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THESIS ABSTRACT

Platelet activating factor (PAF: 1-O-alkyl-2-acetyi-sn-glycero-3-
phosphocholine) is a biologically active phospholipid mediator produced by
neurons and glial cells. In adult central nervous system (CNS), physiological
concentrations of PAF have been shown to mediate long-term potentiation, the
purported cellular basis of mammalian learning and memory. Elevated levels of
PAF are implicated in the pathophysiology of a number of neurodegenerative
diseases, ischemia-reperfusion injury, human immunodeficiency virus-1 (HIV-1)
associated dementia, and the developmental brain disorder Miller-Dieker
Syndrome (MDS). Three neuropathologies are associated with sustained PAF
exposure. Following ischemic attack or HIV-1 infection, PAF is implicated in
neuronal loss in both adult and developing brain. In MDS, defective PAF
catabolism is associated with inappropriate neural precursor proliferation and
incomplete neuronal migration.

itis not clear how these PAF-mediated effects are initiated in CNS. A
seven transmembrane G-protein coupled receptor (PAFR-GPCR) has been
cloned and mRNA is expressed in CNS. In addition, distinct intracellular receptor
isoforms (iPAFRs) in rodent cortical extracts have been characterized
pharmacologically. It is not known which of these PAF binding proteins initiate
PAF-mediated neuropathology. Our ability to detect PAF receptors is further
hindered by a lack of commercial PAF antibodies. To address these issues, in

this thesis, | sought to:



(1) Identify a neural precursor cell line capable of differentiating between
PAFR-GPCR and iPAFR-initiated biological activity,

(2) Determine the effect of PAFR-GPCR activation on differentiation of

neural precursors to a neuronal phenotype, and

(3) Characterize a new PAFR-GPCR antibody to facilitate localization of

protein in CNS and CNS cell lines.

These studies were performed using the rodent pheochromocytoma PC12
cell line; a culture system widely employed as a model of neuronal differentiation,
signal transduction, and cell death. In Chapter 1, experimental data is presented
demonstrating that PAF triggers apoptotic cell loss independently of PAFR-
GPCR. PC12 cells do not express PAFR-GPCR but are capable of responding
to Iigand. Apoptosis was confirmed by four different techniques assessing PAF-
induced nuclear and chromatin condensation, DNA strand breaks, DNA
fragmentation into histone-associated oligonucleosomes, and nuclear
disintegration into apoptotic bodies. Cell death was PAF-specific, in that it was
not elicited by lyso-PAF, the immediate metabolite and precursor of PAF. The
kinetics of cell death was dependent upon activity of functional PAF
acetylhydrolases expressed by PC12 cells, capable of inactivating PAF ligand.
Apoptosis was receptor-mediated, in that, it could be blocked by five different
PAF antagonists and could not be attributed to physicochemical effects on the
plasma membrane. PC12 cells, lacking endogenous rodent PAFR-GPCR
expression, were transfected with a constitutively active human PAFR-GPCR

construct. Unexpectedly, PAFR-GPCR expression in PC12 cells protected celis
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from PAF-induced apoptosis. We propose that a novel binding protein (possibly
an iPAFR) triggers apoptotic loss of PC12 cells whereas PAFR-GPCR activation
may promote cell survival.

in Chapter 2, studies were performed to determine whether sustained
PAFR-GPCR activation impacts upon pathological neural precursor proliferation
or migration consistent with the MDS phenotype. Data indicate that transfected
clones fail to undergo relative growth arrest when differentiated to a neuronal
phenotype. Evidence is also presented to justify speculation that PAF is
synthesized during differentiation. PAFR-GPCR activation by endogenous PAF
stimulates neural precursor proliferation but does not affect neuronal migration.
These data imply that chronic exposure to PAF in vivo may delay the ability of
neural precursors expressing PAFR-GPCR to exit the cell cycle and thereby
inhibit the appropriate timing of migration of neurons characteristic of MDS.

Finally, in Chapter 3, characterization of a novel PAFR-GPCR antibody is
presented to assist in protein analysis in vitro and in vivo.

In summary, PAFR-GPCR s likely involved in aberrant neural precursor
proliferation. Other PAF receptors, not yet identified at the molecular level, are

responsible for initiating PAF-mediated neuronal death.
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CHAPTER 1: GENERAL INTRODUCTION

Platelet Activating Factor: Overview

Platelet activating factor (PAF) or 1-O-alkyl-2-acetyl-sn-glycero-3-
phosphocholine is a biologically active phospholipid mediator demonstrated to
exert diverse physiological and pathological effects on a wide variety of cells and
tissues. Perhaps best characterized for its involvement in inflammatory
processes, PAF is also involved as a mediator in the endocrine, gastrointestinal,
reproductive, cardiovascular systems and, salient to this thesis, the nervous
system (for reviews see, Braquet and Rola-Pleszczynski, 1987; Braquet et al.,
1987; MacLennan et al., 1996).

During the 1970s, Benveniste et al. (1972) described a lipid extract
capable of stimulating platelet aggregation. Independently Muirhead et al. (1976)
described a lipid extract capable of lowering blood pressure. Subsequent
structural analysis revealed that both these compounds were PAF (Demopoulos
et al., 1979; Blank et al., 1979; Benveniste et al., 1979). PAF is, in fact, a generic
acronym used to refer to the family of structurally similar PAF-like compounds
(for a review see, Pinckard et al., 1994). Based upon the chemical linkage at the
sn-1 position, the ligand family is separated into three subclasses: alkyl-, alkenyl-
and acyl-PAF. The predominant and most potent molecular species are alky!-
C1eHa33 or C1gHa7 PAF (Figure 1.1) (Pinckard et al., 1994). For the remainder of
this thesis, | will use the acronym PAF to refer specifically to these two molecular
species unless otherwise stated. Essential features of the chemical structure of

PAF, required for maximum biological activity, are an alkyl ether moiety at the



sn-1 position, an acetyl group at the sn-2 position, and phosphocholine at the
sn-3 position. Subtle structural changes are sufficient to cause significant
decrease or the complete abolishment of all biological activities (Snyder, 1995).
The requirement of an acetyl group at the sn-2 position is essential for the
specificity and biological activity of PAF and is underlined by the complete loss of
biological activity when PAF is converted to lyso-PAF through the actions of PAF

acetylhydrolase (PAFAH) (Snyder, 1995).

PAF Anabolic and Catabolic pathways

The concentration of PAF present in biological systems is regulated by (1)
synthesis via one of two possible pathways and (2) rapid degradation by the
action of PAF acetylhydrolase. PAF can be synthesized via the de novo or
remodeling pathways, both of which have been reviewed extensively (see
Snyder, 1994, 1995) (Figure 1.1). The de novo pathway is a three enzymatic
step pathway beginning with an intermediate in the synthesis of ether-linked
phospholipids (Figure 1.1). The remodeling pathway is a two enzymatic step
pathway, whereby a resident membrane phospholipid precursor of PAF is
transformed into PAF (Figure 1.1).

Protracted exposure to high concentrations of PAF has been implicated in
a variety of pathologies (Braquet et al.,1987; MacLennan et al., 1996). The half-

life of PAF is regulated by a family of PAF acetylhydrolases (PAFAHSs). Although



Figure 1.1: The chemical structure of PAF and a summary of the anabolic
and catabolic PAF pathways.

The general chemical structure of PAF is represented in grey. The predominant
and most potent molecular species are indicated by the R group at the sn-1
position as alkyl- C1¢Ha3 or C1gH3z PAF. In this thesis, the acronym PAF refers
specifically to these two molecular species unless otherwise stated. PAF
biosynthesis occurs via two independent pathways. The de novo pathway
begins with the precursor lipid alkyiglycerophosphate, an intermediate in the
synthesis of ether-linked phospholipids. Alkyiglycerophosphate is transformed
into alkylacetylglycerophosphate by a specific acetyitransferase.
Alkylacetylglycerophosphate is converted to PAF by sequential actions of a
phosphohydrolase to yield alkylacetylglycerol, followed by a specific
phosphocholinetransferase. The remodeling pathway produces PAF from
alkylacyiglycerophosphocholine, a phospholipid present in membranes. This
phospholipid is transformed into lyso-PAF by PLA2, which in turn is converted
into PAF by lyso-PAF acetyltransferase. Note that PAF catabolism by PAF
acetylhydrolase also yields lyso-PAF, which can be recycled to
alkylacylglycerophosphocholine by acyltransferase. (adapted from Bazan, 1998;
Francescangeli et al., 2000)
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PAFAHSs are structurally diverse isoenzymes, each enzyme is capable of
catalyzing the hydrolysis of the acetyl group at the sn-2 position of PAF to
generate the biologically inactive molecule lyso-PAF (Figure 1.1). Plasma
PAFAH and two intracellular forms (Ib and i) of PAFAH, encoded by distinct
genes, have been characterized (for a review see Stafforini et al., 1997; Prescott
et al., 2000). Both the plasma PAFAH and intracellular PAFAH Il isoforms are
single polypeptide enzymes capable of PAF hydrolysis and the hydrolysis of
oxidatively fragmented PAF-like lipids containing relatively long sn-2 acyl chains
(Hattori et al., 1995; Stremiler et al., 1991). In contrast, intracellular PAFAH b
(the brain-specific PAFAH) is a heterotrimeric enzyme complex. This isoform is
PAF-specific and does not recognize oxidized phospholipids as substrates

(Hattori et al., 1993).

PAF Signal Transduction in the Adult Central Nervous System

PAF is a potent neuromodulator. The presence of PAF in the CNS has
been demonstrated and its synthesis by neurons and glia is analogous to its
synthesis in peripheral cells (Francescangeli et al., 2000; Baker, 1995). The
biological activities of PAF are receptor-mediated and are not the result of
physicochemical effects on the plasma membrane of target cells (for a review
see Prescott et al. 2000). One PAF receptor, a G-protein coupled receptor
(PAFR-GPCR), has been cloned and is expressed in CNS (Mori et al., 1997).
Two high affinity binding sites, localizing to intracellular membranes (iPAFRs),

and a low affinity binding site, localizing to the plasma membrane, have been



identified pharmacologically from rodent cortical protein extracts (Marcheselli et
al., 1990). Note that receptor heterogeneity in the CNS is consistent with the
pharmacological characterization of iPAFRs in the periphery (Shukla, 1992;
Hwang, 1990). Both neurons and glia (astrocytes and microglia) respond to
PAF. Compiled data from various studies indicate that PAF stimulates
intracellular calcium mobilization (Wang et al., 1999; Yue et al., 1992; Catalan,
1992; Bito et al., 1992), glutamate release (Clark et al., 1992), increases in cyclic
GMP levels (Calcerrada et al., 1999c), activation of MAP kinases (Mukherjee et
al., 1999), modulation of protein kinase C isoforms (Calcerrada et al., 1999a),
phosphoinositide turnover (Shi et al.,1996; Catalan et al., 1992), protein tyrosine
phosphorylation (Calcerrada et al., 1999b), and cytokine induction (Wang and
Sun, 2000). These intracellular signaling events have been demonstrated by
examining the effects of exogenously added PAF, by determining endogenous
PAF levels following treatment with other agonists, or by examining the
modulatory effects of a wide range of PAF antagonists on neuronal, microglial, or

astrocytic signal transduction.

Signaling eve:ts initiated by PAFR-GPCR

PAF was the first lipid molecule for which a protein receptor was identified.
The receptor was first cloned by Honda et al. (1991) from guinea pig lung.
Human, mouse, rat, bovine, and pig homologs were subsequently identified (Bito
et al.,1994; Ishii et al., 1996; Nakamura et al., 1991; Ye et al., 1991; Kunz et al.,

1992; Horn et al., 1998). The human PAFR-GPCR gene is driven by two



separate promoters that splice to the same open reading frame, contains no
introns, and is located on chromosome 1p35-p34.3 (Mutoh et al., 1993; Seyfried
et al., 1992; Chase et al., 1996).

PAFR-GPCR has been identified as a member of the GPCR superfamily
based on sequence analysis and computer modeling (Shukla, 1992; Kajihara et
al., 1994). Bioinformatic analysis and detailed site-directed mutagenesis studies
have revealed several structure-function relationships (refer to Figure 1.2).
GPCRs constitute the largest group of membrane bound receptor proteins
involved in signal transduction (Morris and Malbon, 1999; Horn et al., 1998;
Probst et al., 1992). Salient to a role for PAF as a neuromodulator in addition to
its proinflammatory actions in the periphery, it is well established that the vast
majority of neurotransmitters and neuromodulators in the visual, olfactory,
hormonal, and opiate systems mediate their physiological effects by binding to
their respective GPCRs (Morris and Malbon, 1999; Milligan, 2000; Watson and
Arkinstall, 1994). Members of the GPCR superfamily share a similar structure
consisting of 7 transmembrane domains. Receptor activation leads to binding
and activation of heterotrimeric G-proteins that, in turn, activate downstream
signaling events. PAFR-GPCR can interact with multiple G-proteins, leading to
simultaneous stimulation of distinct signaling pathways as assessed by the ability
of pertussis toxin to inhibit some, but not all, PAF-induced effects in rat basophilic
RBL-2H3 cells (Haribabu et al., 1999; Ali et al., 1994), chinese hamster ovary

cells, CHO (van Biesen et al., 1996; Honda et al., 1994), immortalized



Figure 1.2: PAFR-GPCR structure-function relationships.

