-well polystyrene microtiter plates coated with anti-human TNF-α
monoclonal capture antibodies. The plates were washed with a solution of phosphatebuffered saline (PBS) containing 0.05% (vol/vol) Tween-20 and 0.25% (wt/vol) BSA,
then incubated overnight at 4°C with a solution of 50 µg/mL biotinylated anti-TNF-α
detection antibodies in a blocking buffer of PBS containing 0.25% (wt/vol) BSA. The
plates were washed again and incubated for 1 h at room temperature with 1 mg/mL HRPconjugated streptavidin for 1 h at room temperature. Detection of TNF-α was
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accomplished by development in 1-Step Ultra TMB-ELISA solution followed 0.5 M
H2SO4. Data were acquired by measuring absorbance at 450 nm on a plate
spectrophotometer.

Western blot
Human microglia and HEK-hFP cells were cultured in 10 cm plates until ~90% confluent
and treated for the indicated times with 1 µM PGF2α. Cells were then scraped into Cell
Lysis Buffer supplemented with 1 mM phenylmethylsulfonyl fluoride and centrifuged at
16,000 g for 10 min. 100 µg of total protein were electrophoresed on 7.5% SDSpolyacrylamide gels and transferred to nitrocellulose membranes. Membranes were
washed and incubated in 5% nonfat dry milk for 30 min, followed by incubation with
1:1000 anti- Cyr61 primary antibody. After overnight incubation at 4°C, the membranes
were washed again and incubated with anti-rabbit HRP secondary antibodies for 1 h at
room temperature. After a second wash, signals were detected using the SuperSignal
West Pico Enhanced Chemiluminescence system. To ensure equal loading of proteins,
the membranes were stripped and reprobed with antibodies to vinculin.

3.3 Results
Functional expression of endogenous FP receptors in human microglia and
astrocytes
Previous studies have demonstrated how the stimulation of recombinant FP receptors can
activate the TNF-α gene promoter (Fujino & Regan, 2004). We used cultured human
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microglia and astrocytes to determine whether this effect is present in cells expressing
endogenous FP receptors. To evaluate the expression of the FP receptor, total RNA
samples were collected from both glial cell lines. As shown in Figure 3.1A, RT-PCR
analysis of the RNA samples showed that both cell lines yield gel electrophoresis
products that match the mobility of a positive control product derived from the cloned FP
receptor cDNA. All PCR products corresponding to the FP receptor migrated at the
expected size of 419 bp predicted by the primer binding sites. We confirmed the
functional activity of the FP receptors expressed in the glial cell cultures by measuring
the turnover of inositol phosphates in these cells. The production of inositol phosphates is
an result of the hydrolysis of phosphatidylinositol bisphosphate, the major functional
consequence of activating a Gq-coupled receptor such as the FP receptor. In both
microglial cells (Figure 3.1B) and astrocytes (Figure 3.1C), treatment with PGF2α
produced a concentration-dependent increase in inositol phosphate levels. A similar
effect on inositol phosphate content was also observed by PGF2α treatment of HEK-hFP
cells (Figure 3.1D). Based on these results, we concluded that our human glial cell
cultures endogenously expressed functional FP receptors coupled to Gq.

Activation of TNF-α gene promoter function by PGF2α stimulation of human glial
cell lines
We proceeded to explore activation of the TNF-α gene promoter in glial cells stimulated
with PGF2α. Cells were transfected with TNF-Luc-SV40 luciferase reporter plasmids
controlled by the cloned TNF-α gene promoter and treated overnight with 1 µM PGF2α or
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a corresponding vehicle solution. As shown in Figure 3.2, PGF2α stimulated a significant
increase in luciferase activity in both microglia and astrocyte cultures. The magnitude of
this effect, approximately twofold relative to control, agrees very well with published
results reporting PGF2α stimulation of the same reporter plasmid (Fujino & Regan, 2004).
In the astrocytes, this increase in TNF-α gene promoter activity is correlated with a 2.4fold increase in TNF-α protein secretion induced by 1 µM PGF2α (Figure 3.2B). This
effect of PGF2α on secreted TNF-α was not evaluated in microglial cells, based on a
previous study reporting the absence of TNF-α production in this particular cell line
(Janabi et al, 1995). Because the TNF-α gene promoter is known to contain a binding site
for NF-κB (Steer et al., 2000), we also assessed the effect of PGF2α on NF-κB-mediated
transcriptional function gene expression. We hypothesized that the induction of NF-κB
activity may contribute to increased TNF-α expression through the FP receptor. Thus
microglial cells and astrocytes were transfected with luciferase plasmids under the
control of the NF-κB response element and treated with 1 µM PGF2α overnight. As
shown in Figure 3.2C, PGF2α stimulation led to significantly increased NF-κB dependent
luciferase activity in both cell lines, indicating activation of NF-κB-regulated gene
transcription. These results indicate that functional endogenous FP receptors present in
cultured human microglial cells and astrocytes can regulate the transcription of TNF-α,
possibly through the activation of NF-κB. In cultured astrocytes, this transcriptional
effect was associated with increased secretion of TNF-α protein, suggesting that our
observed luciferase effects are reflective of bona fide TNF-α synthesis.
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Mechanisms mediating TNF-α induction by the FP receptor
To identify intracellular signaling mechanisms capable of coupling the FP receptor to
TNF-α gene expression, we tested the effect of inhibitors on TNF-α mediated luciferase
activity in PGF2α-treated HEK-hFP) cells. In the absence of any inhibitor, PGF2α
stimulated a significant increase in luciferase activity, approximately twofold compared
to vehicle treated cells (Figure 3.3A,B). Co-incubation of these cells with inhibitors of
PKC (Figure 3.3A) or NF-κB (Figure 3.3B) completely blocked the effect of PGF2α,
indicating that the function these two effectors are required for TNF-α induction. The role
of PKC in this effect is understandable, since it is a well-characterized effector of FP
receptor stimulated signal transduction. The data acquired with the NF-κB inhibitor
specifically supports our hypothesis that NF-κB transcriptionally regulates the expression
of TNF-α. Thus we further explored the FP receptor-mediated regulation of the 3κB-LucSV40 reporter plasmids in HEK-hFP cells. As observed in the glial cell cultures, HEKhFP cells treated with 1 µM PGF2α yielded significantly higher NF-κB dependent
luciferase activity compared to vehicle treated cells. Co-transfection of these cells with a
dominant negative mutation of Gαq significantly reduced the magnitude of this induction
(Figure 3.3C), whereas inhibition of PKC completely abolished the effect (Figure 3.3D).
While the incomplete reduction of luciferase activity in HEK-hFP cells transfected with
the Gαq mutant may be attributable the efficacy of the dominant negative, the effects of
transfection efficiency must be considered as a contributing factor. These findings
indicate that activation of the human FP receptor leads to the activation of NF-κB through
a classical Gαq second messenger signaling pathway mediated by PKC.
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Regulation of Cyr61 and TCF function in cultured human microglia
Human brain microglial cells were used to test the hypothesis that the stimulation of
natively expressed FP receptors with PGF2α can up-regulate TCF transcriptional function
and the expression of Cyr61, a known downstream target of TCF (Si et al., 2006). As
shown in Figure 3.4A, treatment of control microglial cells with 1 μM PGF2α stimulated
TCF responsive luciferase reporter gene activity ~1.7-fold over the vehicle treated cells
and this stimulation of reporter gene activity could be completely blocked by coincubation with the FP receptor antagonist, AL8810. Thus, activation of endogenous FP
receptors in human microglia stimulates TCF transcriptional activity. Figure 3.4B shows
that this stimulation of TCF transcriptional activity by endogenous FP receptors involves
the activation of Raf kinases. Thus, treatment of control microglial cells with PGF2α
stimulated TCF responsive reporter gene activity ~2.7-fold, which was completely
abrogated by pretreatment of the cells with the Raf kinase inhibitor, BAY43-9006. In
Figure 3.4C, immunoblot analysis was used to examine the induction of Cyr61
expression in human microglial cells that were treated with either vehicle or 1 μM PGF2α
either under control conditions or in the presence of AL8810 or BAY43-9006. The results
show that PGF2α induced the expression of Cyr61 in microglial cells and that it was
inhibited by co-incubation with either AL8810 or BAY43-9006. These findings indicate
that human microglial cells express functional FP receptors whose stimulation by PGF2α
can increase TCF transcriptional activation and can induce the expression of Cyr61 by a
mechanism involving the activation of Raf kinases.
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Mechanisms mediating regulation of Cyr61 regulation by the human FP receptor
To deduce the intracellular mechanisms that couple the FP receptor to Cyr61 induction,
we next examined the effects of signaling inhibitors on this effect in HEK-hFP cells.
Cells were pretreated with BAY43-9006 or transiently transfected with dominant
negative mutants of B-Raf, Ras or TCF4 and then the expression of Cyr61 was examined
by immunoblot analysis following treatment with 1 μM PGF2α. Figure 3.5A shows that in
control cells treatment with PGF2α up-regulated the expression of Cyr61, and that
following co-incubation with BAY43-9006, the up-regulation of Cyr61 expression by
PGF2α was almost completely blocked. Figures 3.5B and 3.5C show that transient
transfection of the cells with dominant negative mutants of B-Raf and Ras, respectively,
also inhibited the PGF2α stimulated increase in Cyr61 expression. Figure 3.5D shows that
pretreatment of the cells with a dominant negative mutant of TCF4 inhibited the PGF2α
stimulated up-regulation of Cyr61 expression and indicate that the FP receptor mediated
induction of Cyr61 expression involves TCF transcriptional activation.

Mechanisms mediating regulation of TCF function by the human FP receptor
We have previously reported that PGF2α can stimulate TCF responsive luciferase reporter
gene activity in HEK cells stably expressing FP receptors and this is associated with βcatenin stabilization and increased β-catenin in nuclear extracts (Fujino & Regan, 2001).
We, therefore, examined the effects of BAY43-9006, a small molecule inhibitor of the
Raf kinases, and dominant negative mutants of Ras and B-Raf on PGF2α stimulated TCF
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responsive luciferase reporter gene activity in HEK cells stably expressing the human FP
receptor. Figure 3.6A shows that treatment of control cells with 1 μM PGF2α strongly
stimulated TCF responsive reporter gene activity and this stimulation was almost
completely inhibited by co-incubation of the cells with BAY43-9006. Figure 3.6B shows
that transient transfection of the cells with a dominant negative mutant of B-Raf inhibited
PGF2α stimulated TCF reporter gene activity by ~30% and indicate that the results
obtained with BAY43-9006 are due at least in part to the inhibition of B-Raf. Figure 3.6C
shows that transient transfection with a dominant negative mutant of Ras inhibited PGF2α
stimulated TCF reporter gene activity ~50% and indicates that activation of Ras and the
Raf kinases are upstream of PGF2α stimulated TCF transcriptional activation. These
dominant negative results are reflective of the results shown in Figures 3.5B and 3.5C
regarding the effects of Raf and Ras on the induction of Cyr61, indicating that both TCF
function and Cyr61 expression regulated by the FP receptor are mediated by Ras-Raf
signaling. However, pretreatment of the cells with the MAPK kinase (MEK1/2) inhibitor,
PD98059, did not inhibit PGF2α stimulated TCF reporter gene activity (Figure 3.6D);
suggesting that activation of a canonical MAPK signaling cascade, involving MEK1/2
and the extracellular signal regulated kinases, is not necessary for the FP receptor
mediated stimulation of TCF transcriptional activation.

3.4 Discussion
The results of these studies indicate that, through the activation of human FP prostanoid
receptors, PGF2α can up-regulate both the pro-inflammatory cytokine TNF-α and the
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secreted growth factor Cyr61. The regulation of these factors is highly interesting based
in part on their prominent roles in certain cancers, including gliomas. Moreover, our data
are particularly relevant to neurological settings based on our use of human brain glial
cell lines endogenously expressing the FP receptor. Additionally, the studies reported
here reveal a previously undescribed intracellular signal transduction mechanism that
may yield new insights in the regulation of cancer transformation.

Our data indicating the regulation of TNF-α gene expression and NF-κB mediated
transcription in cultured astrocytes and microglia suggests a potential role of the FP
receptor in neuroinflammation-related pathology. The glial cells express transcripts for
the FP receptor (Figure 3.1), and treatment of these cultures with PGF2α leads to the
increased activity of reporter genes controlled both by the TNF-α gene promoter (Figure
3.2A) and by the NF-κB DNA binding site. Based on results published using these
plasmids, they are well-understood to serve as reliable readouts for the function of the
TNF-α promoter and NF-κB, respectively (Steer et al., 2000; Fujino & Regan, 2004). The
induction of the reporter plasmids indicates that FP receptors activate of the transcription
of the TNF-α gene itself, which is known to rely on NF-κB transcriptional function (Steer
et al., 2000). We were able to corroborate these findings by ELISA analysis of astrocyte
culture supernatants, which indicated that 24 h treatment with PGF2α increased the
secretion of the TNF-α protein (Figure 3.2B). We did not attempt to replicate this
experiment in the microglial cells based their documented inability to produce TNF-α
(Janabi et al., 1995). Our findings, however, show that the defect in TNF-α synthesis
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probably lies downstream of the transcriptional process, as these cells appear to have all
the machinery required to activate the TNF-α gene promoter to an extent similar to that
observed in the astrocytes.

We used the HEK-hFP cells to deduce the signaling mechanisms that couple the FP
receptor to the expression of TNF-α. As with the microglia and astrocytes, PGF2α
stimulation of HEK-hFP cells resulted in enhanced luciferase activity dependent on the
TNF-α promoter (Figures 3.3A & B) and NF-κB (Figures 3.3 C & D). The induction of
NF-κB-mediated reporter gene activity was blocked by transfection of cells with either a
dominant negative form of the G-protein subunit Gαq (Figure 3.3C) or by inhibition of
PKC (Figure 3.3D). Thus, PGF2α stimulation of NF-κB-mediated gene expression occurs
via the FP receptor activating a classical Gq-coupled second messenger pathway
involving PKC. Based on the results of experiments in which TNF-α promoter activation
was tested in HEK-hFP cells (Figures 3A & B), this pathway is also required (in
conjunction with the activation of NF-κB) for PGF2α-stimulated TNF-α expression. These
studies on TNF-α regulation through the human FP receptor essentially confirm earlier
findings reporting similar regulation through ovine FP receptor isoforms.

Our findings that PGF2α induces the expression of Cyr61 in brain microglial cells (Figure
3.4) are of considerable interest given the established role of Wnt/β-catenin signaling and
Cyr61 in the pathology of malignant gliomas and other cancers. Thus, it has been found
that several of the classic mediators of TCF transcriptional activation, e.g. Wnt2,
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frizzled2 and β-catenin, are overexpressed in gliomas and that knockdown of Wnt2 and
β-catenin inhibits glioma cell proliferation and invasiveness (Pu et al., 2008).
Furthermore, Cyr61 has been found to be highly overexpressed in gliomas and enhances
tumorigenicity by increasing cell proliferation and anchorage-independent cell growth
(Xie et al., 2004).

This induction of Cyr61 expression was observed both in HEK-hFP cells stably
expressing the recombinant human FP receptor and in the microglial cells expressing
endogenous FP receptors. Of considerable interest is the mechanism of this up-regulation
which involves the sequential activation of Ras and the Raf kinases, followed by TCF
transcriptional activation, but is independent of the activation of MEK and ERK.
MEK/ERK independent crosstalk between Ras/Raf and TCF transcriptional activation
has not been previously described and represents a novel mechanism that links activation
of the Raf kinases with the downstream components of the Wnt/β-catenin/TCF signaling
cascade.

We have previously reported that PGF2α stimulation of the human FP receptor can
activate a Ras/Raf/MAPK signaling cascade, leading to the up-regulation of early growth
response factor-1 (EGR-1) in both HEK-hFP cells stably expressing the recombinant FP
receptor and rat cardiomyocytes expressing endogenous FP receptors (Xu et al., 2008). In
these model systems pretreatment of cells with the MEK inhibitor, PD98059, completely
blocked the PGF2α mediated induction of EGR-1 expression, consistent with activation of
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a canonical MAPK pathway (Raf/MEK/ERK) by the FP receptor. It was surprising,
therefore, to find in the present study that pretreatment of cells with PD98059 actually
enhanced PGF2α stimulated TCF responsive luciferase activity (Figure 3.6D); whereas,
pretreatment with dominant negative Ras or the Raf kinase inhibitor, BAY43-9006,
profoundly inhibited PGF2α stimulated TCF reporter gene activity (Figures 3.6C & A
respectively). These findings indicate that the stimulation of TCF transcriptional activity
by PGF2α involves the activation of Ras and the Raf kinases, but is independent of the
activation of MEK and ERK. In fact, it appears that the PGF2α mediated activation of
MEK and ERK, which we have previously demonstrated in HEK cells expressing the FP
receptor (Xu et al., 2008), opposes the stimulation of TCF transcriptional activity by
activation of Ras and the Raf kinases. Such opposition of Raf mediated signaling has
been previously described for the induction of atrial natriuretic factor (ANF) expression
in rat cardiomyocytes (Jette & Thorburn, 2000). Thus, activation of Ras/Raf signaling
induces ANF gene expression by a mechanism that is MEK/ERK independent; while the
activation of MEK/ERK signaling inhibits ANF expression.

In the present study we observed that pretreatment of cells with the Raf kinase inhibitor
BAY43-9006 virtually abolished the PGF2α stimulation of TCF reporter gene activity
(Figure 3.6A), as well as the induction of Cyr61 expression (Figure 3.5A). On the other
hand, pretreatment with dominant negative B-Raf produced only a partial inhibition of
both TCF reporter gene activity (Figure 3.6B) and induction of Cyr61 expression (Figure
3.5B). There could be a number of explanations for these findings, perhaps the most
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obvious being that treatment with BAY43-9006, a small molecule inhibitor, was more
efficient than transfection with the plasmid encoding dominant negative B-Raf. However,
it is also quite possible that in addition to B-Raf, C-Raf (Raf-1) could be involved in this
signaling pathway as well. Thus, BAY43-9006 has been shown to inhibit both B-Raf and
C-Raf (Sridhar et al., 2005); whereas, dominant negative B-Raf is an exclusive inhibitor
of B-Raf. The present findings provide support for at least the partial involvement of BRaf in the FP receptor mediated stimulation of TCF transcriptional activity and upregulation of Cyr61, but they do not exclude the possible involvement of the other Raf
kinases.

At this point, the mechanisms responsible for the overexpression of TNF-α, Cyr61 and
components of the Wnt signaling pathway in the context of glioma are not entirely clear.
Given that microglial cells often account for a significant fraction of the mass of gliomas
(Morimura et al., 1990) and that cyclooxygenase-2 (COX-2) expression and
prostaglandin biosynthesis are increased in gliomas (Petersen et al., 2000), our results
provide mechanisms by which PGF2α stimulation of microglial FP receptors could
increase TNF-α secretion, TCF transcriptional activity and drive the overexpression of
Cyr61. An attractive aspect of this hypothesis is that the expression of COX-2 has been
shown to be up-regulated both by the actions of TNF-α on cultured fibroblasts (Nakao et
al., 2002) and by overexpression of Cyr61 in gastric cancer cells (Lin et al., 2005). Thus,
the increased expression of COX-2 observed in gliomas (Petersen et al., 2000) could be
the consequence of positive feedback loops wherein the induction of TNF-α secretion or
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Cyr61 expression by the FP receptor could up-regulate the expression of COX-2, which
would then enhance the biosynthesis of PGF2α and further stimulate the FP receptor.
Clearly further work will be needed to test this hypothesis and determine the potential
functional interactions between the FP receptor, TNF-α, Cyr61 and COX-2 in malignant
gliomas and other cancers.