The mutagenesis studies cited have identified critical regions in PAFR-GPCR
responsible for ligand binding, intracellular signaling and receptor desensitization.
This figure is based upon biocinformatic analysis performed in our laboratory and
the detailed studies of Le Gouill et al., 1997, Parent et al., 1996a,b,c, Ishii et al.,
1997, Carlson et al., 1996, Takano et al., 1994, Ali et al., 1997, Prescott et al.,
2000, Probst et al., 1992. The PAFR-GPCR receptor backbone was obtained
from the GPCR database (Horn et al., 1998).
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hippocampal HN33.11 cells (Shi et al., 1996), and primary rodent hippocampal

cultures (Clark et al., 2000).

Neurotoxic effects of PAF

As reviewed above, PAF acts as a potent neuromodulator in postnatal
CNS. Notably, PAF has been shown to mediate long-term potentiation, the
molecular mechanism purported to underly memory formation and neuronal
plasticity (Clark et al., 1992; Kato et al., 1994; Wieraszko et al., 1993; Grassi et
al., 1998; Bliss and Collingridge, 1993). Excessive levels of PAF, however,
contribute to neuronal cell injury following stroke and seizures (Kumar et al.,
1988; Domingo et al., 1994, Nishida and Markey, 1996; Yue and Feuerstein,
1994; Marcheselli and Bazan, 1994), the pathogenesis of neurodegenerative
diseases such as HIV-1-associated dementia (Gelbard et al., 1994, Nishida et
al., 1996), and may play a role in Alzheimer's disease (Hershkowitz and
Adunsky, 1996). PAF-mediated neurotoxicity has been directly demonstrated in
vitro (Kornecki and Ehrlich, 1988; Gelbard et al., 1994; Westmoreland et al.,
1996). In our laboratory, Dr. Bennett's group has demonstrated that, in vivo,
PAFR-GPCR is expressed by neurons undergoing apoptosis in both rat
hippocampus following excitotoxic challenge and rat retina following hypoxia
(Bennett et al., 1998, Bennett et al., submitted). These results have led to the
hypothesis that PAFR-GPCR initiates PAF-induced apoptosis. However, the
effect of PAFR-GPCR stimulation on PAF-mediated neurotoxicity has not been

defined.



PAF and Neuronal Differentiation

it is important to devote a substantial section of this review to the potential
involvement of PAF in neuronal differentiation given studies described in Chapter
3. The study of PAF in CNS development is an exploding field and subject to
controversy. The first reports implicating PAF in neuronal differentiation
demonstrated that exposure of NG108-15 and murine neuroblastoma NB-2a
cells to low concentrations of PAF induced neuronal differentiation (Herrick-Davis
et al., 1991; Kornecki and Ehrlich, 1988). A similar phenomenon was reported
using primary cultures from embryonic rat cerebra (Ved et al., 1991).
Furthermore, in a quantitative study of PAF in the rat brain, an age-dependent
decrease in PAF concentration has been reported, providing circumstantial
evidence that PAF signaling is maximal during cerebral development (Tokumura
etal., 1992).

Certainly, PAF has been implicated in pathological CNS development.
Sustained exposure to high levels of PAF is hypothesized to be one of the
signaling defects responsible for the genetic disorder Miller-Dieker Syndrome
(MDS). Linked with defective PAF degradation, MDS is a rare disorder
categorized as classical or type | lissencephaly (development of a smooth
cortical surface) and clinically classified as a neuronal migration disorder (Aicardi,
1994; Barth, 1987). The brains of patients with MDS are often smaller with a
four-layered as opposed to a six-layered cerebral cortex. The cortex is thicker
with little white matter (fibre tracts) and the cerebral ventricles are enlarged

(Dobyns et al., 1991). Afflicted individuals present with severe mental



retardation, recurring epileptic seizures, and face a reduced life expectancy.
Described in the 1960s, MDS was believed to be an autosomal recessive
disorder (Miller, 1963; Dieker et al., 1969). Cytogenetic and molecular genetics
studies have since identified the genetic determinant as a hemizygous deletion or
mutation in the LIS-1 gene located at chromosome 17p13.3 (Reiner et al., 1993;
Dobyns et al., 1993; Chong et al., 1997). A link between defective PAF
metabolism and MDS was first proposed in 1994 when the beta subunit of bovine
brain PAFAH1b was reported to be the bovine homolog to the human Lis-1
protein (Hattori et al., 1994). The heterotrimeric PAFAH1b enzyme complex is
composed of two homologous catalytic subunits alpha 1 (29 kD) and alpha 2 (30
kD) and a non-catalytic beta subunit (45 kD subunit) (herein referred to as Lis-1)".
Recent evidence demonstrates that the Lis-1 subunit likely regulates PAFAH1b
activity (Shmueli et al., 1999). All human LIS-1 mutations examined to date
diminish or abrogate the capacity of Lis-1 to interact with alpha 1 and alpha 2
subunits (Sweeney et al., 2000). As reviewed above, PAFAH1b specifically
inactivates PAF lipids (Hattori et al., 1993). Maximal activity in the developing
brain is observed during neuronal migration (Albrecht et al., 1996). The inability
of the Lis-1 protein in MDS to recognize PAF and its alpha 1 and alpha 2
partners likely impedes the ability of PAFAH1b to inactivate its substrate thereby
impairing neuronal migration (Sweeney et al., 2000). In support of this

hypothesis, sustained PAF exposure in vitro has been shown to collapse

' There are two nomenclatures in the literature for PAFAH1b subunits. A second
system refers to the catalytic subunits as the p and y subunit and Lis-1 as the

o subunit.
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neuronal growth cones (Clark et al., 1995), elicit cytoskeletal alterations (McNeil
et al,, 1999), and inhibit neuronal motility (Bix and Clark, 1998; Adachi et al.,
1997). Lis-1 may also directly transmit a PAF-mediated signal to the
cytoskeleton in addition to its role in the PAFAH1b trimer. Lis-1 amino acid
sequence analysis has revealed that it is a member of the WD-40 repeat family
of proteins recognized for multiple protein-protein interactions (Garcia-Higuera et
al., 1996; Wang et al., 1995; Neer et al., 1994). Reported interactions with
tubulin and the microtubule network have earned Lis-1 the designation as an
unconventional microtubule-associated protein (MAP) and suggest that Lis-1
may participate directly in the control of neuronal motility and migration (Sapir et
al., 1997, 1999; Faulkner et al., 2000; Liu et al., 2000; Smith et al., 2000; Sasaki
et al., 2000; Niethammer et al., 2000; Feng et al., 2000). This hypothesis has yet
to be empirically tested.

The multiplicity of Lis-1 interactions raises the dilemma about how haplo-
insufficency of LIS-1 might cause lissencephaly. Central to this issue is whether
there is a functional relationship between PAFAH1b and the MDS phenotype.
Do elevated PAF levels during cerebral development lead to MDS? A low
concentration of PAF has been shown to induce neuronal cell differentiation in
culture (Herrick-Davis et al., 1991; Kornecki and Ehrlich, 1988), while high
concentrations are toxic (Kornecki and Ehrlich, 1988; Gelbard et al., 1994;
Westmoreland et al., 1996), suggesting that PAF levels may be crucial for
neuronal differentiation as well as affect cell viability. Given that PAFAH1b

activity peaks when neurons begin migration, it is possible that a sharp reduction
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in PAF concentration is necessary to initiate or sustain migration. As the Lis-1
protein is only one subunit of a heterotrimeric enzyme complex, hemizygosity of
the LIS-1 gene may lead to reduced levels of assembled, functional enzyme
resulting in continuous PAF signaling. Identification of PAFAH1b as a non-
traditional G-protein like trimer and Lis-1 as a MAP family member has also led to
speculation that Lis-1 participates in signaling downstream of PAF hydrolysis (Ho
et al., 1997; Sapir et al., 1999). Conformational changes in the heterotrimeric
PAFAH1b complex elicited by PAF hydrolysis may permit Lis-1 subunit to interact
directly with cytoskeletal proteins (Sapir et al., 1997, Whynshaw-Boris and
Gambello, 2001). Although this hypothesis remains to be experimentally
validated, empirical evidence clearly demonstrates the importance of PAFAH1b
activity during cortical development. A recent report demonstrated that
hemizygosity of the alpha 1 subunit led to manifestation of mental retardation,
atrophy of the brain, ataxia, and seizures in a female patient (Nothwang et al.,
2001). The disrupted alpha 1 gene encoded for a truncated, catalytically inactive
protein that lost the ability to interact with Lis-1 (Nothwang et al., 2001).

Murine models will provide useful tools to determine the role of Lis-1 in the
developing nervous system. Two independent groups have recently
demonstrated that, in mice, homozygotic deletion of the LIS-1 gene is embryonic
lethal and have successfully developed LIS-1 +/- mutant mice (Cahana et al.,
2001; Hirotsune et al., 1998). Initial characterization of these animals have
revealed brain abnormalities similar to those of human type | lissencephaly.

Enlargement of the ventricles is apparent as weli as cortical, hippocampal, and
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olfactory bulb disorganization as a result of aberrant neuronal migration (Cahana
et al 2001; Hirotsune et al 1998). In addition, 5-Bromo-2’-deoxy-uridine (BrdU)-
labeling has unveiled an intriguing increase in neural precursor proliferation LIS-1
heterozygotes between embryonic days E11-14.5. Specificaily, an increase in
the number of neurons born between E11-14.5 migrating to layer IlI of the
neocortex (Hirotsune et al., 1998), the cortical plate (Cahana et al., 2001), and
the CA1 subfield of the hippocampus (Fleck et al., 2000) has been observed.
Although the mechanisms responsible for this enhanced neural precursor
proliferation is unknown, PAF has repeatedly been demonstrated to trigger in
vitro proliferation in a variety of non-neuronal cells. Examples include human T
and B lymphocytes (Behrens and Goodwin, 1990; Leprince et al., 1991), human
and guinea pig bone marrow cells (Denizot et al., 1996; Kato et al., 1988; Kudo
et al.,, 1991), human lung fibroblasts (Roth et al., 1996), rodent lung pericytes
(Khoury and Langleben, 1996), and primary rodent and human fibroblasts
(Bennett and Birnboim, 1997, Bennett et al., 1993). The mitogenic effects of PAF
have also been reported in a number of human breast cancer cell lines (Bussolati
et al., 2000), the human K562 erythroid cell line (Dupuis et al., 1997), and the
endometrial adenocarcinoma cell line HEC-1A (Bonaccorsi et al., 1997). These
data implicate PAF in the growth of neuronal precursors and the regulation of

neuronal migration.
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Objective
Given the critical effects of PAF on neuronal differentiation, signaling, and
viability, it is essential to identify the molecular mechanisms responsible for
initiating PAF-mediated signal transduction. The overall objectives of this thesis
are:
1. Identify a cell culture model capable of differentiating the effects of
PAFR-GPCR and other PAF binding proteins and
2. Characterize biological activity initiated by PAFR-GPCR activity in
neural precursors.
The present thesis is divided into the following three sections designed to
address the overall objectives:
1. Characterization of an in vitro model to study PAF ligand/PAFR-GPCR
receptor interaction.
2. Examination of the effect of PAF/PAFR-GPCR interaction during
differentiation to a neuronal phenotype.
3. Characterization of a new human PAFR-GPCR antibody developed in our

laboratory.
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CHAPTER 2: CHARACTERIZATION OF AN IN VITRO MODEL TO STUDY
PAF LIGAND/PAFR-GPCR INTERACTION

Introduction

As reviewed in Chapter 1, PAF is a potent neuromodulator. Transient PAF
stimulation mobilizes intracellular calcium, inhibits ionotropic GABA receptor
activation, and elicits glutamate synthesis in primary neuronal culture (Bito et al.,
1992; Clark et al., 1994; Chen and Bazan, 1999). Sustained PAF exposure
triggers neuronal cell loss following ischemia-reperfusion injury, epileptiform
seizure, and HIV-1 infection (Yue and Feuerstein, 1994; Bazan, 1998; Gelbard et
al., 1994; Nishida et al., 1996; Marcheselli and Bazan, 1994).

It has yet to be established how PAF-mediated cytotoxicity is initiated. A
single seven-transmembrane spanning G-protein coupled PAF receptor (PAFR-
GPCR) has been cloned and is expressed by neurons, astrocytes, and microglia
(Bennett et al., 1998; Mori et al., 1997; Mori et al., 1996; Bito et al., 1992). The
cytotoxic effects of PAF are commonly attributed to activation of this receptor
(PAFR-GPCR) in non-neuronal cells (Kuijpes et al., 2001; Berthou et al., 2000;
Barber et al., 1998) but this relationship has not been empirically tested in

neurons or neural precursors.

Objective
As a means of improving our understanding of the physiological and

pathophysiological roles of PAF and PAFR-GPCR in the CNS we used the PC12
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cell model to test the hypothesis that PAF-induced cell death is mediated by
PAFR-GPCR. Expression and functional activity of PAFR-GPCR and the trimeric
components of brain PAFAH1b (LIS-1, PAFAH1b a1, PAFAH1b a2) were
determined. Stable PC12 cell lines overexpressing human PAFR-GPCR cDNA
(hPAFR-GPCR) under the regulation of the cytomegalovirus promoter (CMV)
were developed. [n this series of experiments, PAF elicited apoptotic cell loss of
PC12 cells but apoptosis occurred independently of PAFR-GPCR activation.
Overexpression of hPAFR-GPCR and functional PAFAH1b activity protected

against PAF-induced apoptosis.