In summary, we have shown the FP receptor-mediated regulation of two factors capable
of promoting cancer transformation and growth. The up-regulation of TNF-α gene
expression in cultured human astrocytes, microglia and HEK-hFP cells, as well as the
observed increase in TNF-α secretion in astrocytes, supports a link between the FP
receptor and this important cytokine. As indicated by signaling studies in the HEK-hFP
cells, this regulation appears to occur through a classical Gq-PKC pathway that activates
NF-κB. We have also shown in human microglia and HEK-hFP cells that PGF2α acting
through the FP receptor can induce the expression of Cyr61. This coupling is mediated by
a novel mechanism involving the activation of Ras and the Raf kinases followed by a
MEK/ERK independent activation of TCF transcription. Our data regarding microglia, in
particular, are interesting in that the induction of TNF-α, TCF-mediated gene expression,
and Cyr61 by PGF2α in this cell type may underlie the aggressive nature of malignant
gliomas and offers a potential target for the treatment of this disease.

76

FIGURE 3.1 Expression of the FP receptor mRNA in microglia and astrocytes. Total
RNAs from cultured human astrocytes (CCF) and microglial cells (MG) were probed for
the expression of FP receptor gene (A). The expected size of the FP receptor product is
419 bp. A positive control reaction (POS) was included to provide a reference band;
plasmids containing the cloned hFP receptor cDNA was incorporated into these reactions.
GAPDH was also probed as an experimental control for the RNA samples (expected size
= 737 bp). Water was added to negative control reactions in place of a template. Numbers
on the left of the gel image indicate molecular size markers (bp). Expression of the FP
receptor mRNA was observed in both cell lines in three independent RT-PCR
experiments. The functional activity of the FP receptors expressed in the microglia and
astrocytes was assessed by measurement of inositol phosphates formation. Cells were
pre-incubated in media containing 3H-myo-inostiol, then treated with varying doses of
PGF2α for one hour. Dose response curves are shown for the microglia (B) and CCF
astrocytes (C). PGF2α-stimulated turnover of phosphoinositides was also measured in
HEK-hFP cells (D).
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FIGURE 3.2 Induction of TNF-α gene expression in PGF2α-stimulated microglia
and astrocytes. (A) Cultured microglia and astrocytes were transfected with TNF-LucSV40 luciferase plasmids controlled by the TNF-α gene promoter, followed by 18 h
incubation with either vehicle (VEH) or 1 µM PGF2α. Data represent mean ± SD from a
single experiment performed in triplicate and repeated three times. * indicates p < 0.05.
(B) Secreted TNF-α protein was measured in the supernatants of astrocytes incubated
with 400 µL Opti-MEM containing either VEH or 1 µM PGF2α. Data represent mean ±
SD from a single experiment performed in triplicate and repeated three times. (C) Cells
were transfected with 3κB-Luc-SV40 luciferase plasmids controlled by three sequential
NF-κB DNA binding sites, followed by 18 h incubation with vehicle (VEH) or 1 µM
PGF2α. Data represent mean ± SD from a single experiment performed in triplicate and
repeated three times.

78

FIGURE 3.3 Signaling mechanisms linking the FP receptor to TNF-α gene
expression and NF-κB mediated transcription. HEK-hFP cells were transiently
transfected with luciferase plasmids controlled by promoters from either the TNF-α gene
(A, B) or the NF-κB gene (C, D). The luciferase activities of both plasmids were
significantly increased by treatment of cells with 1 µM PGF2α (p < 0.05). The induction
of luciferase activity mediated by the TNF-α gene promoter was blocked by inhibition of
PKC (A) and NF-κB (B). Likewise, activity associated with the NF-κB promoter was
reduced by inhibition of Gαq (C) and PKC (D). Data represent mean ± SD from a single
experiment performed in triplicate and repeated three times. * indicates p < 0.05 in
comparisons between luciferase measurements stimulated by PGF2α and corresponding
measurements observed with inhibitor pretreatment.
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FIGURE 3.4 FP receptor-mediated induction of TCF transcriptional activity and
Cyr61 expression in human cells. Microglial cells were transiently transfected with
TOPFLASH/FOPFLASH luciferase plasmids designed to detect TCF transcriptional
activity. Treatment with 1 µM PGF2α significantly stimulated luciferase activity in
transfected cells (A, B; p < 0.05). Pretreatment of transfected microglia with the FP
receptor antagonist AL8810 (A) or the Raf inhibitor BAY43-9006 (B) completely
blocked this effect. Luciferase activity is the difference between TOPFLASH and
FOPFLASH and is the fold stimulation normalized to the vehicle treated control cells.
Data represent mean ± SD from a single experiment performed in triplicate and repeated
three times. * indicates p < 0.05 in comparisons between luciferase measurements
stimulated by PGF2α and corresponding measurements observed with the use of
inhibitors. Western blot shows that PGF2α increases the expression of Cyr61 protein in
microglia cells (C); this effect is also blocked by pretreatment with AL8810 and BAY439006. Blot was stripped and re-probed with vinculin to monitor protein loading. Blot
represents three independent experiments.
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FIGURE 3.5 Western blot analysis of FP receptor-regulated expression of Cyr61.
HEK-hFP cells were treated with PGF2α (1 μM) or 6h, after pre-treatment with the
indicated inhibitor or transient transfection with the indicated plasmid. (A) Effect of the
Raf kinase inhibitor, BAY43-9006 (10 μM) on PGF2α-stimulated Cyr61 expression. (B)
Effect of a dominant negative mutant of B-Raf (DN B-Raf). (C) Effect of a dominant
negative mutant of Ras (DN Ras). (D) Effect of a dominant negative mutant of TCF4
(DN TCF4). All blots are representative of at least three independent experiments.
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FIGURE 3.6 FP receptor regulation of TCF responsive reporter gene activity. HEKhFP cells were transfected with the TOPFLASH/ FOPFLASH TCF responsive luciferase
plasmids, followed by the indicated transfection or drug treatment conditions. PGF2α (1
μM) significantly stimulated TCF-mediated luciferase activity (A-D; p < 0.05). (A)
Effect of the Raf kinase inhibitor, BAY43-9006 (10 μM). (B) Effect of a dominant
negative mutant of B-Raf (DN B-Raf). (C) Effect of a dominant negative mutant of Ras
(DN Ras). (D) Effect of the MEK1/2 kinase inhibitor, PD98059 (50 μM). Data are the
means ± SD from one experiment performed in triplicate and are representative of at least
three independent experiments. Data were analyzed by an ANOVA followed by
Bonferroni’s Multiple Comparison. * indicates p < 0.05 in comparisons between
luciferase measurements stimulated by PGF2α and corresponding measurements observed
with inhibitor pretreatment.
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FIGURE 3.7 Model of two FP receptor-stimulated signaling pathways that
separately regulate the expression of TNF-α and Cyr61. Early studies show that the
FP receptor couples to PKC activity through the Gαq/PLC-β second messenger signaling
pathways. Activation of the TNF-α gene promoter is detected in PGF2α-treated microglia
and astrocytes. In astrocytes, this effect is correlated with the increased secretion of TNFα protein. Inhibiting the functions of Gαq and PKC attenuates PGF2α-stimulated NF-κB
function in HEK-hFP cells, whereas inhibiting PKC and NF-κB blocks the activation of
the TNF-α promoter. Alternatively, a second pathway involving a novel interaction
between Ras-Raf function couples the FP receptor to the expression of Cyr61. In
microglia, antagonism of the FP receptor or inhibition of Raf block TCF function and
Cyr61 expression. According to data from studies in HEK-hFP cells, this pathway also
relies on Ras function, but not MEK/ERK.
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CHAPTER 4

INDUCTION OF ANGIOGENIC IMMEDIATE EARLY GENES BY
ACTIVATION OF FP PROSTANOID RECEPTORS
IN CULTURED HUMAN CILIARY SMOOTH MUSCLE CELLS

4.1 Introduction
Synthetic structural analogues of prostaglandin F2α (PGF2α) are extensively used for the
pharmacological management of glaucoma, a leading cause of blindness worldwide.
These drugs, which include latanoprost, travoprost and bimatoprost, help to prevent
blindness in patients with glaucoma by decreasing the death of retinal ganglion cells. This
protective effect of PGF2α analogues is correlated to their ability to lower intraocular
pressure (Toris et al., 2008), a major risk factor in glaucoma and currently the only
therapeutic endpoint that can be modulated by drug treatment.

Endogenous PGF2α exerts diverse physiological effects on a variety of organ systems by
activating FP prostanoid receptors. After pharmacological characterization (Powells et
al., 1974,; Powells et al., 1975) and molecular cloning in several species (Sugimoto et al.,
1994; Sakamoto et al., 1994; Graves et al., 1995; Abramovitz et al., 1994), the FP
receptor has been determined to be a G-protein coupled receptor that can undergo
alternative mRNA splicing (Pierce et al., 1997; Liang et al., 2008). Activation of the FP
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receptor stimulates second messenger signaling by phosphoinositide turnover and
intracellular calcium release via the heterotrimeric GTP-binding protein Gq (Sugimoto et
al., 1994; Sakamoto et al., 1994; Graves et al., 1995; Abramovitz et al., 1994; Pierce et
al., 1997). In addition, FP receptor activation by PGF2α has been shown to stimulate the
small GTPase Rho (Pierce et al., 1999), the β-catenin/T-cell factor (TCF) pathway
(Fujino & Regan, 2001), Ras-RAF-extracellular signal-regulated kinase (ERK) signaling
(Xu et al., 2008) and most recently a novel ERK-independent interaction between RasRAF signaling and TCF activity (Fujino & Regan, 2001). Through such mechanisms the
FP receptor is able to modulate various aspects of cellular physiology, notably the
regulation of gene expression through the induction of transcription factor activity.