Materials and Method

Cell Culture

A clonal line, PC12-AC of rodent pheochromocytoma PC12 cells
(American Tissue Culture Collection), derived in the Bennett laboratory was used
in all cell culture manipulations and is hereinafter referred to as WT-PC12 cells.
WT-PC12 and HPAFR clones were maintained in 10 cm tissue cuilture dishes at
37°C and 5% C02/95% air atmosphere. Cells were cultured in complete medium
(RPMI 1640 supplemented with 10% horse serum and 5% newborn calf serum,
streptomycin and penicillin at 100 units/mL; Invitrogen). Stock cultures were fed
with complete medium every 2-3 days and passaged when sub-confluent. In
addition, transfected cell lines received 200 ug/mL Zeocin (Invitrogen) during

feeding.
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Generation of hPAFR-GPCR and empty vector stable transfectants
WT-PC12 cells were transfected with empty vector (pcDNA3.1/GS) or
PcDNA3.1/GS containing the 1029 bp hPAFR-GPCR open reading frame tagged
at the C-terminus with six hisﬁdine residues and the V5 epitope (Invitrogen).
Transfections were performed using Transfast reagent according to the
manufacturer’s specifications (Promega). Clona! lines (HPAFR and pGS empty
vector) resistant to 400 ug/ml Zeocin were expanded after 14 days of culture and

maintained in 200 pg/ml Zeocin.

RT-PCR

All reagents were from Invitrogen except where indicated. Total celiular
RNA was extracted from cultures using TRIzol reagent according to the protocol
provided by the. manufacturer. Ten ug of total ribonucleic acid (RNA) was treated
with RQ1-DNAse as described by the manufacturer (Promega). RNA was
ethanol (EtOH) precipitated and re-dissolved in nuclease free H,O (Promega).
Template RNA was random-primed with 10 pmol pdNg (Promega). RNA and
primer were heated for 10 min at 70°C. dNTPs (125 uM each, Promega),
dithiothrietol (DTT: 10 mM), 5X first strand buffer (50 mM Tris-HCI (pH 8.3), 75
mM KCI, 3 mM MgCl.), and 200 U of Superscript || RT were added in a total
volume of 20 pl. Reactions were incubated at 25°C for 10 min, 42°C for 1 h, and
50°C for 30 min. Control reactions were carried out in the absence of Superscript
Il RT. Two ul of the cDNA RT reaction mix were PCR amplified in a total volume
of 50 pl containing 1 mM MgCl,, 1X PCR buffer (20 mM Tris-HCI (pH 8.4), 50
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mM KCI), dNTPs (200 uM each, Promega), 5 U of Taq DNA polymerase, and 25
pmol per primer for PAFR-GPCR, LIS-1, PAFAH1b a1, PAFAH1b o2, or 10 pmol
per primer for GAPDH. The reaction mixture was denatured at 95°C for 30 sec,
annealed at 55°C for 90 sec, and extended at 72°C for 120 sec. Priming
occurred over 35 cycles for PAFR-GPCR, LIS-1 and PAFAH1b o2 and 30 cycles
for PAFAH1b a1 and GAPDH. Primers used were (1) 5'-CACTTATAACCGC
TACCAGGCAG-3' (forward) and 5-AAGACAGTGCAGACCATCCACAG-3'
(reverse) defining a 381 bp amplicon of both rodent and human PAFR-GPCR, (2)
5'-GCATCCTACTTCCTCATCCT-3’ (forward) and 5'-ACTTCAGTGACCGTA
TCCGT-3' (reverse) defining a 538 bp amplicon of human PAFR-GPCR, (3) 5'-
CTGCTTCAGAGGATGCTACA-3’ (forward) and 5'-ATCAGAGTGCCGTCC
TGATT-3' (reverse) defining a 373 bp amplicon of rodent LIS1, (4) 5'-
GACGGACGCTGGATGTCTCT-3' (forward) and 5-AGACGAAGCAGC
AAGGAGTG-3’ (reverse) defining a 587 bp amplicon of rodent PAFAH1b a1, (5)
5-TGCAGCAGTACGAGATATGG-3’ (forward) and 5'-AACATGTCGTGG
CAGGAGAT-3' (reverse) defining a 418 bp amplicon of rodent PAFAH1b o2, and
(6) 5-TGGTGCTGAGTATGTCGTGGAGT-3’ (forward) and 5-AGTCTTCTGA
GTGGCAGTGATGG-3' (reverse) defining a 292 bp amplicon of rodent GAPDH.
The absence of genomic DNA contamination and reagent contamination was
demonstrated by performing appropriate parallel control reactions (i.e., RT
reactions carried out in the absence of enzyme to detect genomic DNA
contamination in the RNA template, no template to detect reagent contamination,

no primers to detect false priming artifacts). The PCR products and PCR
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markers (Promega) were size-fractionated by electrophoresis on a 1.2% (w/v)
agarose gel, stained with ethidium bromide, and digitized under UV light using

Alphalmager-1220 software (Alpha Innotech Corporation).

Northern analysis

Total RNA (30 pg), isolated as described above, was denatured with
formaldehyde, electrophoretically separated on a 1.2% (w/v) agarose gel
containing 0.2 M formaldehyde, and transferred to Hybond-N nylon membrane
(Amersham-Parmacia) as described in (Bennett et al., 1994). Blots were
hybridized at 50°C for 16 h in DIG Easy Hyb solution (Roche). Probes were a
538 bp DIG-labelied cDNA amplicon of the human leukocyte PAFR-GPCR gene
in pPCDM8 (Kunz et al., 1992) (kindly provided by Dr. N Gerard, Harvard Medical
School) or a 292 bp DIG-labelled cDNA amplicon of the GAPDH gene in
pGAPDH (Piechaczyk et al., 1984) (kindly provided by Dr. C Birnboim, University
of Ottawa). Probes were prepared using a DIG-PCR kit and the corresponding
primers described above, according to the protocol provided by the manufacturer
(Roche). Blots were washed twice for 5 min at 65°C in 2X SSC/0.1% SDS, twice
for 15 min at 65°C in 0.1X SSC/0.1% SDS, once for 5 min at room temperature in
1X DIG washing solution (Roche) and once for 1 h in 1X DIG blocking solution
(Roche). Signal was detected using an anti-DIG-HRP antibody (1:5000; Roche)
diluted in 1X DIG blocking solution, visualized using CDP-Star according to the
protocol provided by the manufacturer (Roche) and exposed to Biomax X-Ray

film (Kodak).
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Western blot analysis

Total protein lysates were prepared from sub-confluent cultures in RIPA
buffer (10 mM phosphate buffer, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 30 ul/ml aprotinin, 1mM sodium orthovanadate, 0.1 mg/ml|
phenylmethysulfonyl fluoride). After removal of cellular debris by centrifugation,
protein content was determined using BioRad'’s Protein Assay DC kit with bovine
serum albumin (BSA) as standard. Total protein lysate (30 pg) was separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions
on 10% SDS-polyacrylamide gels and electroblotted to polyvinylidene difluoride
(PVDF) membranes (Millipore). Western analysis was performed using
monoclonal anti-V5 (1:5000; Invitrogen) as primary antibody and detected by
horseradish peroxidase-conjugated goat anti-mouse IgG (1:2000; Jackson
immunolabs). Antibodies were diluted and membranes were blocked in 10 mM
PBS containing 1% heat-denatured casein. After overnight incubation with the
primary antibody at 4°C the secondary antibody was incubated at room
temperature for 1 h. Membranes were washed repeatedly between incubations
with PBS containing 0.05% Tween-20. Immunoreactive bands were visualized
using SuperSignal West Pico (Pierce) chemiluminescent substrate according to
the protocol provided by the manufacturer and exposed to Biomax X-Ray film
(Kodak). Densitometric analysis of replicate immunoblots was performed using

Alphalmager-1220 software.
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PAF acetylhydrolase activity assay

The activity of cytosolic PAFAH was assayed using the commercially
available PAF acetylhydrolase assay kit (Caymen Chemical). Undifferentiated
WT-PC12, pGS empty vector and HPAFR-7 cytosolic fractions were prepared in
250 mM sucrose, 10 mM Tris-HCI (pH 7.4) and 1 mM EDTA from cells on day 5
of culture plated at an initial seeding density of 5 x 10* cells. Cell lysates were
centrifuged at 600 X g for 10 minutes and at 100,000 X g for 60 minutes. The
resulting supernatants were concentrated using an Amicon centrifuge
concentrator with a molecular weight cut-off of 10,000 (Millipore). Protein content
was quantitated as above. Samples containing 50 ug of cytosolic protein were
incubated in the presence of 2-thio-PAF substrate for 30 minutes at room
temperature. Hydrolysis of the thioester substate was measured
spectrophotometrically at 405 nm by detection of the generated free thiols using
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB; Ellman’s reagent). In all assays,
blanks without protein and no substrate controls with protein were run in parallel

and subtracted from the experimental values.

Cell survival and cell death assays

PC12 cells (8.8x10° cells/ cm?) were plated overnight in 6 cm diameter
tissue culture plates. Cells were treated for 24 h with EtOH (0.1% or 10%), PAF
(10 nM-10 uM, Biomol), mc-PAF (100 nM-10 uM, Biomol or Caymen Chemical)
or lyso-PAF (10- 10 uM, Biomol) in low serum media (RPMI containing 0.5%

heat-inactivated horse serum). A number of experiments included culture of
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EtOH (0.1%) or PAF (1 uM) treated cells in the presence of DMSO (0.1%) or the
PAF antagonists CV3988 (200 nM-20 uM, Biomol), CV6209 (10 nM-1uM,
Biomol), BN52021 (1 uM-100 pM, Biomol), FR49175 (0.5 uM-5uM, Biomol),
ONO-6248 (1 uM-100 pM), L659-989 (0.1 uM-10uM) or RP59227 (1 uM-100
HM). The PAF antagonists ONO-6248, L659-989, and RP59227 were kindly
provided by Dr. TY Shen, University of Virginia.

After 24 hours of exposure cell survival and viability was assessed by
hemocytometer cell counts of Trypan Blue excluding cells and using the WST
assay according to the protocol provided by the manufacturer (Roche). Note that
cleavage of the tetrazolium salt WST-1, by mitochondrial dehydrogenases in
viable cells, to formazan product (measured at A4so-Asgo NM) is directly
proportional to the number of metabolically active cells. In addition, evaluation of
oligonucleosomal fragmentation was performed using the Cell Death Detection
ELISA kit according to the protocol provided by the manufacturer (Roche).
Variations of the above experiments included: cells plated at lower cell densities
treated with PAF (1 uM), cells (plated at 8.8x10> cells/ cm?) treated with a single
dose of EtOH (0.1%), PAF (1 pM) or mc-PAF (1 uM) followed by cell survival
assessment 24 h, 48 h, and 72 h post treatment. As well as cultures repeatedly
treated with EtOH (0.1%) or PAF (1 uM) every 24 h for up to 144 hours followed
by cell survival assessment at 24 h, 48 h, 72 and 168 h of culture. Low serum
media was replaced at each treatment.

Microscopic investigations were performed to determine biochemical and

morphological evaluation of apoptosis. In these studies, 8.8x10° cells/ cm? were
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plated in 10 cm diameter plates containing four 22 cm? glass coverslips coated
with 0.1% gelatin. DNA fragmentation was determined by terminal
deoxynucleotidyl transferase (TdT) dUTP nick end labeling (TUNEL) of cultures
fixed for 20 min in 4% paraformaldehyde in 10 mM PBS (10 mM sodium
phosphate buffer, pH 7.5, 154 mM NaCl) according to the protocol provided by
the manufacturer (Roche). Negative controls included incubation with
FITC—labeled dUTP in the absence of TdT. Celis were double-labeled with
Hoechst 33258 (0.2 ug/ml, 20 min at room temperature) for morphological
evaluation of apoptosis.

To differentiate between apoptotic and necrotic cell death, cultures were
plated as above. Prior to fixation and TUNEL processing, cultures were
incubated with ethidium bromide homodimer (0.75 uM) according to the protocol
provided by the manufacturer (Molecular Probes). Ethidium bromide homodimer
(EthD-1) is a membrane impermeant dye and can only enter cells if the plasma
membrane has been compromised or artificially permeabilized. Positive necrotic

controls were induced by treatment of WT-PC12 cells with 10% EtOH.

Statistical analysis

Data were analyzed using one-way factorial ANOVA tests or unpaired
Student’s t-tests, as applicable. Following detection of a statistically significant F
value with respect to the effect of a given series of treatments, post hoc
Dunnett's t-tests were used to identify which treatment condition differed

statistically from control (vehicle-treated). P values of <0.05 were considered
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statistically significant (shown as *); P values of <0.01 were considered highly

statistically significant (shown as **).

Results

WT-PC12 celis lack endogenous PAFR-GPCR RNA expression
Endogenous expression of PAFR-GPCR was determined by RT-PCR
using primers that generate a 381 bp amplicon of rodent or human template
(Figure 2.1). Undifferentiated WT-PC12 cells and cultures differentiated to a
neuronal phenotype for 7 days in the presence of nerve growth factor (NGF;
NGF-PC12) do not express endogenous rodent PAFR-GPCR (Figure 2.1). Rat
brain mMRNA template (data not shown) and HPAFR-3, a clonal population of WT-
PC12 cells transfected with hPAFR-GPCR, was amplified as a positive control
(Figure 2.1, HPAFR-3). The same random-primed RT products were amplified
for GAPDH to demonstrate template integrity (Figure 2.1). The absence of
PAFR-GPCR RNA expression in WT-PC12 cells was corroborated by Northern

analysis (Figure 2.2C; WT-PC12).

Characterization of stable hPAFR-GPCR and empty vector transfectants
WT-PC12 cells were transfected with pcDNA3.1/GS/hPAFR-GPCR or
PcDNA3.1/GS to generate stable clonal lines expressing epitope-tagged human
PAFR-GPCR driven by the CMV promoter or empty vector. Transgene
expression was verified by RT-PCR in 5§ hPAFR-GPCR transfectants (HPAFR

clones 1-4, 7) using primers that detect a 538 bp amplicon of hPAFR-GPCR
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Figure 2.1: RT-PCR analysis of WT-PC12 cells demonstrates that
undifferentiated and NGF-differentiated cells do not express PAFR-
GPCR mRNA.

Total RNA was extracted from WT-PC12 cells grown in complete media, from
WT-PC12 cells differentiated to a neuronal phenotype for 7 days in low serum
media containing 50 ng/ml NGF (NGF-PC12), and from a stable clonal line
transfected with hPAFR-GPCR (HPAFR-3) grown in complete media. RT-PCR
was performed using primers which recognize both human and rodent
transcripts. A 381 pb amplicon was detected only in the positive control
(HPAFR-3). The same templates were amplified with GAPDH specific primers to
demonstrate template integrity.
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(Figure 2.2B). The same random-primed RT products were amplified for GAPDH
to demonstrate template integrity (Figure 2.2B). Stable empty vector clonal
transfectants were expanded based on their resistance to the selectable marker
zeocin. Northern analysis of WT-PC12, two empty vector clones (pGS-1, pGS-
2), and two hPAFR-GPCR transfectants confirmed that HPAFR-4 and HPAFR-7
alone uniquely expressed the transfected 1029 bp human PAFR-GPCR
transcript (Figure 2.2C). Western analysis of hPAFR-GPCR stably transfected
into WT-PC12 cells is shown in Figure 2.3. The monoclonal anti-V5 antibody,
raised against the viral V5 epitope tagged to the C-terminus of hPAFR-GPCR,
detected a single band at 68 kD in the screened HPAFR clones (Figure 2.3A).
Densitometry of two independent immunoblots was performed to determine
relative protein levels (Figure 2.3B). Clones were ranked as high (HPAFR-1,
HPAFR-4), medium (HPAFR-2, HPAFR-7), or low (HPAFR-3) expressors of

hPAFR-GPCR.

PAFAH1b expression and activity

Endogenous expression of PAFAH1b mRNA was determined by RT-PCR.
Undifferentiated and NGF-differentiated WT-PC12 cells express PAFAH1b a1,
PAFAH1b a2, and LIS-1 transcript (Figure 2.4). Total RNA was extracted from
WT-PC12 cells grown in complete media, from WT-PC12 cells differentiated to a
neuronal phenotype for 5 days in low serum media containing 50 ng/ml NGF

(NGF-PC12). RT-PCR was performed using primers that recognize rodent
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Figure 2.2: WT-PC12 celis were transfected with pcDNA3.1/GS containing
the cDNA for hPAFR-GPCR.

(A) Expression construct used to generate hPAFR-GPCR transfectants. Empty
vector, lacking hPAFR-GPCR insert was used to generate empty vector control
clones. (B) Clones (HPAFR-1-4, 7) were screened for hPAFR-GPCR expression
by RT-PCR using primers that detect a 538 pb amplicon corresponding to
hPAFR-GPCR. The same random-primed RT products were amplified with
GAPDH specific primers to demonstrate template integrity. (C) Northern analysis
of WT-PC12, empty vector transfectants (pGS-1, pGS-2), and hPAFR-GPCR
transfectants (HPAFR-4, HPAFR-7). The 1 kB transgene was detected in stable

hPAFR-GPCR transfectants only.
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Figure 2.3: Analysis of hPAFR-GPCR-VS5 fusion protein expression using
anti-V5 antibody.

(A) Representative Western immunoblot of protein samples from undifferentiated
WT-PC12 and a number of HPAFR clones. Total protein lysates were separated
by SDS-PAGE, transferred to PVDF membrane and detected using monoclonal
anti-VS5 antibody as described in materials and methods. A single band
representing hPAFR-GPCR was detected at ~68 kD in transfectants. (B)
Densitometry of 2 replicate immunoblots identified clones expressing low
(HPAFR-3), medium (HPAFR-2, HAPFR-7) and high (HPAFR-4, HPAFR-1)
levels of hPAFR-GPCR.
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Figure 2.4: RT-PCR analysis demonstrates mRNA expression of PAFAH1b
subunits (LIS-1, PAFAH1b a1, PAFAH1b a2) in both undifferentiated
and NGF-differentiated WT-PC12 cells.

Total RNA was extracted from WT-PC12 cells grown in complete media and from
WT-PC12 cells differentiated to a neuronal phenotype for 5 days in low serum
media containing 50 ng/ml NGF (NGF-PC12). RT-PCR was performed using
primers which recognize rodent transcripts for LIS-1, PAFAH a1, and PAFAH o2
defining amplicons of 373, 587, and 418 bp respectively. Corresponding PCR
amplicons were detected in undifferentiated and NGF-differentiated RNA
samples (lane 1). The absence of genomic DNA contamination and reagent
contamination was demonstrated by performing appropriate parallei control
reactions as follows: no reverse transcriptase during RT reaction, no template,
no primers (lanes 2-4, respectively). Rodent cerebrum (lane 5) was used as a
PAFAH1b positive control. The same templates were amplified with GAPDH
specific primers to demonstrate template integrity.
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transcripts for LIS1, PAFAH a1, and PAFAH a2 defining amplicons of 373, 587,
and 418 bp respectively. The absence of genomic DNA contamination and
reagent contamination was demonstrated by performing appropriate parallel
control reactions. The same random-primed RT products were amplified for
GAPDH to demonstrate template integrity. To test whether PAFAH1b is
functional, PAFAH activity was measured in cytosolic fractions prepared from
undifferentiated WT-PC12, pGS empty vector, and HPAFR-7 cells. PAFAH
activity was detected in all cultures. Activity was not affected by hPAFR-GPCR
expression (Table 2.1). In addition, active plasma PAFAH , known to be present
in bovine serum, was detected in complete media but not low serum media

preparations (data not shown).

Acute PAF administration induces WT-PC12 cell loss

PAF induced a dose-dependent decrease in cell number following acute
administration (24 hours in low serum media). A 17%, 24%, and 44% reduction
in cell number was observed following administration of 100 nM, 1 uM, and 10
HM PAF respectively (Figure 2.5A). An increased susceptibility to PAF was
observed in cultures plated at low cell densities (900 cells/cm?) with an overall
53% reduction in cell number following 1 yM PAF treatment (Figure 2.5B; 900
cells/cm?). In comparison, cells plated at higher cells densities (Figure 2.5B;
1800-8800 cells/cm?) demonstrated a comparable 24% cell loss following PAF

treatment. Note that PAF-triggered cell loss in the absence of endogenous
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Table 2.1: PAF acetylhydrolase activity in cytosolic fractions from
undifferentiated cultures.

WT-PC12, pGS-2, and HPAFR-7 cytosolic fractions were prepared as described
in materials and methods. The catalytic activity of samples containing 50 pg of
cytosolic protein was measured using the PAF acetylhydrolase assay kit
(Caymen Chemical). In all assays, blanks without protein and no substrate
controls with protein were run in parallel and subtracted from the experimental

values (n=6).
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WT-PC12 pGS-2 HPAFR-7

PAF acetylhydrolase
activity 0.062 0.064 0.051
(nmol/min/ug)

SEM 0.008 0.017 0.003




Figure 2.5: PAF induces cell loss in WT-PC12 cells following acute
administration.

(A) WT-PC12 cells plated at 8800 celis/cm? were exposed for 24 h to different
concentrations of PAF (0, 0.01, 0.1, 1, 10 uM) in low serum media. A dose
dependent decrease in cell number was observed as assessed by trypan blue
hemocytometer cell counts. (B) Cells plated at high and low cell densities were
sensitive to PAF-induced cell loss following 1 uM treatment. An increase
susceptibility to PAF was observed in cultures plated at the lowest cell density.
Data are expressed as percent vehicle treated cultures. Results reported as
means + SEM (n=5-39 per data point) details as described in materials and
methods. [*p<0.05, ** p<0.01; A, ANOVA, post-hoc Dunnett's t-test; B, Student's
t-test]
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rodent PAFR-GPCR expression. Cytotoxicity was observed only when cells

were cultured in low serum media and not in complete media (data not shown).

Sustained exposure to PAF agonist exacerbates cell loss

To determine whether PAFAHSs alleviate PAF-induced cytotoxicity, WT-
PC12 cells were treated with the synthetic PAF analog, mc-PAF (1-O-Hexadecyl-
2-N-methylcarbamyl-sn-glycero-3-phosphocholine). The methyl-carbamyl group
at the sn-2 position of mc-PAF is resistant to degradation by PAFAHSs thus
permitting prolonged PAF agonist activity (O’'Flaherty et al., 1987).

mc-PAF elicited cell death comparable to that observed with PAF after 24
h of treatment. Cell loss was dose-dependent with observed 14%, 32%, and
38% reductions in WT-PC12 survival after treatment with 100 nM, 1 uM, and 10
HM mc-PAF relative to vehicle (0.1% EtOH) (Figure 2.6A). However, a single
mc-PAF dose (1 uM) effectively extended the kinetics of cell loss compared to
PAF (1 uM) (Figure 2.6B). Note that, in Figure 2.6, B, C, and D data are
standardized to the number of untreated control cells cultured in low serum
media to demonstrate the effect of vehicle on cell survival. PAF administration
resulted in a 33% reduction in cell number relative to untreated cells after 24 h of
treatment (Figure 2.6B; PAF). No additional reductions in cell number were
observed at 48 and 72 h (Figure 2.6B; PAF). By contrast, mc-PAF triggered
progressive cell loss. While a comparable 33% reduction in cell number was
observed 24 h after treatment, 63% and 70% reductions in cell number was

observed 48 h and 72 h after treatment respectively (Figure 2.6B; mc-PAF). WT-
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Figure 2.6: Sustained exposure to PAF agonist exacerbates cell loss.

(A) Effect of the non-metabolizable PAF analog mc-PAF on WT-PC12 cell
viability. WT-PC12 cells plated at 8800 cells/cm? were exposed for 24 h to
different concentrations of mc-PAF (0, 0.1, 1, 10 uM) in low serum media. A
dose dependent decrease in cell number was observed as assessed by trypan
blue hemocytometer cell counts. Data are expressed as percent survival
standardized to vehicle treated cultures. (B) Cell loss kinetics following a single
dose of PAF (1 pyM) or mc-PAF (1 uM). Panels (C, D) represent the effect of
chronic PAF (1 yM) administration every 24 h. (C) determination of metabolic
activity using the WST assay and (D) trypan blue hemocytometer cell counts.
For (B, C, D) data are expressed as percent of untreated cells cuitured in low
serum media to demonstrate the effect of vehicle treatment. Resuilts reported as
means + SEM (n= 6-18 per data point) details as described in materials and
methods. [*p<0.05, ** p<0.01; A and B ANOVA, post-hoc Dunnett's t-test; C and
D Student’s t-test)
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PC12 viability was also compromised by sustained EtOH 'exposure (0.1%). A
10% reduction in cell number relative to untreated celis was observed 24 h after
treatment; a 33% cell loss was noted 48 h after treatment with no further
reductions observed after 72 h of treatment (Figure 2.6B; vehicle).

To establish the effect of chronic PAF exposure on WT-PC12 viability,
cells were repeatedly treated with PAF (1 uM) or vehicle (0.1% EtOH) every 24 h.
Progressive impairment in the ability of WT-PC12 cells to reduce WST (Figure
2.6C) and an incremental loss in overall cell number (Figure 2.6D) were
observed after chronic PAF treatment. The metabolic activity of WT-PC12 cells
was reduced by 53% and 83% at 24 and 72 h, with a moderate recovery to 64%
viable at 168 h (Figure 2.6C). This sustained compromise in mitochondrial
respiration corresponded to a rapid 39% and 65% reduction in cell number after
24 and 72 h of treatment relative to cultures grown in low serum media (Figure
2.6D). A more subtle 7% loss in cell number was observed between 72 h and
168 h of treatment resulting in a 72% reduction in cell number (Figure 2.6D)
consistent with the partial recovery in metabolic activity observed between 72 h

and 168 h (Figure 2.6C).

PAF-induced cell death is not mediated by downstream metabolites

The observed mc-PAF data suggest PAF-induced cell death is dependent
upon sustained ligand exposure. Given that cytosolic PAFAH activity was
detected in WT-PC12 cultures, to determine whether PAFAHSs protect WT-PC12

cells, the effect of lyso-PAF on cell survival was assessed. Various
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concentrations of lyso-PAF, the immediate metabolite generated by PAFAH, had
no effect on the survival of WT-PC12 cells at concentrations below 10 uM (Figure

2.7).