The ability of FP receptor agonists to reduce intraocular pressure is generally attributed to
enhanced drainage of aqueous humor from the anterior chamber of the eye, resulting
from increased permeability of the sclera, trabecular meshwork and ciliary muscle (Toris
et al., 2008). Particular attention has been paid to uveoscleral outflow through the ciliary
muscle, based on specific measurements of increased flow through this pathway in PGF2α
treated animals (Toris et al., 2008; Crawford & Kaufman, 1987; Weinreb et al., 2002).
Studies in various models of the ciliary body have shown that treatment with FP receptor
agonists cause a reduction in extracellular matrix content and the formation of wellorganized empty channels partially bordered by endothelial cells attached to a basement
membrane (Lütjen-Drecoll & Tamm, 1988; Lindsey et al., 1997a; Lindsey et al., 1997b;
Richter et al., 2003). These findings, considered alongside data showing the up-
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regulation of matrix metalloproteases (MMPs) in cultured human ciliary smooth muscle
(HCSM) cells treated with PGF2α or its analogues (Weinreb et al., 1997; Weinreb &
Lindsey, 2002; Husain et al., 2005), suggest that the ocular hypotensive effect of FP
receptor agonists is mediated by degradation of the extracellular matrix in the ciliary
muscle and formation of putative drainage channels that resemble lymphatic vessels.

Although the potential role of MMP-mediated degradation of the extracellular matrix in
the hypotensive effect of FP receptor agonists is well documented, unanswered questions
remain regarding the development of the endothelium-lined drainage channels. The
appearance of these channels suggests the involvement of angiogenic tissue remodeling
processes. This possibility is supported by the discovery that PGF2α stimulation of HCSM
cells causes up-regulation of the mRNA encoding the secreted angiogenic proteins
cysteine-rich protein-61 (Cyr61) and connective tissue growth factor (CTGF; Liang et al.,
2003). In the present study, we use cultured HCSM cells to explore novel mechanisms
capable of coupling the FP receptor to the regulation of tissue remodeling.

4.2 Experimental procedures
Materials
Dulbecco’s MEM/Ham’s F-12 (1:1 DMEM/F-12) media, fetal bovine serum (FBS),
penicillin/streptomycin solution and amphotericin B were obtained from Mediatech
(Manassas, VA). Basic fibroblast growth factor (bFGF) was from R&D Systems
(Minneapolis, MN). Gibco goat serum, ProLong Gold antifade mounting media, TRizol
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and Opti-MEM were from Invitrogen (Carlsbad, CA). Monoclonal anti-human α-smooth
muscle actin antibody, fluorescein isothiocyanate (FITC)-conjugated anti-mouse
antibody, and human FP receptor-specific PCR primers were from Sigma (St. Louis,
MO). RNase-free DNase I, Taq polymerase and dNTPs were from Fermentas (Hanover,
MD). AG1-X8 anion exchange resin and iScript cDNA synthesis kits were from Bio-Rad
(Hercules, CA). Myo-[2-3H(N)]-inositol was from Perkin Elmer (Waltham, MA). PGF2α
and AL-8810 were from Cayman Chemical (Ann Arbor, MI). Cell Lysis Buffer was from
Cell Signaling Technology (Beverly, MA). Primary antibodies selective for human EGR1 (rabbit) and human CTGF (goat) were from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-human HIF-1α (mouse) was from BD Transduction Laboratories (Franklin
Lakes, NJ). HRP conjugated anti-mouse and anti-goat secondary antibodies were from
Jackson ImmunoResearch Laboratories (West Grove, PA). Horseradish peroxidase
(HRP) conjugated anti-rabbit antibody, pRL-CMV reporter plasmid and the Dual
Luciferase Reporter Assay System were from Promega (Madison, WI). SuperSignal West
Pico Enhanced Chemiluminescence (ECL) system was from Pierce (Rockford, IL).
RNeasy Mini RNA purification kit was from Qiagen (Valencia, CA). TaqMan Gene
Expression Assay reagents, including Master Mix, 6-carboxyfluorescein (FAM) labeled
primer probes specific for β-glucuronidase (Hs99999908_m1), early growth response
factor-1 (EGR-1, Hs00152928_m1), hypoxia inducible factor-1α (HIF-1α,
Hs00153153_m1) and connective tissue growth factor (CTGF, Hs00170014_m1) were
from Applied Biosystems (Foster City, CA). FuGENE-6 was from Roche Applied
Science (Indianapolis, IN). Firefly luciferase reporter plasmid containing the hypoxia
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response element (pGL3/HRE-luc) cloned from the phosphoglycerate kinase gene
promoter was a kind gift from Garth Powis (Welsh et al., Cancer Res 2002).

HCSM cell isolation and culture
Primary cultures of human ciliary smooth muscle (HCSM) cells were prepared from fetal
human eyes using a method described by Weinreb et al. (2002). Briefly, the globes were
hemisected at the equator and the posterior half was removed. The vitreous humor, lens,
and iris were then removed from the anterior segment and the pigmented epithelium was
trimmed from the ciliary body. The outer edge of the ciliary body, which is expected to
contain only ciliary smooth muscle cells, was separated from the inner portion and cut
into strips approximately 3 mm wide. Two or three of these strips were transferred to
each well of a 6-well culture plate and maintained in a growth medium of 1:1 DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2.5
μg/mL amphotericin B and 1 ng/mL basic fibroblast growth factor. The cultures were
grown in a 37°C humidified incubator containing an atmosphere of 95% air and 5% CO2.
Explants were monitored for cell outgrowth and fed with fresh medium every 3-4 days.
After 3-4 weeks of growth, the primary cultures were subcultured and passaged for either
immediate use in experiments or cold storage in freezing media containing 90% FBS and
10% DMSO. Cells were used in experiments up to the eighth passage.
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Immunocytochemistry
Cells cultured from fetal human eye explants were characterized by immunostaining for
the smooth muscle marker α-smooth muscle actin (α-SMA). Cells were grown on glass
coverslips and fixed in 4% paraformaldehyde for 20 min. The fixed cells were rinsed in
phosphate-buffered saline solution (PBS), quenched with 50 mM NH4Cl for 10 min, and
permeablized for 30 min. in a blocking buffer consisting of 5% goat serum and 0.05%
saponin in PBS. The coverslips were incubated at 4°C overnight in a 1:200 dilution of
monoclonal anti-α-SMA antibody. The coverslips were rinsed in PBS and incubated in a
1:500 dilution of FITC-conjugated anti-mouse for 30 min. After a final rinse, the
coverslips were mounted on microscope slides using ProLong Gold mounting media and
cured overnight in the dark at room temperature. Images were recorded and processed
using an Olympus IX70 microscope and Magnafire 2.1c imaging software.

Reverse transcription-polymerase chain reaction (RT-PCR)
HCSM cells and human embryonic kidney (HEK-293) were grown to ~90% confluence
in 10 cm plates and scraped into TRizol. Total RNA was purified from the lysates with
according the manufacturer’s instructions subsequently incubated with RNase-free
DNase I for 30 min at 37°C. RNA was extracted from the DNase reaction using
phenol/chloroform/isoamyl alcohol (25:24:1), purified by ethanol precipitation, and
reverse transcribed using the iScript cDNA synthesis kit. The cDNAs (5 μL) were used as
templates for PCR analysis of the FP prostanoid receptor transcript. Each PCR mixture
contained 1.5 mM MgCl2, 0.2 mM in each dNTP, 0.2 mM each in forward and reverse

89

primers, 1 unit Taq polymerase and 1x reaction buffer. The primer sequences were as
follows: forward: 5’-ATG TCC ATG AAC AAT TCC AAA CAG CTA GTG-3’;
reverse: 5’-GGT TTT GTG ACT CCA ATA CAC CGC TC-3’. In the negative controls
the reverse transcriptase was omitted from the reverse transcription reactions or water
was used in place of a PCR template. The reactions were run through 40 cycles of 1 min
at 94°, 30 s at 58°, and 1 min at 72° followed by a final 10 min extension step at 72°. The
products were resolved on 1.5% agarose gels containing 500 ng/mL ethidium bromide
and photographed on an ultraviolet transilluminator.

Inositol phosphates assay
HCSM cells were seeded in 6-well plates and grown to ~90% confluence. Starting
approximately 18 h prior to the assay, the cells were incubated with Opti-MEM
containing 3.25 µCi/mL myo-[2-3H(N)]-inositol (1.5 mM). The cells were pre-treated
with 10 mM LiCl, followed by 1 h of incubation with varying concentrations of PGF2α
and AL 8810. The cells were rinsed and harvested in 1 mL ice cold MeOH and 1 mL cold
deionized H2O. The samples were transferred to borosilicate glass culture tubes
containing 1 mL chloroform and centrifuged at 1000 g for 10 min. Aqueous supernatants
were applied to chromatography columns containing 250 mg AG1-X8 anion exchange
resin. The columns were washed 3 times with 5 mL deionized H2O, followed by two
washes with 5 mL of a solution containing 5 mM sodium tetraborate and 60 mM sodium
formate. Total phosphates were eluted with 2 mL of elution buffer containing 200 mM
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ammonium formate and 100 mM formic acid. Samples were measured by liquid
scintillation and data were expressed as count per minute (CPM).