PAF-induced cell loss is attenuated by selected PAF antagonists

To establish that PAF-induced cell death is not simply the result of
physicochemical effects on the plasma membrane, the ability of a panel of PAF
antagonists to block PAF-induced cytotoxicity was examined (Figure 2.8).
Treatment of WT-PC12 cell with PAF (1 uM) in the presence of non-structural
PAF antagonists effectively blocked PAF-induced cell death (Figure 2.9B;
BN52021, FR49175, L659-989, RP59227). In contrast, only one out of 3
structural PAF antagonist, afforded cell survival. The commercially available
antagonists CV3988 and CV6209 were unable to alleviate PAF-induced cell ioss

while protection was provided by ONO-6248 (Figure 2.9B).

PAF elicits nuclear condensation, DNA strand breaks, and
oligonucleosomal DNA fragmentation

To evaluate whether PAF elicits apoptotic cell death, nuclear and
biochemical indices of apoptosis were assessed. PAF elicited nuclear changes
and DNA strand breaks consistent with apoptotic cell loss (Figure 2.10). After 24
h of PAF (1 uM) treatment, WT-PC12 nuclei were smaller and more brightly

stained with Hoescht 33258 (Figure 2.10B) compared to vehicle-treated cells
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Figure 2.7: PAF-induced cell loss is not mediated by the PAF metabolite
lyso-PAF.

WT-PC12 cells plated at 8800 cells/cm? were exposed for 24 h to different
concentrations of lyso-PAF (0, 0.01, 0.1, 1, 10 uM) in low serum media. Lyso-
PAF the immediate metabolite generated by PAFAH had no effect on the survival
of WT-PC12 cells at concentrations below 10 uM as assessed by trypan blue
hemocytometer cell counts. Data are expressed as percent vehicle treated
cuitures. Results reported as means + SEM (n= 5 per data point) details as
described in materials and methods. [*p<0.05, ANOVA, post-hoc Dunnett's t-test]
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Figure 2.8: Chemical structures of the PAF antagonists used in this study.

(A) Structural PAF analogs as PAF antagonists (CV-3988, CV-6209, ONO-6248).
(B) Non-structural PAF antagonists (BN52021, RP59227, L659-989, FR49175).
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Figure 2.9: WT-PC12 cell survival is afforded by a variety of PAF antagonist
following challenge with PAF.

(A) Effect of a panel of PAF antagonists on WT-PC12 cell viability. WT-PC12
cells were exposed for 24 h to different concentrations of PAF antagonists in low
serum media. (B) Effect of a panel of PAF antagonists on PAF-induced cell loss.
WT-PC12 cells were exposed for 24 h to PAF (1 uM) in the presence of PAF
antagonist in low serum media. The PAF antagonists used were (from left to
right) none (vehicle), CV6209, CV3988, ONO6248, BN52021, FR49175,
L659989, RP59227. Note that the PAF antagonists ONO6248, BN52021,
FR49175, L659989, RP59227 afforded protection against PAF-induced cell loss.
Cell survival in (A and B) was assessed by trypan blue hemocytometer cell
counts. Data are expressed as percent of vehicle treated cultures. Results
reported as means + SEM (n= 5-47 per data point) see text for details. [**p<0.01,
significant reduction in cell survival compared to vehicle treatment; t p<0.05, t1
p<0.01, significant protection relative to PAF-treated cultures; ANOVA, post-hoc
Dunnett’s t-test]
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Figure 2.10: WT-PC12 cells undergo apoptosis following PAF
administration.

PAF elicits nuclear condensation, DNA strand breaks and oligonucleosomal DNA
fragmentation. All photomicrographs are representative images of cultures
treated with vehicle (0.1% EtOH) (A, C), 10% EtOH (E, F) or PAF (1 uM)(B, D, G,
H). (A-D) nuclei double-labeled with Hoechst and TUNEL. Note the rare TUNEL
positive cells detected in vehicle-treated cultures (arrows, C). Muitiple TUNEL
positive cells are evident in PAF treated cultures (D). PAF treatment also elicited
chromatin condensation (asterisks, B), nuclear blebbing (arrows, B), and nuclear
fragmentation into apoptotic bodies (arrowhead, B). DNA fragmentation occurs
prior to loss of plasma membrane integrity as assessed by EthD-1 staining.
Cultures treated with 10% EtOH were both EthD-1 and TUNEL positive (E, F).
PAF treated cultures were TUNEL positive but not EthD-1 positive (G, H). Scale
bar, 10 ym. Panel I, demonstrates quantitative in vitro determination of
cytoplasmic histone-associated DNA fragments after PAF treatment (n=9).

There was a 37% increase in DNA fragmentation. This difference failed to reach
statistical significance.
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(Figure 2.10A)-characteristics consistent with nuclear and chromatic
condensation. Rare TUNEL-positive celis indicative of DNA fragmentation were
detected in vehicle-treated cultures (arrows, Figure 2.10C). Muitiple TUNEL-
positive cells were observed in PAF-treated cultures (Figure 2.10D). Because
TUNEL can detect both oligonucleosomal fragmentation characteristic of
apoptotic cell death and random DNA damage associated with necrotic cell loss,
the morphology of nuclei double-labeled with Hoechst and TUNEL was scored.
Condensation of damaged chromatin at the nuclear periphery (asterisks, Figure
2.10B), nuclear blebbing (arrows, Figure 2.10B), and nuclear fragmentation into
apoptotic bodies (arrowhead, Figure 2.10B) were detected in PAF but not
vehicle-treated cuitures.

To determine whether PAF-treated cells undergo DNA fragmentation
before or after loss of plasma membrane integrity, cultures were stained with
EthD-1 prior to fixation and processing for TUNEL reactivity. To elicit necrotic
cell death by membrane disruption (positive control), cultures were treated for 24_
h with 10% EtOH, which were both EthD-1 and TUNEL postive (Figure 2.10E,F).
In contrast, TUNEL-positive PAF (1 uM)-treated cells (Figure 2.10H) were not
stained with EthD-1 (Figure 2.10G). When cells were treated with higher
concentrations (10 pM) of PAF or lyso-PAF, membrane permeability as indicated
by EthD-1 staining was readily apparent in TUNEL-positive cells (data not
shown). Thus, itis likely that, at physiologically relevant concentrations of PAF,
DNA fragmentation precedes loss of plasma membrane integrity indicative of

apoptotic loss. At extremely high concentrations of lipid, both PAF and lyso-PAF
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likely exert lytic detergent effects on plasma membrane leading to necrotic cell
death.

To quantify apoptotic DNA damage triggered by PAF, histone-associated
DNA fragments were measured using a commercial ELISA. A 37% increase in
oligonucleosomal fragmentation was detected following PAF (1 uM) treatment

relative to vehicle (0.1% EtOH) treatment (Figure 2.10I).

Expression of PAFR-GPCR protects cells from PAF-induced apoptosis

To evaluate the effect of PAFR-GPCR expression on PAF-induced
apoptosis empty vector pGS-2 and HPAFR-7 cells were treated for 24 h in low
serum media with PAF (1 uM). Comparable to WT-PC12 cells (Figure 2.5), PAF
elicited a 27% loss of pGS-2 cells (Figure 2.11). In contrast, expression of
PAFR-GPCR protected cells from PAF-induced cell death. No change in viability
of HPAFR-7 cells was observed following PAF treatment relative to vehicle-

treated cultures.
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Figure 2.11: Expression of hPAFR-GPCR renders WT-PC12 cells
impervious to PAF-induced cytotoxicity.

Empty vector pGS-2 and HPAFR-7 cells were exposed for 24 h to PAF (1 pM) in
low serum media. Cell survival was assessed by trypan blue hemocytometer cell
counts. Empty vector alone was susceptible to PAF-induced cell loss. HPAFR-7
cell viability was unaffected by PAF treatment. Data are expressed as percent
vehicle treated cultures. Results reported as means + SEM (n= 7 per data point)
details as described in materials and methods. [*p<0.05, students t-test]
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Discussion

The proinflammatory lipid PAF is hypothesized to be a principle initiator of
neuronal dysfunction and death in HIV-dementia and a secondary mediator of
neuronal loss in ischemia and epilepsy (Yue and Feuerstein, 1994; Bazan, 1998;
Gelbard et al., 1994; Nishida et al., 1996; Marcheselli and Bazan, 1994;
Feuerstein et al., 1990; Schifitto et al., 1999). The mechanisms underlying PAF-
induced cell death have only begun to be elucidated. The presented data
demonstrates that PAF triggers apoptotic loss of WT-PC12 cells but that
neurotoxicity is not initiated by PAFR-GPCR.

Apoptotic cell loss was confirmed by four different assays evaluating
nuclear changes associated with apoptosis. PAF-induced nuclear and chromatin
condensation, DNA strand breaks, DNA fragmentation into histone-associated
oligonucleosomes, and nuclear disintegration into apoptotic bodies. Lyso-PAF,
the biologically inactive PAF metabolite, had no effect on WT-PC12 viability at
physiological concentrations. These findings demonstrate that apoptosis is PAF-
specific and is not elicited by downstream lipid metabolites. Cell death is
mediated by PAF receptors in that it is blocked by five different PAF antagonists
(ONO-6248, L659-989, FR41975, RP59227, BN52021) and cannot be attributed
to physicochemical effects on cell membranes. Surprisingly, PAF-induced
apoptosis occurred in the absence of PAFR-GPCR. WT-PC12 cells do not
express PAFR-GPCR. Transfection of hPAFR-GPCR protected PC12 cells from
PAF-induced cell death. We propose that a novel binding protein (i.e., an iPAFR)

triggers apoptotic loss of PC12 cells whereas PAFR-GPCR activation may



promote cell survival. Our data are consistent with repeated demonstrations that
PAF is neurotoxic (Kornecki and Ehrlich, 1988; Gelbard et al., 1994;
Westmoreland et al., 1996) and support the growing consensus that targeting
PAF signal transduction may reduce the rate of cell death in HIV-dementia,
ischemia/reperfusion injury, and epileptic seizures (Schifitto et al., 1999; Langley
et al., 1999; Akisu et al., 1998; Loucks et al., 1997; Gilboe et al., 1991; Panetta et
al., 1987; Birkle et al., 1988).

A total of seven PAF antagonists (CV3988, CV6209, ONO-6248, L659-
989, FR41975, RP59227, BN52021) were screened for their ability to inhibit
PAF-induced neuronal apoptosis. Five PAF antagonists (ONO-6248, L659-989,
FR41975, RP59227, BN52021) effectively blocked PAF-induced apoptosis. This
panel of antagonists can be subdivided into PAF analogs (CV3988, CV6209,
ONO-6248) and non-structural PAF antagonists (L659-989, FR41975, RP59227,
BN52021). The PAF analogs screened in this study all share the glycerol
backbone with varying degrees of similarities and substitutions of the side chain
moieties (Figure 2.8). CV3988 and CV6209 were among the first PAF
antagonists to be identified and used as reference standards for inhibition of
PAF/PAFR-GPCR interaction (Terashita et al., 1983; Terashita et al., 1986).
Neither of these reagents provided protection against PAF-induced neurotoxicity
in the present study. Given the absence of endogenous PAFR-GPCR, these
results are in agreement that these antagonists demonstrate specificity for
PAFR-GPCR. Conversely, the structural analog ONO-6248 effectively inhibited

PAF-induced apoptosis. It has been reported that ONO-6248 is more potent
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than CV3988 in common screening assays (Shen et al., 1987). The present
study suggest that this reported increase in potency likely reflects the ability of
this compound to effectively displace PAF from uncharacterized PAF binding
proteins. All of the non-structural antagonists blocked PAF-induced cell loss.
Note the dissimilarities of these compounds (Figure 2.8). The synthetic lignan
L659-989 (Hwang and Lam, 1991), FR49175, a derivative of the fungal
metaboiite gliotoxin (Okamoto et al., 1986), and the pyrrolo-thiazole derivative
RPS59227 (Lave et al., 1990) inhibited PAF-induced cell death. Finally, BN52021,
also known as ginkolide B, effectively reduced cell loss following apoptogenic
challenge with PAF. This terpenoid extract from the leaves of the Ginkgo biloba
tree deserves special mention. Experimental evidence has demonstrated that
this compound prevents PAF-induced glutamate release and protects neurons
from ischemia-reperfusion injury (Akisu et al., 1998; Nogami et al., 1997; Clark et
al., 1992; Birkle et al., 1988, Panetta et al., 1987). The potential clinical
applications of this compound have recently been reviewed (DeFeudis and Drieu,
2000; Yoshikawa et al., 1999). In addition to classification as a PAF antagonist,
BN52021 also has an antioxidant action as a free radical scavenger (Yoshikawa
et al., 1999). This additional biological effect of BN52021 is particularly intriguing
for several reasons: (1) reactive oxygen species (ROS) are implicated in
apoptotic signaling cascades (for a review see Carmody and Cotter, 2001) and
(2) increasing evidence is emerging that PAF contributes to tissue injury via ROS
generation (Yildirim et al., 2000; Yamakawa et al., 2000; Goldman et al., 1999;

Matsuo et al., 1996; Alioatti et al., 1994). Thus, the ability of BN52021 to block
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PAF-induced apoptosis may result from its ability to inhibit PAF-induced
oxyradical production in concert with competitive interaction for a novel PAF
receptor. These results combined with the increasing evidence of PAF receptor
heterogeneity demonstrate the ambiguity of pharmacological characterization of
PAF antagonists and emphasizes the need for additional screening protocols.
While the signaling mechanisms underlying PAF-mediated apoptosis must be
identified, the ability of multiple PAF antagonists to inhibit PAF-induced cell death
imply a receptor-mediated mechanism.

Because PAF is a phosopholipid, we tested the possibility that cytotoxicity
is simply the result of physicochemical effects on the plasma membrane.
Necrotic cell death can result from non-specific lytic detergent actions on the
plasma membrane observed when lipid levels exceed their critical micelle
concentration. The critical micelle concentration of PAF is estimated to be 2.5 -3
UM (Blank et al., 1981). To test this hypothesis, we evaluated whether a
breakdown in plasma membrane precedes DNA damage. Membrane disruption
characteristic of necrotic cell loss was apparent when PC12 cells were treated
with 10% EtOH, 10 uM PAF or 10 uM /lyso-PAF but not when cells were exposed
to lower concentrations of PAF. PAF- and lyso-PAF-mediated necrosis elicited
by artificial lipid concentraticns are not inhibited by PAF antagonists. When cells
were treated with PAF (100 nM-1 uM) but not not lyso-PAF (100 nM-1 uM),
apoptotic-like DNA damage was observed in cells with intact plasma membrane.
Thus, while artificial concentrations of PAF (10 uM) elicit necrotic cell death,

exposure to high but physiologically relevant concentrations of PAF (100 nM-1
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HM) triggers nuclear changes and DNA damage consistent with apoptotic cell
death. These data support our hypothesis that PAF-mediated apoptosis is not
simply the result of physicochemical effects on plasma membrane but is
mediated by a novel PAF binding protein/iPAFR expressed by PC12 cells.

The duration of PAF-induced apoptosis was found to be dependent upon
chronic exposure to active ligand. A single exposure to PAF in serum-reduced
media resulted in a 24% reduction in WT-PC12 cell number within 24 h. No
further cell loss was observed. However, repeated exposure to PAF, or a single
administration of PAFAH resistant mc-PAF, triggered persistent apoptotic cell
death over a 72 h time period resulting in approximately an overall 70% reduction
in cell number. These results provide circumstantial evidence for the hypothesis
that PAFAHSs attenuate PAF-mediated neurotoxicity. Recall that an acetyl group
at the sn-2 position is essential for the specificity and biological activity of PAF
(Snyder, 1995). PAFAHSs hydrolize PAF at the sn-2 position thereby inactivating
the ligand. Three isoforms of PAF acetylhydrolase (b, ll, and plasma-type) have
been identified. Isoforms 1b and Il are intracellular; the plasma-type isoform is
secreted (Chapter 1). Note that PAF-mediated apoptosis was not detected when
cells were cultured in complete media with high serum content. In the present
study, detectable PAFAH activity was evident in complete (serum-containing) but
not serum-depleted media. Although the identity of these isoforms was not
determined at the molecular level, it is likely that the enzyme present in complete
media is plasma PAFAH. We aiso conclude that PAF is likely metabolized by the

PAFAH1b enzyme complex in PC12 cells. This conclusion is based upon
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expression of the PAFAH1b subunits (alpha 1, alpha 2, and LIS-1) by PC12 cells,
the detection of PAFAH activity in cell lysates, and the observation that the
majority of neural PAFAH activity is attributed to the PAFAH1b isozyme (Hattori
etal., 1993). This marks the first demonstration of PAFAH activity in this cell line
and it is likely that PAFAH1b limits the apoptogenic effect of PAF on PC12 cells.
Furthermore, these data are consistent with recent studies demonstrating that
administration of recombinant plasma PAF-acetylhydrolases or transfection of
plasma PAF-acetylhydrolase protects neurons from apoptotic death (Perry et al.,
1998; Hirashima et al., 2000; Ogden et al., 1998).

Although the neurotoxic effects of PAF have repeatedly been
demonstrated, it has not been definitively established how PAF initiates cell
death. Our data indicate that PAF-mediated apoptosis is initiated by a novel PAF
binding protein. To date, a single PAF receptor has been cloned and identified
as a GPCR (Chapter 1). Dr. Bennett's group have previously shown that PAFR-
GPCR is expressed by apoptotic neurons in the hippocampal formation after
excitotoxic injury and epileptic seizure in vivo (Bennett et al., 1998). These data
led us to hypothesize that PAF acts through PAFR-GPCR to initiate cell death.

In the present study, we found that PAF triggers PC12 cell death independently
of PAFR-GPCR. Unexpectedly, PAFR-GPCR expression in PC12 cells afforded
protection to PAF-induced cell death. Although it is acknowledged that further
experimentation is required to ascertain whether (1) activation of PAFR-GPCR
generates anti-apoptotic signals or (2) PAFR-GPCR competes for PAF binding

thus preventing interaction with iPAFRs and subsequent generation of apoptotic
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cascades. Regardless, these data point to the existence of additional PAF
binding protein(s) capable of transducing a PAF-initiated apoptotic signal. Our
laboratory has also demonstrated that the susceptibility of hNT cells to PAF-
induced neurotoxicity occurs in the absence of PAFR-GPCR expression
(unpublished observation, Westmoreland et al., 1996). Marcheselli et al. (1990)
pharmacologically characterized iPAFRs in primary neuronal cultures, which
locaiized to microsomal membranes. Stimulation of iPAFRs has been implicated
in signal transduction leading to neuronal loss following epileptiform seizure and
ischemic attack (Bazan, 1998). However, it is not known whether iPAFRs are
coded by a novel PAF receptor gene(s) or represent internalized PAFR-GPCR.
The present study provides phenotypic data to support the hypothesis that at
least one iPAFR is a novel receptor protein. PC12 cells do not express PAFR-
GPCR transcript and, as a result, sensitivity to PAF cannot be attributed to
internalized PAFR-GPCR isoforms. The PAF antagonist, BN50730, has been
identified as a specific antagonist of brain microsomal PAF binding sites
(Marcheselli and Bazan, 1994). While this antagonist is not commercially
available, we have agreed to work in cooperation with collaborators to determine
whether BN50730 inhibits PAF-induced apoptosis in this cell line.

In summary, these data represent an initial step in providing a mechanistic
understanding of the PAF-mediated cytotoxicity observed in HIV-dementia,
ischemia-reperfusion injury, and epileptic seizure through interaction with a
receptor other than PAFR-GPCR and support the hypothesis that PAF

antagonists may reduce neuronal damage associated with these conditions.
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CHAPTER 3: EXPRESSION OF hPAFR-GPCR RESULTS IN INCREASED
PROLIFERATION DURING NEURONAL DIFFERENTIATION

introduction

The physiological importance of signal transduction in the control of
developmental processes such as cell proliferation and differentiation is well
established. Precedents in the literature indicate that PAF and PAFAH1b play
important roles in neuronal differentiation and proliferation (Chapter 1). From a
biochemical perspective, demonstration of LIS-1 mutation as the genetic
determinant for MDS has led to the hypothesis that decreased functional
PAFAH1b results in sustained PAF signaling during corticogenesis. In mice,
homozygotic deletion of LIS-1 is embryonic lethal while haplo-insufficiency
results in cerebral malformation caused by impaired neuronal migration and an
increase in neural precursor proliferation between embryonic days 11-14.5
(Hirotsune et al., 1998; Fleck et al., 2000; Cahana et al., 2001). In Chapter 2, it
was demonstrated that PAFR-GPCR expression reduces PAF-mediated
cytotoxicity. We have yet to determine whether PAF/PAFR-GPCR interaction
triggers anti-apoptotic signaling pathways or whether receptor activation
stimulates WT-PC12 cell proliferation thereby masking reduction in cell number
attributed to apoptotic cell loss. Previous studies have shown that PAF triggers
proliferation of non-neuronal cuitures and influences neuronal migration and
motility in vitro (Chapter 1). It is not known whether sustained PAFR-GPCR
activation impacts on pathological neural precursor proliferation or migration

consistent with the MDS phenotype.
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Objective

To elucidate the role of PAF/PAFR-GPCR interaction in neuronal
differentiation and migration, we used the PC12 cell model to test the hypothesis
that PAF triggers neuronal precursor proliferation and/or inhibits neuronal
migration. In this series of experiments, the data indicate that hPAFR-GPCR
activation blocks the relative growth arrest associated with differentiation to a

neuronal phenotype in PC12 cells.

Model System

Widely used as a model of neuronal differentiation and signal
transduction, PC12 cells, a rodent pheochromocytoma-derived cell line, can be
differentiated to a neuronal-like phenotype by exposure to nerve growth factor
(NGF) in the presence of low serum media (Greene and Tischler, 1976).
Hallmark features of this model are twofold; PC12 cells extend neurites and
undergo relative growth arrest in comparison to undifferentiated cultures. In
parallel with these morphological changes, PC12 cells develop expression of
neuron-specific markers and biological activity over the course of NGF treatment
(Levi and Alema, 1991). The biochemical pathways that lead to PC12

differentiation are still under investigation.
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Materials and Method

Cell Culture

WT-PC12, empty vector, and HPAFR clones were cultured as described
in Chapter 2. Cells were differentiated to a neuronal phenotype on rat tail
collagen type 1 (Roche)-coated 10 cm dishes. Differentiation was induced 24
hours after plating by rinsing with PBS and repiacing the complete media with
low serum media (RPMi 1640 supplemented with 1% heat-inactivated horse
serum; Invitrogen) in the presence of 50 ng/ml NGF 7S (Sigma or Invitrogen) and

0.1% EtOH.

In vitro Cell Migration Assays

Cell migration and motility was assessed as described in (Adachi et al.,
1997). Cells were plated in complete media on collagen coated 10 cm tissue
culture dishes at an initial seeding density of 5x10* cells. Differentiation was
induced as described above 24 hours after plating and cell colonies of similar
size (average of 6-7 cells) were randomly selected for analysis.
Photomicrographs were taken and colony locations were mapped for subsequent
observation. Each colony was located on day 5 of culture and photomicrographs
were taken. The migration index per cell was defined as described in (Adachi et
al., 1997) using the following calculation: (diameter of colony at day 5
(um)/diameter of colony on day 0 (um))/ total number of cells in colony on day 5.
Experiments were conducted in replicate, values are given as mean migration

index + SEM.
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Cell Proliferation Assays

For all growth assessment studies 5x10* cells were plated in compiete
media in 10 cm dishes and cultured in complete media (undifferentiated) or low
serum media supplemented with NGF (NGF-differentiated) as described above.
The media was replaced on day 3, 5, and 7 of culture. To ensure that the same
number of cells was accurateiy plated in each experiment, plating control counts
were performed 24 h after initial seeding. Growth kinetics in complete media and
during NGF-induced differentiation were established over a 10 day period by
hemocytometer cell counts of Trypan Blue excluding cells and the WST celi
proliferation assay (described in Chapter 2). To block hPAFR-GPCR activation
during differentiation the PAF antagonist CvV3988 (0.2-2 uM, Biomol) was added
to the differentiation media at each feeding. PAF-specific effects were
ascertained by culture in low serum media containing PAF (0.01-1 uM, Biomol),
lyso-PAF (0.1-1 uM, Cayman Chemical), or vehicle (0.1% EtOH). Note the latter

experiments were performed in the absence of NGF.



Immunohistochemistry

Cells were seeded at 1.2 x 103 cells per well on collagen-coated 4-well
culture glass slides (Becton Dickinson) in complete media. Twenty-four hours
after plating, cultures were incubated in low serum media in the presence of NGF
(50 ng/ml) and 0.1% ethanol or PAF (100 nM) in the absence of NGF. The
media was replaced on day 3 of culture and processing commenced on day 5 of
culture. Cells were rinsed with 10 mM PBS and fixed in 3.7% formaldehyde for
10 minutes. Following repeated PBS washes the primary monoclonal
proliferating cell nuclear antigen (PCNA) antibody (1:6000; Sigma) or microtubule
associated protein (MAP) 2 antibody (1:500; Sigma) was applied and incubated
at 4°C. Note MAP2 immunohistochemistry was performed on NGF-differentiated
cultures only. Following repeated PBS washes immunopositive cells were
visualized with a Cy3-conjugated goat-anti mouse secondary antibody (1:800;
Jackson Immunolabs). Antibodies were diluted in Ab buffer (10 mM PBS, 3%
BSA, 0.3% Triton-x, pH 7.2). Vectashield mounting medium (Vector
Laboratories) was applied and cells were examined. The mean fluorescent
intensity/number of cells per field +SEM was determined using Northern
Exposure imaging and analysis software and standardized to the mean

fluorescent intensity of control empty vector cultures.
PAF acetylhydrolase activity assay

The activity of PAFAH was assayed using the commercially available PAF

acetylhydrolase assay kit (Chapter 2). Cytosolic fractions were prepared and
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assayed as described in Chapter 2 from NGF-differentiated WT-PC12, pGS-2
empty vector, and HPAFR-7 cells on day 5 of culture plated at an initial seeding

density of 5x10* cells.