Western blot
HCSM and HEK-293 cells were cultured in 10 cm plates until ~90% confluent and
treated for the indicated times with 1 µM PGF2α. Cells were then scraped into Cell Lysis
Buffer (Cell Signaling Technology, Beverly, MA) supplemented with 1 mM
phenylmethylsulfonyl fluoride (Sigma) and centrifuged at 16,000 g for 10 min. 100 µg of
total protein were electrophoresed on 7.5% SDS-polyacrylamide gels and transferred to
polyvinyldifluoride (PVDF) membranes. Membranes were incubated in 4% nonfat dry
milk for 30 min, followed by addition of primary antibodies against α-SMA, EGR-1
(Santa Cruz, Santa Cruz, CA), HIF-1α (BD Transduction Laboratories, Franklin Lakes,
NJ) or CTGF (Santa Cruz). After overnight incubation at 4°C, the membranes were
incubated with appropriate HRP-conjugated secondary antibodies (Jackson
ImmunoResearch, West Grove, PA) for 1 h at room temperature. Signals were detected
using the SuperSignal West Pico Enhanced Chemiluminescence system (Pierce,
Rockford, IL). To ensure equal loading of proteins, the membranes were either stained
with Ponceau S or re-probed with the monoclonal α-SMA antibody. Densitometry of the
blot autoradiograms was carried out using ImageJ v1.37 from the NIH.
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Quantitative real-time PCR
HCSM cells were cultured in 10 cm plates until ~90% confluent, then treated for the
indicated times with 1 µM PGF2α. The treated cells were rinsed with PBS and total RNAs
were isolated using the RNeasy Mini Kit as directed by the manufacturer. cDNAs were
prepared from 500 ng total RNA using the iScript cDNA synthesis kit. The expression of
β-glucuronidase, EGR-1, HIF-1α and CTGF mRNAs were determined using TaqMan
Gene Expression Assays. Briefly, 2 µL of the cDNA products were added to 20 µL
reactions containing 10 µL TaqMan Gene Expression Master Mix and 1 µL FAM-labeled
gene-specific primer probes. The reactions were subjected to 40 cycles of 95°C for 15 s
and 60°C for 45 s in an ABI 7500 real time PCR system. Threshold values were
determined automatically by the system software and data were calculated by the
comparative ΔΔCT method. Expression values for EGR-1, HIF-1α and CTGF were
normalized to β-glucuronidase expression and expressed as fold change relative to
control.

Luciferase reporter assay
HCSM cells were seeded into 6-well plates at ~75% confluence. Approximately 24 h
later, the cells were transiently co-transfected with 2 µg/well of the firefly luciferase
reporter plasmid pGL3/HRE-Luc and 10 ng/well of the Renilla luciferase reporter pRLCMV using 5 µL FuGENE-HD in 1 mL of Opti-MEM. After 4 h, the transfection media
were replaced with 2 mL fresh growth media and the cells were incubated approximately
24 h under normal conditions. Transfected cultures were treated with either vehicle or 1
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µM PGF2α for 18 h. The cells were harvested and luciferase activity was measured in 5
µL of the lysates using the Dual Luciferase Reporter Assay System as instructed by the
manufacturer. The data were normalized by calculating ratios of firefly luciferase scores
to the corresponding Renilla luciferase values.

Statistical analysis
All experiments were repeated at least three times across two unique cell lines
(designated fHCSM2 and fHCSM6). Statistical analyses were performed using GraphPad
Prism software. Multiple comparisons were made by one-way analysis of variance
followed by Bonferroni-Dunn tests. For paired comparisons, data were analyzed by a
one-tailed Student’s t-test. The threshold for significance was set at p < 0.05.

4.3 Results
Culture and characterization of HCSM cells
HCSM cells were cultured from explants of fetal human ciliary body tissue. The initial
outgrowth of cells from these explants was observed within 1-2 weeks after dissection,
followed by robust continued growth and the formation of the whorled hill-and-valley
monolayer patterns typical of confluent smooth muscle cells in culture (Weinreb et al.,
1992). To further validate the identity of the cells, subconfluent cultures were stained
with a monoclonal antibody against human α-SMA, a variant of actin expressed
specifically in smooth muscle cells. The cultures showed α-SMA immunoreactivity in
virtually all cells (Figure 4.1A), whereas omission of the primary antibody from the
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staining protocol eliminated the α-SMA signal (Figure 4.1B). We confirmed the
specificity of the α-SMA antibody using Western blot analysis. Thus, both eye-derived
cell cultures were positive for α-SMA whereas HEK-293 cells, a non-smooth muscle cell
type used as a negative control were not (Figure 4.1C). We concluded, therefore, that our
cultures (designated fHCSM2 and fHCSM6) contained authentic HCSM cells, which
were then used for the following studies.

FP prostanoid receptor expression and function in HCSM cells
RT-PCR and stimulation of inositol phosphates formation were used to characterize the
functional expression of FP receptors in our HCSM cell cultures. Total RNAs and
cDNAs were prepared from fHCSM2 and fHCSM6 cells and were used for RT-PCR
analysis of FP receptor mRNA expression. To provide a positive control, we also
analyzed HEK-293 cells stably expressing the human FP receptor. In all three cell lines,
reactions that incorporated reverse transcriptase yielded bands that migrated at
approximately 419 base pairs (bp), the predicted size of the product (Figure 4.2A). No
bands were observed in negative control reactions from which reverse transcriptase was
omitted, nor in reactions wherein water was added in place of a cDNA template. We
assessed the function of the FP receptor in HCSM cells by measuring the stimulation of
intracellular inositol phosphates formation following treatment with PGF2α. In HCSM
cell cultures loaded with 3H-labeled myo-inositol, stimulation with varying
concentrations of PGF2α increased total 3H-labeled inositol phosphates in a concentrationdependent manner with an EC50 of 63.2 ± 13.6 nM (mean ± SEM, Figure 4.2B). Maximal
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induction of inositol phosphates was observed in cells treated with 1 µM PGF2α, which
yielded an approximately 6-fold increase over vehicle-treated levels. We confirmed the
role of the FP receptor in the induction of phosphoinositide turnover using AL8810, a
weak partial agonist with selective FP receptor activity at micromolar concentrations.
Whereas 1 h of stimulation with 1 µM PGF2α significantly increased inositol phosphate
levels in HCSM cells (~6.5-fold), co-incubation with increasing concentrations of
AL8810 attenuated this induction (Figure 4.2C). The effect of AL8810 achieved
statistical significance at a concentration of 100 µM. The cultures were monitored
throughout the experiments for evidence of cell death; cell shape and density remained
constant throughout the procedure and detachment was not observed. From these results
we concluded that the cultured HCSM cells expressed functional FP receptors capable of
activating second messenger signaling. These data are consistent with previous findings
of FP receptor expression (Mukhopadhyay et al., 1997; Schlötzer-Schrerhardt et al.,
2002) and inositol phosphate activation (Sharif et al., 2003) in adult ciliary muscle cells.

Up-regulation of EGR-1 expression by PGF2α in cultured HCSM cells
EGR-1 is a zinc-finger transcription factor noted for its role in wound healing as a master
regulator of the expression of genes involved with cell growth, differentiation and
angiogenesis (Braddock, 2001). We have previously reported that PGF2α can induce the
expression of EGR-1 mRNA and protein in HEK-293 cells stably expressing the human
FP receptor and in rat cardiomyocytes (Xu et al., 2008). We therefore explored the
induction of EGR-1 by PGF2α in cultured HCSM cells by Western blot and quantitative
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real-time PCR. Stimulation of cells with 1 µM PGF2α induced the rapid up-regulation of
EGR-1 protein. Quantitative analysis of the blots showed this effect achieved statistical
significance after 15 min of treatment and was maintained at a level of ~2.5-fold over the
0 h timepoint for up to 9 h (Figure 4.3A). Stimulation of HCSM cells with the same
concentration of PGF2α also significantly increased EGR-1 mRNA levels ~2.5-fold
relative to untreated cells (Figure 4.3B), suggesting that the induction of EGR-1
expression by PGF2α in HCSM cells involves an initial increase in transcription.

Up-regulation of HIF-1α expression and activity by PGF2α in cultured HCSM cells
HIF-1α is a subunit of the heterodimeric basic helix-loop-helix transcription factor HIF-1,
which is known to coordinate gene expression responses to tissue hypoxia. Under the
classical model of HIF-1 regulation, the cellular level of HIF-1α protein is determined
post-translationally by the availability of oxygen, with low oxygen tension leading to
higher levels of HIF-1α (Ke & Costa, 2006). Recent work, however, has provided
somewhat unexpected findings indicating PGF2α can up-regulate HIF-1α levels even
under normoxic conditions (Liu & Clipstone, 2008). We evaluated the effects of PGF2α
on HIF-1α expression in HCSM cells by Western blot analysis. Incubation of cells with 1
µM PGF2α up-regulated HIF-1α protein expression, which peaked at 2 h after treatment
and then slowly decreased (Figure 4.4A). As shown by the results of quantitative realtime PCR, however, the expression of HIF-1α mRNA was not altered by PGF2α treatment
(Figure 4.4B). This finding suggests that activation of FP receptors in HCSM cells
increases HIF-1α protein levels by translational or post-transcriptional regulatory
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mechanisms. We confirmed the functional up-regulation of HIF-1α activity by
transfecting cultured HCSM cells with pGL3/HRE-luc firefly luciferase plasmids under
the control of the hypoxia response element (HRE). The HRE is the DNA binding site for
the HIF-1 transcription factor and is found within promoter and enhancer sequences that
regulate many hypoxia responsive genes (Kaluz et al., 2008). PGF2α treatment of HCSM
cells transfected with this HRE reporter gene significantly increased luciferase activity by
~2-fold as compared with vehicle treated cells (Figure 4.4C). Taken together, these
results indicate that PGF2α can up-regulate HIF-1α in HCSM cells, leading to increased
HIF-1α protein levels and increased HIF-1 transcriptional activity under normoxic
conditions.

Up-regulation of CTGF expression by PGF2α in cultured HCSM cells
CTGF is a secreted growth factor that regulates cell adhesion by modulating interactions
between integrins and the extracellular matrix and is also noted for its role in promoting
tissue remodeling and angiogenesis (Moussad & Brigstock, 2000; Perbal 2004). Agonists
of the FP receptor have been shown to induce the expression of CTGF mRNA in cultured
HCSM cells (Liang et al., 2003), which may contribute to tissue remodeling in the ciliary
body. Probing HCSM cells using Western blot analysis shows that CTGF expression is
markedly up-regulated following treatment with 1 µM PGF2α (Figure 4.5A). Analysis of
the blots by quantitative densitometry shows that CTGF protein levels rose quickly,
peaking 2 h, and then quickly decreasing. Analysis of CTGF mRNA levels by
quantitative real-time PCR showed a similar pattern of induction, but with an earlier time
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course; thus CTGF mRNA peaked at 30 min after PGF2α treatment and then decreased
(Figure 4.5B). These results suggest that the up-regulation of CTGF expression by PGF2α
in HCSM cells involves a transcriptional mechanism leading to an increase in CTGF
protein expression.

4.4 Discussion
Agonists of the FP prostanoid receptor are valued for their ocular hypotensive properties
and clinical utility in the management of glaucoma. Considerable efforts have been
directed towards understanding the mechanisms by which these drugs produce their
effect and as a result we now appreciate that tissue remodeling in the ciliary muscle
contributes to enhanced aqueous humor outflow (reviewed in Toris et al., 2008; Weinreb
et al., 2002). Additionally, we have some insights regarding the intracellular molecular
mechanisms that regulate these remodeling processes, but more work is needed in this
area. To address this problem we cultured and characterized fetal HCSM cells (Figure
4.1), and have shown that they express functional FP receptors (Figure 4.2). Stimulation
of these cells with PGF2α leads to the induction of three immediate early genes that are
known to participate in angiogenic tissue remodeling processes.

We have previously reported that PGF2α stimulation of FP receptors can induce the
expression of EGR-1 through a mechanism that involves the activation of a MAP kinase
signaling cascade and increased transcription of the EGR-1 gene (Xu et al, 2008). In the
present study, we show that EGR-1 is similarly up-regulated in HCSM cells following
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treatment with PGF2α. PGF2α is also known to activate MAP kinase signaling in cultured
HCSM cells (Husain et al., 2005; Sharif et al., 2003), suggesting that the up-regulation of
EGR-1we have observed could involve activation of this pathway. EGR-1 is a
transcription factor recognized as a master regulator of the transcriptional responses that
mediate wound healing (Braddock, 2001). The downstream genes regulated by EGR-1,
which include secreted growth factors and cytokines, are centrally important for cell
growth, differentiation, attachment, migration and angiogenesis during tissue remodeling
situations such as those following wounding. In the ciliary body, the up-regulation of
EGR-1 by PGF2α has the potential to initiate the recruitment, growth and organization of
endothelial cells that could be responsible for the formation of new aqueous drainage
channels, which have been observed following long-term treatment with FP agonists.

We have now shown that PGF2α can also up-regulate the expression of HIF-1α protein
levels and increase HRE-mediated transcriptional activity in cultured HCSM cells. This
up-regulation of HIF-1α expression was not associated with an increase in HIF-1α
mRNA expression, suggesting that the up-regulation of HIF-1α by PGF2α in HCSM cells
involves post-translational events. Classically, HIF-1α is known to be regulated by posttranslational mechanisms that induce ubiquitin-mediated destruction under the control of
intracellular oxygen tension (Ke & Costa, 2006). During hypoxia, ubiquitin-mediated
degradation is averted and stabilized HIF-1α forms the complete HIF-1 transcription
factor by associating with HIF-1β in the nucleus. There the HIF-1 heterodimer regulates
the expression of target genes by binding to HRE regulatory sequences (Kaluz et al.,
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2008). More recently, however, it has been found that multiple types of chemical
stimulation, including treatment with PGF2α, can up-regulate HIF-1α expression and
activate HRE-mediated transcription under normoxic conditions (Liu & Clipstone, 2008).
Our present results confirm the link between PGF2α and HIF-1α and further support the
cellular induction of HIF-1α expression by stimuli other than hypoxia. As with EGR-1,
the genes regulated by HIF-1 are important for cell growth and angiogenesis, and have
the potential to direct the formation of new drainage channels.

CTGF, a member of the CCN family of secreted growth factors, is one example of an
angiogenic gene that is regulated by the activity of HIF-1 (Higgins et al., 2004). Previous
studies have already linked the induction of CTGF mRNA expression to PGF2α treatment
of cultured HCSM cells (Liang et al., 2003). Our data confirm that observation and
further show that treatment of HCSM cells with PGF2α up-regulates the protein
expression of CTGF. CTGF has been shown to be a potent regulator of cell attachment
and angiogenesis (Moussad & Brigstock, 2000; Perbal, 2004). An additional function of
CTGF is the promotion of collagen deposition during the fibrotic response. At first
approximation, this effect seems incompatible with the net reduction of ECM observed
following chronic treatment of the ciliary body with FP receptor agonists. De novo
production of collagen mediated by CTGF, however, could be involved with the
establishment of the organized basement membrane that would be necessary for the
formation of new drainage channels (Richter et al., 2003). Clearly, further work will be
needed to test this hypothesis.
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In conclusion, we report for the first time the up-regulation of EGR-1 and HIF-1α protein
expression HCSM cells stimulated with PGF2α. Additionally, we have confirmed the upregulation of CTGF mRNA expression by PGF2α in HCSM cells and provide the first
evidence for the up-regulation of CTGF protein expression. Our work reveals the
potential involvement of the up-regulation of these immediate early genes in the ocular
hypotensive effects of PGF2α analogues. An important common feature shared by EGR-1,
HIF-1a and CTGF is their documented roles promoting angiogenesis. Therefore, rather
than promoting angiogenesis it is conceivable that in the ciliary body these proteins could
work in tandem to coordinate the previously observed de novo formation of drainage
channels that have a well-organized endothelium and clearly resemble lymphatic vessels.
Obviously, additional studies will be required to determine if such a connection exists,
but clearly our findings provide an intriguing possibility for understanding the
hypotensive effects of PGF2α and its analogues on the eye.
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FIGURE 4.1 Phenotypic validation of cells cultured from fetal ciliary muscle
explants. (A) Representative fluorescence micrograph of cells immunostained with a
mouse monoclonal antibody against the smooth muscle marker α-SMA (green). Cell
nuclei were counterstained with DAPI (blue). (B) Negative control staining in which the
α-SMA antibody was omitted. Scale bar represents 20 µm. (C) Analysis of α-SMA
expression in fHCSM2 (f2) and fHCSM6 (f6) cell lines by Western blot. The α-SMA
primary antibody used in the immunocytochemistry procedure was used as the primary
antibody to generate these blots. HEK-293 cells (H) were included as a non-smooth
muscle negative control. Membranes are stained with Ponceau S to show equivalent
protein loading.
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FIGURE 4.2 FP receptor expression and function in HCSM cells. (A) Two HCSM
cell lines (fHCSM2 and fHCSM6) were analyzed by RT-PCR using oligonucleotide
primers specific for the human FP receptor gene. Products from reactions that included
reverse transcriptase are shown in lanes marked (+). Products from negative control
reactions in which reverse transcriptase was omitted are shown in lanes marked (-). HEK293 cells stably expressing human FP receptors were analyzed identically to provide a
reference band. As an additional negative control, water was included in one reaction in
place of a template. (B) Activation of Gq-mediated second messenger signaling in HCSM
cells was evaluated by measuring 3H-labeled inositol phosphate levels following
stimulation with the indicated concentrations of PGF2α for 1 h. Data represent the mean ±
SEM of results pooled from three independent experiments performed in triplicate. (C)
The role of the FP receptor in PGF2α stimulated inositol phosphate accumulation was
confirmed by co-incubating HCSM cells with 1 µM PGF2α and the indicated
concentrations of the partial FP agonist AL8810. Data represent the mean ± SEM of
results pooled from three independent experiments performed in duplicate. * indicates
statistical significance (p < 0.05) compared to vehicle treated control cells (VEH); †
indicates significance (p < 0.05) compared to cells incubated with PGF2α alone (0 µM
AL8810).
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FIGURE 4.3 Regulation of EGR-1 expression in PGF2α treated HCSM cells. (A)
EGR-1 protein levels in PGF2α treated HCSM cells were evaluated by Western blot. Cells
were treated with 1 µM PGF2α for the indicated period of times. Equivalent gel loading
was assessed by reprobing the blot membranes for α-SMA. The graph shows the results
of quantitative densitometry performed on the blot autoradiograms. Data represent the
EGR-1 signal intensity normalized to the corresponding α-SMA signals (mean ± SEM
from three independent blots). * indicates statistical significance compared to the 0 h time
point (p < 0.05). (B) EGR-1 transcript levels were evaluated by quantitative real-time
PCR. Total RNAs were extracted from HCSM cells treated with 1 µM PGF2α for the
indicated period of times. Data represent EGR-1 expression levels normalized to
corresponding β-glucuronidase levels. Bars represent the mean ± SEM of pooled results
from three independent experiments measured in triplicate. * indicates statistical
significance compared to the 0 h time point (p < 0.05).
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FIGURE 4.4 Normoxic regulation of HIF-1α expression and transcriptional
function in PGF2α-treated HCSM cells. (A) Western blot analysis of HIF-1α protein
levels in PGF2α treated HCSM cells. Cells were treated with 1 µM PGF2α for the
indicated times. Equivalent loading was assessed by reprobing the blots for α-SMA. The
graph shows the means ± SEM from densitometry analysis of three blots performed
independently. Data represent the HIF-1α signal intensity normalized to the
corresponding α-SMA signals. * indicates statistical significance compared to the 0 h
time point (p < 0.05). (B) Quantitative real-time PCR analysis of HIF-1α transcript levels.
Data were acquired with the same cDNA samples used to evaluate EGR-1 expression
(Figure 4.3B). Data represent HIF-1α expression levels normalized to corresponding βglucuronidase levels. Bars represent the mean ± SEM of results pooled from three
independent experiments measured in triplicate. (C) Induction of HIF-1α-dependent
transcriptional activity in PGF2α treated HCSM cells. HCSM cells were transfected with
luciferase reporter plasmids controlled by the HRE, then treated with vehicle (VEH) or 1
µM PGF2α. * indicates statistical significance compared to the VEH control (p < 0.05).
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FIGURE 4.5 Regulation of CTGF in PGF2α-treated HCSM cells. (A) Cells were
treated with 1 µM PGF2α for the indicated lengths of time and probed for CTGF
expression by Western blot. The data shown here were acquired by reprobing the blot
shown in Figure 4.4A and are representative of three blots performed independently. The
bar graph shows quantitation of the three blots (mean ± SEM) normalized to
corresponding α-SMA signals. The α-SMA blot is taken directly from Figure 4.4A. *
indicates statistical significance compared to the 0 h time point (p < 0.05). (B)
Determination of CTGF gene transcription by quantitative real-time PCR. HCSM cells
were treated with 1 µM PGF2α for the indicated periods. Data represent CTGF expression
normalized to corresponding β-glucuronidase levels, expressed as mean ± SEM of three
independent experiments. * indicates statistical significance compared to the 0 h time
point (p < 0.05).
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CHAPTER 5