Statistical analysis

Data were analyzed using one-way factorial ANOVA tests or unpaired
Student’s t-tests, as applicable. Following detection of a statistically significant F
value with respect to the effect of a given series of treatments, post hoc
Dunnett’s t-tests were used to identify which treatment condition differed
statistically from control (vehicle-treated, depending on the experiment). P
values <0.05 were considered statistically significant differences (shown as *); P
values of <0.01 were considered highly statistically significant differences (shown

as **).

Resulits

Undifferentiated and NGF-differentiated Growth Analysis

Growth rates over a 10 day period were determined by hemocytometer
counts of Trypan blue excluding cells and WST metabolic assay. WT-PC12
control cultures were untransfected parental cells cultured for the same number
of passages as transfectants. Data were standardized to these controls and
expressed as percent cell number or fold increase in WST absorbance. WT-
PC12 cells extend neurites and demonstrate relative growth arrest when

differentiated to a neuronal phenotype following treatment with NGF in low serum
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media. (Figure 3.1; A, B). Note that WT-PC12 cells do not terminally differentiate
in response to NGF, which resuits in measurable increases in cell number over
the course of the experiment albeit reduced relative to growth of undifferentiated
cultures. WT-PC12, pGS-2 empty vector, and HPAFR-7 cells displayed similar
growth profiles when cultured in complete media (undifferentiated) (Figure 3.2A).
Empty vector, pGS-2 transfected cells demonstrated a comparable reduction in
growth following NGF-induced differentiation (Figure 3.2B). However, HPAFR-7
cells, a medium expressor of transfected hPAFR-GPCR (Chapter 2), continued
to proliferate during the course of NGF-induced differentiation. A significant
increase in cell number was observed as early as 3 days after initial NGF
treatment (Figure 3.2B). To confirm these results, a panel of empty vector and
hPAFR transfectants were screened using day 5 of culture as the end point for

further studies.

Expression of low, medium and high levels of hPAFR-GPCR protein has no
effect on growth of undifferentiated cultures

There was no effect on the proliferative response of PC12 cells
transfected with hPAFR-GPCR in complete media. After 5 days of culture, total
cell number and metabolic activity of WT-PC12 cells, pGS-2 empty vector, and a
panel of HPAFR clones (HPAFR-3, HPAFR-7 and HPAFR-4 low, medium and
high expressors of hPAFR-GPCR protein respectively, Chapter 2) were
comparable (Figure 3.3; A, B). Data were standardized against WT-PC12 cells
and expressed as percent cell number (cell counts) or fold increase in metabolic

activity (WST assay).
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Figure 3.1: WT-PC12 celis reduce proliferation and extend neurites
following NGF treatment.

Cells were seeded at the same density and cultured in complete media
(undifferentiated) or low serum media supplemented with 50 ng/ml NGF (NGF-
differentiated). Note WT-PC12 cells do not terminally differentiate in response to
NGF, which results in measurable increases in cell number over the course of
treatment. Hallmark feature of this in vitro model are twofold: following NGF-
induced differentiation (A) WT-PC12 cells demonstrate relative growth arrest and
(B) extend neurites (arrow) and develop a neuronal-like phenotype in comparison
to undifferentiated cultures.
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Figure 3.2: Growth kinetics of WT-PC12, empty vector pGS-2 and hPAFR-
GPCR expressing clone.

Growth kinetics in compiete media and during NGF-induced differentiation were
established over a 10 day period by hemocytometer cell counts of trypan blue
excluding cells. (A) Undifferentiated cuitures (B) NGF-differentiated cultures. No
difference in cell growth was observed in complete media. Note HPAFR-7, a
medium expressor of transfected hPAFR-GPCR (Chapter 2), continued to
proliferate during the course of NGF-induced differentiation. A significant
increase in cell number is apparent as early as 3 days following NGF-treatment.
Results reported as means + SEM (n= 5-60 per data point) details as described
in materials and methods. [*p<0.05, ** p<0.01, ANOVA, post-hoc Dunnett’s t-test]
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Figure 3.3: Expression of hPAFR-GPCR has no effect on growth of
undifferentiated cultures.

Cell number was assessed on day 5 of culture by (A) trypan blue hemocytometer
cell counts and by (B) WST cell proliferation assay to measure metabolic activity.
Data are standardized against control cultures to represent percent (A) and fold
(B) changes in cell proliferation relative to untransfected control WT-PC12 cells.
No significant variance among cuitures was observed. Results reported as
means + SEM (n= 5 per data point) details as described in materials and

methods.
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Expression of hPAFR-GPCR results in increased proliferation during NGF-
induced differentiation to a neuronal phenotype

hPAFR-GPCR expression prevented the relative growth arrest associated
with differentiation to a neuronal phenotype in PC12 cells (Figure 3.4). Increased
cell proliferation correlated with the level of hPAFR-GPCR protein expression
and was statistically significant in HPAFR clones expressing medium (HPAFR-7)
and high (HPAFR-4) levels of hPAFR-GPCR protein (Chapter 2). Data were
standardized against WT-PC12 cells and expressed as percent cell number (cell
counts) or fold increase in metabolic activity (WST assay). Transfection with
empty vector or expression of low levels of APAFR-GPCR protein (HPAFR-3)
had no effect on cell proliferation (Figure 3.4). Gross morphology and neurite
extension was comparable in all cultures (data not shown). In addition hPAFR-
GPCR expression did not alter immunoreactivity of the neuronal differentiation
marker MAP2 (Figure 3.5). To confirm that the increase in cell number observed
in hPAFR-GPCR transfectants was the result of enhanced cell proiiferation,
empty vector pGS-2 and HPAFR-7 cells cultures were incubated in low serum
media in the presence of_ NGF (50 ng/ml). Fluorescence microscopy
demonstrated PCNA immunoreactivity in essentially all empty vector controi cells
consistent with low levels of proliferation throughout NGF-induced differentiaton
(Figure 3.6). Expressed throughout the cell cycle PCNA is a 36 kD nuclear
protein. While multiple cellular roles have been described, PCNA is best
characterized as a marker of cellular proliferation. PCNA is required for DNA
replication. Expression increases during G1 and is most abundant during S

phase, functioning as an auxiliary protein for DNA polymerase deita and epsilon
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Figure 3.4: Transfection of hPAFR-GPCR results in increased proliferation
during NGF-induced differentiation to a neuronal phenotype.

Cultures were maintained in low serum media supplemented with NGF. Cell
number was assessed on day 5 of culture by (A) trypan blue hemocytometer cell
counts and by (B) WST cell proliferation assay to measure metabolic activity.
Data are standardized against control cultures to represent percent (A) and fold
(B) changes in cell proliferation relative to untransfected control WT-PC12 cells.
Note that exogenous PAF is not added to the media during differentiation. It can
be observed that proliferation is dependent upon the level of APAFR-GPCR
expression in transfectants. Low levels of hPAFR-GPCR (HPAFR-3, Chapter 2)
had no effect on cell proliferation. HPAFR-7 and HPAFR-4, medium and high
expressors of hPAFR-GPCR respectively, failed to undergo relative growth arrest
during differentiation. Gross morphology and neurite extension was comparable
in all cultures (data not shown). Results reported as means + SEM (n= 5-15 per
data point) details as described in materials and methods. [*p<0.05, ** p<0.01,
ANOVA, post-hoc Dunnett’s t-test]

62



A)

$ HPAFR-4
t HPAFR-7
HPAFR-3

pGS-2

Cell counts

WT-PC12

(21L0d-LM %)
6 AeQ 8|99 8)qejA JO JequinN

B)

$ HPAFR-4

- HPAFR-7
HPAFR-3
>
pGS-2
:
m WT-PC12
) ¥ ) ¥ | | | | ¥ 3
T EEEEEEEE:
(eseas9u) pjoj)
6 Aeq Ayanoe djjoqeien



Figure 3.5: Expression of the neuronal intermediate filament MAP2
following NGF-induced differentiation is not significantly affected by
hPAFR-GPCR expression.

Development of a neuronal-like phenotype was confirmed immunocytochemically
using anti-MAP2. Expression of MAP2 was unaffected by hPAFR-GPCR
expression. Quantitation of the fluorescence intensity/cell after 5 days of NGF-
treatment was not significantly reduced in HPAFR-7 cells relative to empty vector
cells (n=15, 3 fields x 5 replicates).
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(Prosperi, 1997). Thus, the intensity of PCNA immunoreactivity can be used as a
measure of how recently a cell has progressed through S phase. Increased
intensity of PCNA immunoreactivity was striking in HPAFR-7 cells in comparison
to pGS-2 empty vector control cells. Quantitation of the mean fluorescent
intensity per cell revealed an approximate 20-fold increase in PCNA staining in
HPAFR-7 cells relative to empty vector transfectants (Figure 3.6). These results
are consistent with the interpretation that hPAFR-GPCR transfectants continue to

proliferate during NGF-induced differentiation.

Proliferation of hPAFR-GPCR transfected cells during NGF-induced
differentiation is inhibited by the PAFR-GPCR specific antagonist Cv3988

It is important to note that proliferation of HPAFR-7 and HPAFR-4 was
stimulated without addition of exogenous PAF. These data imply an interaction
with endogenous PAF synthesized by PC12 cells. To block putative hPAFR-
GPCR activation during differentiation, the PAFR-GPCR specific antagonist
CV3988 or vehicle (0.1% DMSO) was added to the differentiation media.
Administration of CV3988 (0.2 -2 uM) had no effect on cell number or metabolic
activity of WT-PC12 or pGS-2 empty vector cells in comparison to vehicle treated
cultures (Figure 3.7). Treatment of HPAFR-7 cells with the PAFR-GPCR
antagonist CV3988 (0.2-2 uM) blocked the observed NGF-induced proliferation

(Figure 3.7).



Figure 3.6: NGF elicits cell proliferation in hPAFR-GPCR expressing cells.
PCNA is expressed more intensely in HPAFR-7 cells.

Empty vector pGS-2 and HPAFR-7 cultures were maintained in low serum media
supplemented with NGF for 5 days. (A) Immunocytochemical analysis
demonstrated a 20-fold increase of PCNA staining in comparison to empty vector
control cells (n= 15, 3 fields x 5 replicates). [**p<0.01, student’s t-test] (B)
Representative images 800x.
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Figure 3.7: Increased cell proliferation during NGF-induced differentiation
is mediated by PAF/PAFR-GPCR interaction. The PAFR-GPCR specific
antagonist CV3988 blocks increased proliferation during NGF-induced
differentiation in HPAFR-7.

Cultures were maintained in low serum media supplemented with NGF in the
presence of CV3988 (0.2-2 yM) or vehicle (DMSO). Cell number was assessed
on day 5 of culture by (A) trypan blue hemocytometer cell counts and by (B) WST
cell proliferation assay to measure metabolic activity. Inhibition of proliferation by
the PAF antagonist CVV3988 was observed in both A and B. Data are
standardized against control cultures to represent percent (A) and fold (B)
changes in cell proliferation relative to untransfected control WT-PC12 cells.
Note that exogenous PAF is not added to the media during differentiation.
Results reported as means + SEM (n=5-100 cell counts; n=5-40 WST per data
point) details as described in materials and methods. [*p<0.05, ** p<0.01,
significant reduction in proliferation compared to vehicle treatment; +1 p<0.01,
significant increase in proliferation relative to WT-PC12 cells, ANOVA, post-hoc
Dunnett’s t-test]
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Exogenous PAF administration stimulates proliferation of hPAFR-GPCR
expressing cells in low serum media

To test the hypothesis that PAF/PAFR-GPCR interaction can directly
stimulate ceil growth in low serum media, cultures were treated with exogenous
PAF (10 nM — 1 uM) or lyso-PAF (100 nM — 1 uM) over a five day period (Figure
3.8). Note that cells were not treated with NGF in these experimeants. PAF
elicited a dose-dependent increase in proliferation of HPAFR-7 cells with
maximal activation at 100 nM and 1uM PAF (Figure 3.8; A, B ). PAF treatment
had no effect on WT-PC12 or empty vector controls (Figure 3.8; A, B).
Proliferation in response to lyso-PAF was not distinguishably different in any of
the assays from that of vehicle-treated cuitures (Figure 3.8; C, D).

To confirm that PAF stimulates cell proliferation in low serum media,
PCNA immunolabelling was performed as described above. The mean
fluorescence intensity per cell was increased by approximately 35-fold following
PAF treatment in HPAFR-7 cells relative to vehicie treatment (Figure 3.9).
Fluorescence intensity was comparable in PAF and vehicle-treated empty vector
controls. These results are consistent with the interpretation that the increase in
cell number and metabolic activity observed in PAF-treated HPAFR-7 cells is the

result of enhanced cell proliferation.

In vitro migration assay
As indicated in Table 3.1, expression of hPAFR-GPCR had no net effect
on the net migration of NGF-differentiated PC12 cells. Both WT-PC12 and

HPAFR-7 cells demonstrated equivalent migration indices.
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Figure 3.8: Proliferation is dependent upon PAF/PAFR-GPCR interaction.