SUMMARY, CONCLUSIONS & FUTURE DIRECTIONS

5.1 Overview
At the outset of these projects, our goal was to identify novel and interesting functions of
endogenous EP and FP prostanoid receptors in the nervous and visual systems. To
identify potentially interesting regulatory targets for our investigations, we drew ideas
from published literature and our laboratory’s unpublished data regarding activities
correlated to prostaglandin treatment in various model systems. For example, a review of
neurological literature revealed a controversy regarding PGE2 and its cognate EP
receptors in the brain, with some studies demonstrating neuroprotective functions and
others revealing neurotoxic effects (reviewed in Chapter 2). We undertook to explore
prostanoid receptor functions that might contribute to either or both of these outcomes,
focusing our attention on glial cells based on the wide array of functions these cells
perform to support the activity and survival of neurons. The results of our studies on EP
receptors showed that natively expressed EP2 receptors in cultured microglia and
astrocytes are capable of inducing the release of BDNF, a growth factor associated with
neuronal protection and toxicity under different conditions. In addition, published data
has linked the FP receptor to the expression of TNF-α and Cyr61. Thus we probed the
same glial cell lines for expression of the FP receptor and explored its effect on the
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regulation of TNF-α and Cyr61 (Chapter 3). Both genes have been linked to cancer in
separate contexts and are potentially capable of triggering self-sustaining feedback loops
that favor chronic inflammation and malignant transformation. We also took interest in
the potential functions of the FP receptors expressed in the eye. Agonists of these
receptors are a somewhat exceptional case; whereas the implementation of prostanoidbased drugs has proven difficult in many contexts, FP receptor agonists such as
latanoprost are very successful in glaucoma therapy. We found that activation of FP
receptors in HCSM cell cultures derived from the eye led to the up-regulation of three
immediate early genes associated with angiogenesis: EGR-1, HIF-1α and CTGF (Chapter
4). The products of these genes are capable of inducing and coordinating tissue
remodeling processes that have been linked to the in vivo activation of FP receptors in the
ciliary muscle.

5.2 Summary and implications of EP2 receptor function in glial cells
For our studies in human glial cells, we chose two cell lines that have been documented
as being phenotypically representative of endogenous microglia and astrocytes. We
probed the microglial and astrocyte cell lines for expression of the four EP subtypes using
RT-PCR and detected only the transcript encoding the EP2 receptor (Figure 2.2). To
identify potential regulatory targets of PGE2 in these cells, we screened conditioned
media supernatants from PGE2 treated cells using antibody array technology. PGE2 was
found to induce the secretion of a variety of cytokines and growth factors, which in both
microglia and astrocytes included vascular endothelial growth factor (VEGF) and BDNF
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(Figure 2.1A). We focused our efforts on the regulation of BDNF; thus, we used ELISA
to confirm the dose-and time-dependent regulation of PGE2-stimulated BDNF secretion
(Figure 2.1B & C). We further explored the activity of the Gs-mediated cyclic AMP-PKA
pathway, a known signal transduction mechanism of the EP2 receptor. In both glial cell
types PGE2 stimulated cyclic AMP formation and the phosphorylation of the
transcription factor CREB (Figure 2.3A). CRE-controlled luciferase plasmids were used
to test the functional activity of phosphorylated CREB, and showed that PGE2 stimulates
increased CRE-mediated gene transcription in both microglia and astrocytes (Figure
2.3B). An inhibitor of PKA prevented both the phosphorylation of CREB and the
activation of CRE-mediated gene expression (Figure 2.3B-D), confirming the
involvement of a classic cyclic AMP signaling cascade. Besides acting as an effector of
cyclic AMP signaling, CREB is also a transcriptional regulator of BNDF expression.
Consistent with this forskolin stimulated BNDF release (Figure 2.4C), whereas inhibition
of PKA blocked PGE2-stimulated BDNF release (Figure 2.4B). The role of the EP2
receptor was confirmed by the use of the selective agonist butaprost, which like PGE2
stimulated BDNF release in a PKA dependent manner (Figure 2.4A).

BDNF is known to exert effects that are both toxic and protective to neurons through the
activation of low-affinity p75 and high-affinity TrkB neurotrophin receptors,
respectively. Likewise, the EP2 prostanoid receptor has also been linked to neurotoxic
and neuroprotective functions that vary based likely on the model systems being tested.
Our data link the EP2 receptor to BDNF expression and suggests that the dual actions of
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the former may be determined by the conditional functions of the latter. Thus in contexts
wherein the P75NTR is predominately expressed in neurons, EP2 stimulated BNDF
secretion would be expected to cause neurotoxicity. Where the TrkB receptor
predominates, BDNF induced by EP2 should be protective. Of the two potential outcomes
BDNF is capable of inducing, neuroprotection has arguably garnered more interest. Much
of this interest has been generated by discoveries indicating that BDNF levels in the brain
are diminished in neurodegenerative disorders such as Parkinson’s disease (Fumagalli et
al., 2006). Thus, researchers have undertaken efforts to develop novel therapies that
address neurodegenerative disorders by restoring or mimicking BDNF function
(reviewed in Chao et al., 2006). Some of the early efforts in this field attempted to
directly administer exogenous BDNF, but this approach has been essentially abandoned
due to poor pharmacokinetic properties and side effect liabilities of the protein in clinical
studies. Instead, current efforts are focused either on developing BDNF-mimicking smallmolecule ligands of the TrkB receptor (Longo et al., 2007) or on using agonists of
GPCRs to induce the expression of endogenous BDNF (Jeanneteau & Chao, 2006).
Based on our findings, selective agonists of the EP2 receptor may be ideal candidates as
agents that can trigger native signaling mechanisms that lead to BDNF synthesis and
secretion.

Certainly, before questions of therapeutic interventions can be approached additional
research needs to be undertaken to fully understand the functional properties of EP2
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receptors in the different cell types of the brain. Thus, various cell culture model systems
representing neuronal and glial cell types should be probed for EP2 receptor expression
and second messenger function. We chose to focus on the link between EP2 and a single
secreted protein; future studies should step back to identify whole sets of secreted
proteins induced by the EP2 receptor in different cell types. As shown in our studies, this
could be accomplished using commercially available antibody arrays. With these arrays,
researchers could test multiple cell lines and primary cultures representing all the
neuronal and glial cell lines of the human brain. This approach would allow for a
relatively complete picture of all the secretion events potentially regulated by the EP2
receptors in the brain. If the results of these studies show that EP2 receptors induce
secretory events perceived as mostly beneficial to neuronal survival, additional studies
could be undertaken in animal models. EP2 knockout mice have been described
(Ushikubi et al., 2000) and could be used in such research. Selective EP2 agonists could
be chronically administered to specified brain sites mice using implantable drug delivery
systems. Comparisons could be made among wild-type and EP2 knockout mice treated
with EP2 agonists or corresponding vehicles. Importantly, the effects of these agonists
should also be tested in a mouse model representative of a neurodegenerative disorder.
For example, mice could be pretreated with an inducer of parkinsonism such as 6hydoxydopamine or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), both of
which mimic Parkinson’s disease by disrupting dopaminergic neuronal function in the
nigrostriatal pathway. The experiments would allow us to specifically corroborate the
BDNF-inducing function of the EP2 receptor, as well as to gather some preliminary data
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regarding the potential efficacy of EP2 agonists in diseases like Parkinson’s. Studies such
as these could set the stage for the eventual consideration of EP2 receptor agonists as a
clinical option in neurodegenerative disorders.

5.3 Summary and implications of FP receptor function in glial cells
We also used the microglial cell and astrocyte cultures to explore the expression and
function of the FP receptor. The mRNA for the FP receptor was detected in these cells by
RT-PCR (Figure 3.1). Again, we turned to the literature to identify interesting processes
or targets to investigate. Published data from our own laboratory has demonstrated that
simulation of recombinant ovine FP receptors leads to the activation of luciferase
constructs controlled by the 5’ promoter region of the TNF-α gene (Fujino & Regan,
2005). To determine the possibility of a similar effect in cells natively expressing human
FP receptors, we transfected microglia and astrocytes with the same reporter plasmid.
PGF2α stimulated increased luciferase activity in these cells, indicating activated
expression of the endogenous TNF-α gene (Figure 3.2A). In the astrocytes, we confirmed
this finding by using ELISA to show increased secretion of TNF-α protein (Figure 3.2B).
We further corroborated PGF2α-stimulated TNF-α regulation in HEK cells stably
expressing recombinant human FP receptors. As with the endogenous glial cells, TNF-α
promoter activity was also increased by PGF2α in the HEK cells (Figure 3.3A & B). We
chose to continue using the HEK-hFP cells in studies aimed at identifying signaling
mechanisms that couple the FP receptor to TNF-α regulation. The results indicated that
inhibition of either PKC (Figure 3.3A) or NF-κB (Figure 3.3B) completely abolished the
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stimulation of TNF-α promoter-mediated reporter activity by the FP receptor. Based on
these findings, we examined the transcriptional function of NF-κB by transfecting glial
cell cultures with luciferase plasmids controlled by the NF-κB DNA binding site. PGF2α
treatment activated these constructs in HEK-hFP cells, whereas inhibition of Gαq and
PKC attenuated this effect (Figure 3.3C & D). We confirmed the effect of PGF2α on NFκB-mediated gene transcription in the microglia and astrocytes (Figure 3.2C). Taken
together, these studies indicated that stimulation of FP receptors activated the expression
of TNF-α and the transcriptional function of NF-κB. Parallel studies performed in the
HEK-293 cells show that this regulatory link appears to be mediated by a Gq-PKC
pathway that involves the transcriptional function of NF-κB.

We also explored the regulation of TCF transcriptional function and the expression of
Cyr61 in microglial cells. Previous studies have reported the stimulation of TCF activity
(Fujino & Regan, 2001) and the induction of Cyr61 (Liang et al., 2003) in other cell
model systems. Cyr61 is a secreted angiogenic growth factor that modulates integrinECM interactions and has been associated with pro-inflammatory actions and malignant
cell growth. The TCF pathway is the downstream effector of Wnt/β-catenin signaling and
is a transcriptional regulator of Cyr61. Treatment of the microglial cells with PGF2α led to
up-regulated Cyr61 protein expression (Figure 3.4C) and increased TCF reporter gene
activity (Figure 3.4A & B). We double-checked the involvement of the FP receptor using
the selective antagonist AL8810, which blocked the effects of PGF2α on both Cyr61
expression (Figure 3.4C) and TCF-dependent luciferase activity (Figure 3.4A). These
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effects of PGF2α were also abrogated by the general inhibition of Raf kinases. As with the
TNF-α studies, we used HEK-hFP cells to further explore the signaling that mediates the
effects of the FP receptor. We were able to link TCF to the regulation of Cyr61 in these
cells: a dominant negative mutant of TCF blocked PGF2α stimulated Cyr61 expression
(Figure 3.5D). Cyr61 was also blocked by inhibition of Raf (Figure 3.5A & B) and the
small GTPase Ras (Figure 3.5C). Likewise, inhibition of Raf and Ras blocked TCF
transcriptional function, whereas an inhibitor of the classical downstream Raf signaling
effector, MEK-1, had no effect (Figure 3.6). These results confirm previous data
supporting the regulation of Cyr61 and TCF function by the FP receptor. We also
confirmed that the TCF transcriptional pathway itself could regulate the expression of
Cyr61.

Aside from linking the FP receptor to the regulation of TNF-α and Cyr61, our studies in
human glial cells provide two important insights. First, our data reveal a crosstalk
between Raf signaling and TCF transcriptional function, which has not been previously
described. Unlike most targets of Raf regulation, TCF appears to be activated
independently of MEK/ERK signaling. Over-activation of the Raf and TCF pathways
have been separately implicated in various cancers (reviewed in Chapter 3) and our data
indicate that the function of one might be coordinating the other in a manner regulated by
the FP receptor. It is also interesting that our data show the regulation of Cyr61 by this
novel crosstalk mechanism: Cyr61 is a potentially carcinogenic mediator that could
underlie the functions of these pathways in cancer. The second insight provided by these
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experiments concerns pro-inflammatory and carcinogenic features held in common by
TNF-α and Cyr61. Both factors have separately been linked to the establishment of
inflamed tissue environments that favor cancer transformation and tumor growth;
furthermore both have been shown to induce the expression of COX-2. Thus, PGF2αstimulated TNF-α and Cyr61 expression may lead to positive feedback loops in which the
two secreted proteins amplify the production of PGF2α through COX-2 induction. Like
TNF-α and Cyr61, COX-2 up-regulation is associated with many types of cancer and our
data suggest a potential mechanism linking them to one another in tumor
microenvironments.

Our findings in astrocytes and microglia point to the need for a rigorous examination of
the potential roles of the FP receptor in the tumorigenesis of glioma. Specific testing
should be directed towards confirming the function of a feedback cycle involving PGF2α,
Cyr61, TNF-α and COX-2. These studies could start by examining the regulation of
TNF-α, Raf/TCF crosstalk, Cyr61 and COX-2 by endogenous FP receptors in primary
cultures of brain microglia and astrocytes. Primary cultures of glial cells could also be
tested for markers of cancer transformation, such as gel culture invasiveness, anchorageindependent growth or genomic instability, after chronic incubation in media containing
FP receptor agonists. Co-incubation with signaling inhibitors against intracellular
effectors such as Raf, PKC or NF-κB could possibly allow for the deduction of signaling
mechanisms mediating malignancy. The results of such studies would provide insight
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into novel functions of the FP receptor in cancers of the brain, which might facilitate the
development of FP receptor-based therapies that prevent or inhibit malignant growth.

5.4 Summary and implications of FP receptor function in HCSM cells
Prostanoid-based drug development has proven to be difficult due to the wide array of
physiological functions that the prostaglandins carry out. The two most notable
exceptions in this situation are the NSAID inhibitors of COX and the various agonists of
the FP receptor used to treat glaucoma and ocular hypertension. As was the case with the
NSAIDs for many years, the FP agonists are being used even though we have incomplete
knowledge regarding how they exert their therapeutic effects. Their hypotensive effects
are correlated with increased aqueous humor outflow, extracellular matrix metabolism,
and the enlargement of drainage channels in the ciliary body, all of which are conceivable
antecedents to reduced IOP. Still, these events have yet to be empirically linked to one
another in a unified model that delineates a mechanism of action for the FP receptor
agonists. Our findings from studies in cultured HCSM cells reveal early intracellular
steps activated by FP receptors in the ciliary muscle that could potentially explain.

We isolated HCSM cells from fetal human ciliary body explants and authenticated their
identity by expression of α-SMA, a marker of smooth muscle cells (Figure 4.1). We
confirmed the expression and function of the FP receptor in HCSM cells using RT-PCR
and an assay for the second messenger IP3 (Figure 4.2). PGF2α stimulated a dosedependent increase in free inositol phosphate level, whereas AL8810 attenuated this
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effect. We then explored potential FP receptor-regulated targets in these cells based on
the literature and unpublished data from our laboratory. Thus, the immediate early genes
EGR-1 (Xu et al., 2008) and CTGF (Liang et al., 2003) have been reported as targets of
PGF2α induction and ongoing work in our laboratory is unraveling the mechanisms that
couple the FP receptor to HIF-1α stabilization. Similarly, we found that PGF2α
stimulation of HCSM cell cultures up-regulated the cellular levels of EGR-1, HIF-1α, and
CTGF. EGR-1 (Figure 4.3) and CTGF (Figure 4.5) were up-regulated at the mRNA and
protein levels, indicating that the FP receptor triggers the transcription of their genes.
HIF-1α protein was also up-regulated under normal oxygen tension (Figure 4.4A), which
is unexpected based on our current understanding of the oxygen-mediated degradation of
this protein. Consistent with the FP receptor activating a similar post-translational
pathway, HIF-1α mRNA levels were unchanged in PGF2α-treated HCSM cells (Figure
4.4B). We corroborated the up-regulation of HIF-1α by showing the functional activation
of HRE-regulated reporter gene in these cells (Figure 4.4C).

Although our data do not directly link any of these immediate early genes to the others,
common functional activities they share suggest that they could act in a coordinated
manner to initiate tissue remodeling processes in the ciliary body. Specifically, the proangiogenic functions of these factors may underlie the development of endothelium-lined
channels that form in the ciliary muscle after chronic treatment with FP receptor agonists
(Richter et al., 2005). These channels are likely to be the critical anatomical mechanism
that facilitates the hypotensive effect of FP receptor agonists. Future research should
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focus on confirming the effect of FP receptor activation on these immediate early genes
and on deducing the mechanistic links coupling FP receptor activation to their upregulation. Thus the effects of a panel of FP receptor agonists could be tested in various
models of the ciliary muscle, including cultured cells from other species, filter cultures in
perfusion chambers and live animals. Samples from these models could be tested for the
regulated expression of EGR-1, HIF-1α, CTGF and other pro-angiogenic genes using
methods similar to those described in Chapter 4. In live animals, the treated tissue could
also be imaged as described by Richter et al. (2005); which could allow one to draw
correlations between the tissue remodeling of drainage channels and the up-regulated
expression of immediate early genes.

5.4 Conclusion
The ubiquitous expression of prostanoid receptors across the tissues of the human body
has confounded efforts to develop effective drugs that safely modulate their function.
This situation emphasizes the importance of understanding the downstream molecular
mechanisms coupled to the receptors and how these links vary across cell types. The
results reported herein describe signaling pathways, gene expression events and secretory
events controlled by prostanoid receptors in cells derived from the brain and eye. These
studies connect the prostanoid receptors to downstream factors that are critical to
important physiological and pathophysiological processes such as neuroprotection,
neurotoxicity, inflammation, cancer, tissue remodeling and aqueous humor dynamics.
Additional work will be needed to fully appreciate the relevance of our findings as they

118

relate to human physiology, health, and pharmaceutical therapy. Nevertheless, these
studies have provided insights to prostaglandin-regulated intracellular molecular
mechanisms that might eventually lead to the development of new therapeutic strategies.
In the brain, selective ligands of the EP2 and FP receptors may prove to be efficacious in
the treatment of neurodegenerative conditions, neuroinflammation or gliomas. In
disorders of the eye, novel agents capable of inducing endogenous pro-angiogenic factors
might someday be used to optimize the chronic hypotensive effects of currently available
FP receptor agonists. These possibilities are examples of the potential held by the
prostanoid receptor research field: that the development of new experimental techniques
and model systems will lead to improvements in the medical treatment of a vast spectrum
of human diseases.
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