Cells were maintained in low serum media and treated (A) exogenous PAF (0,
0.01, 0,1, 1 yM) in the absence of NGF or (B) exogenous lyso-PAF (0, 0.1, 1 uM)
in the absence of NGF. Following five days of culture cell proliferation was
assessed as described. Note that in comparison to WT-PC12 and empty vector
control cells, proliferation in HPAFR-7 was observed in PAF treated cultures but
not in vehicle or lyso-PAF treated cultures. Resuits reported as means + SEM
(n= 5-55 per data point) details as described in materials and methods. [*p<0.05,
** p<0.01, ANOVA, post-hoc Dunnett's t-test]
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Figure 3.9: Exogenous PAF administration elicits cell proliferation in
hPAFR-GPCR expressing cells. PCNA is expressed more intensely in

HPAFR-7 cells.

Empty vector pGS-2 and HPAFR-7 cultures were maintained in low serum media
supplemented with PAF (100 nM) for 5 days. (A) Immunocytochemical analysis
demonstrated a 35-fold increase of PCNA staining in comparison to empty vector
control cells (n=15, 3 fields x 5 replicates). [**p<0.01, Student's t-test] (B)

Representative images 800x.
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Table 3.1: Effect of hPAFR-GPCR expression on the net migration of
differentiating PC12 cells.

Cultures were maintained in low serum media supplemented with NGF. Cell
migration was assessed on day 5 of culture as described in materials and
methods. Cell migration is represented as the migration index (see text). The
migration indices between WT-PC12 and HPAFR-7 cells were comparable.
Results reported as means + SEM (n= 8-10 per data point).
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WT-PC12 HPAFR-7

Migration index 0.159 0.1583
(um/cell)

SEM 0.04 0.04




PAF acetylhydrolase activity increases during NGF-induced differentiation
PAFAH activity was measured in cytosolic fractions prepared from WT-
PC12, pGS-2 empty vector, and HPAFR-7 cells cultured for 5 days under
undifferentiated or NGF-differentiated culture conditions. In Chapter 2, it was
demonstrated that undifferentiated and NGF-differentiated WT-PC12 cells
express PAFAH1b a1, PAFAH1b a2, and LIS-1 transcript and that the trimeric
enzyme is functional. Table 3.2 shows a 2-fold increase in PAFAH activity in
NGF-differentiated cultures relative to undifferentiated cells. PAFAH activity was
not affected by hPAFR-GPCR expression. There was no detectable variance in

PAFAH activity amongst WT-PC12, pGS-2 empty vector, and HPAFR-7 cells.
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Table 3.2: Comparison of PAF acetylhydrolase activity in cytosolic
fractions from undifferentiated cultures.

WT-PC12, pGS-2, and HPAFR-7 cytosolic fractions were prepared from
undifferentiated and NGF-differentiated cultures as described in materials and
methods. The catalytic activity of samples containing 50 pg of cytosolic protein
was measured using the PAF acetylhydrolase assay kit (Caymen Chemical).
PAFAH activity was comparable across all cell lines. Note the 2-fold increase in
PAFAH activity in NGF-differentiated cultures as compared to undifferentiated
cultures. In all assays, blanks without protein and no substrate controls with
protein were run in parallel and subtracted from the experimental values (n=6 per
data point). [**p<0.01, Student’s t-test, note pGS-2 approaches significance at
p=0.058]
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PAF acetylhydrolase activity (nmol/min/ug)

Undifferentiated NGF-differentiated
WT-PC12 0.062+0.008 0.126+0.008**
pGS-2 0.064+0.017 0.130+0.064

HPAFR-7 0.051+0.003 0.159+0.045**




Discussion

Prolonged exposure to elevated levels of PAF during embryogenesis is
implicated in MDS-a developmental brain disorder characterized by type 1
lissencephaly. Afflicted individuals are faced with mental retardation, enhanced
seizure susceptibility and reduced life expectancy (Dobyns et al., 1991). Murine
models of LIS-1 haploinsufficiency, the genetic determinant of MDS, have
demonstrated two primary pathologies: (1) delayed neuronal migration resulting
in cerebral malformation and (2) premature neurogenesis between embryonic
days 11-14.5 (Hirotsune et al., 1998; Cahana et al., 2001; Fleck et al., 2000).
Because LIS-1 codes for the regulatory subunit of PAFAH1b, these pathologies
likely result from impaired PAF catabolism resulting in protracted exposure to
elevated concentrations of PAF. This hypothesis predicts that the differentiation
of neural precursor cells expressing a PAF receptor will be preferentially affected
in MDS.

As reviewed in Chapter 1, a PAFR-GPCR has been cloned. mRNA is
expressed by rodent neurons and microglia as early as embryonic day 18 and
into aduithood (Bennett et al., 1998; Mori et al., 1996; Bito et al., 1992).
Expression at earlier embryonic stages is currently being determined in our
laboratory. The effect of receptor activation on neural precursors is not known
but receptor activation has been shown to stimulate growth and migration of non-
neuronal cells (described below). In the present study, we sought to test the
hypothesis that PAF/PAFR-GPCR interaction mediates on neural precursor

proliferation, neuronal differentiation, and/or migration using the PC12 cell model.
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As described in Chapter 2, stable hPAFR-GPCR and empty vector
transfectants were developed to evaluate the effect of PAF/PAFR-GPCR
interaction on the growth a;1d differentiation of WT-PC12 cells. Recall that PC12
cells, a rodent pheochromocytoma-derived cell line, can be differentiated to a
neuronal-like phenotype by NGF in the presence of low serum media (Greene
and Tischler, 1976). Neither undifferentiated nor NGF-differentiated WT-PC12
cells express endogenous rodent PAFR-GPCR (Chapter 2). In this series of
experiments, ectopic expression of hPAFR-GPCR had no effect on the growth
kinetics of undifferentiated cells but did interfere with NGF-induced differentiation
of PC12 cells. When treated with NGF, WT-PC12 cells extend neurites and
undergo relative growth arrest resulting in a measurable decrease in cell
proliferation. By contrast, RPAFR-GPCR transfectants failed to undergo relative
growth arrest when treated with NGF continuing to proliferate at a rate
comparable to that seen in complete media. Proliferation of hPAFR-GPCR
transfectants was inhibited by treatment with C\V3988 implying that activation of
PAFR-GPCR by endogenous PAF, synthesized over the course of NGF-induced
differentiation, mediates cell growth.

To further test the hypothesis that PAF/PAFR-GPCR interaction is
responsible for cell growth in hPAFR-GPCR transfectants, cultures were treated
with exogenous PAF in the absence of NGF. PAF administration stimulated cell
growth in hPAFR-GPCR expressing cells but not in empty vector clones or WT-
PC12 cells. The specificity of this response was further verified by treatment of

cultures with lyso-PAF, the biologically inactive PAF metabolite. Treatment with
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lyso-PAF had no effect on the growth of hPAFR-GPCR transfectants, empty
vector cell lines, or WT-PC12 cells. To confirm that the increase in cell number
was, in fact, the resuit of cell proliferation, immunocytochemical analysis
demonstrated that the intensity of PCNA staining was substantially higher in
NGF- or PAF-treated hPAFR-GPCR expressing cells in comparison to NGF- or
PAF-treated empty vector control cells. These data substantiate the hypothesis
that PC12 neural precursor proliferation can be stimulated by PAF/PAFR-GPCR
interaction.

Our findings are consistent with previous reports that PAF administration
promotes proliferation of cells from non-neuronal origin in vitro. Examples
include human T and B lymphocytes (Behrens and Goodwin 1990; Leprince et al
1991), human and guinea pig bone marrow cells (Denizot et al 1996; Kato et al
1988; Kudo et al 1991), human lung fibroblasts (Roth et al 1996), rodent lung
pericytes (Khoury and Langleben, 1996), and primary human fibroblasts (Bennett
and Bimmboim, 1997). The mitogenic effects of PAF have also been reported in a
number of human breast cancer cell lines (Bussolati et al 2000), the human
immature K562 erythroid cell line (Dupuis et al., 1997), and the endometrial
adenocarcinoma cell line HEC-1A (Bonaccorsi et al., 1997). Proliferative
abnormalities are also observed in the skin of transgenic mice overexpressing
guinea pig PAFR-GPCR (Ishii et al., 1997; Sato et al., 1999). These mice were
designed as a model to study PAF/PAFR-GPCR interaction in vivo. Robust
PAFR-GPCR transgene expession is consistently detected in skin (Ishii et al.,

1997). A propensity for skin tumor formation of the ears and/or tails was
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observed in aged animals (Ishii et al., 1997). Histological examination revealed
epidermal hyperthickening in the ears, tails, and abdomen with an increase in the
thickness of keratinocyte layers over time (Ishii et al., 1997; Sato et al., 1999).
Skin analysis demonstrated accelerated proliferation of epidermal keratinocytes
in PAFR-GPCR transgenic animals with otherwise normal differentiation through
successive keratinocyte layers (Sato et al., 1999). These results, from mice
overexpressing PAFR-GPCR, correlate with our findings. In the present study,
WT-PC12 cells engineered to overexpress hPAFR-GPCR demonstrate
accelerated proliferation during differentiation yet develop a normal neuronal-
phenotype. Gross morphology and neuritic extension following NGF-induced
differentiation was comparable in ali cell lines. Development of a neuronal-like
phenotype was confirmed immunocytochemically using anti-MAP2. Expression
of this intermediate filament is routinely used as a marker of neuronal
differentiation (Bernhardt et al., 1985). As anticipated, MAP2 levels increased
significantly following five days of NGF treatment in empty vector transfectants
and WT-PC12 cells. hPAFR-GPCR expression did not alter the expression
profile of MAP2 expression following NGF treatment. These data implicate
PAF/PAFR-GPCR in aberrant neural precursor proliferation but suggest that
PAFR-GPCR activation does not block other phenotypic or biochemical markers
of differentiation.

MDS is associated with two mechanistic pathologies: (1) aberrant neural
precusor proliferation and (2) impaired neuronal migration. Our data indicate that

PAFR-GPCR activation by PAF is likely involved in neural precursor proliferation.
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The effects of PAFR-GPCR on neural precursor proliferation are observed when
cells are treated with NGF or with exogenous PAF. Because cell growth in NGF-
treated cells can be blocked by co-administration of the PAFR-GPCR specific
antagonist CV3988, these data lead us to hypothesize that endogenous PAF
synthesis increases over the course of PC12 differentiation to a neuronal
phenotype. Ectopic expression of hPAFR-GPCR protects cells from PAF-
induced apoptosis presumably mediated by a novel PAF receptor (Chapter 2)
and enhances cell proliferation during NGF-induced differentiation. In Chapter 2,
we also demonstrate that PAF is inactivated by functional PAFAHs expressed by
PC12 cells. These data raise the question: If PAF is synthesized during NGF-
induced differentiation, why do WT-PC12 celis not undergo apoptosis as a resuit
of PAF-induced apoptogenic signal transduction? In the present series of
experiments, a 2-fold increase in PAFAH activity was measured in all NGF-
differentiated cultures (WT-PC12, empty vector, and hPAFR-GPCR
transfectants). Increases in PAFAH activity have been used as marker of PAF
and PAF-like lipids (Albrecht et al., 1998). We conclude that PAF is likely
metabolized by the PAFAH1b enzyme complex in PC12 cells. This conclusion is
based upon expression of the PAFAH1b subunits (alpha 1, alpha 2, and LIS-1)
by PC12 cells (Chapter 2) and that the majority of neural PAFAH activity is
attributed to the PAFAH1b isozyme (Hattori et al., 1993). As described in
Chapter 1, the emerging body of evidence clearly demonstrates the importance
of PAFAH1b activity during cortical development. Presumably, this activity

protects cells from prolonged PAF signaling as demonstrated in Chapter 2.
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However, recall from Chapter 1 that a link between neuronal migration and PAF
hydrolysis has been established (Albrecht et al., 1996). In the present study,
PAF/PAFR-GPCR interaction had no effect on the net cellular migration of
differentiating PC12 cells. Transfectants did not exhibit reduced or enhanced
migration relative to WT-PC12 cells. It should be noted that the assay employed
detects migration of cells away from a colony. It does not measure directed
migration (chemotaxis) of cells towards a source of PAF ligand. Thus, we cannot
definitively state that PAFR-GPCR does not affect migration. PAFR-GPCR
activation has been repeatedly associated with migration of peripheral
inflammatory and carcinoma cells (Haribabu et al., 2001; Bussolati et al., 2000;
Boccellino et al., 2000). In CNS, PAFR-GPCR expression in primary microglia is
required for PAF-induced chemotaxis (Aihara et al., 2000). While we can state
that gene expression in PC12 cells does not increase or decrease overali
motility, more refined studies are required to definitely establish whether PAFR-
GPCR plays a role in mediating neuronal migration. Therefore, an alternative
hypothesis, is that the increased PAFAH1b activity may result in initiation of
downstream migration signaling pathways. Salient to this hypothesis is evidence
that inhibition of PAFAH1b activity represses neural cell migration (Adachi et al.,
1997), suggesting that PAF-mediated neuronal migration occurs via a PAFR-
GPCR independent pathway. Sustained PAF exposure in vitro has been
reported to collapse neuronal growth cones by eliciting cytoskeletal alterations
(Clark et al 1995; McNeil et al 1999) and inhibit neuronal cell motility (Bix and

Clark 1998). Careful examination of these reports reveals that (1) none of the
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studies screened for PAFR-GPCR expression and (2) conclusions were drawn
based on exclusive use of mc-PAF. The use of mc-PAF, a non-hydrolyzable
PAF analogue, resistant to inactivation by PAFAHS, is wide spread and provides
potent PAFR-GPCR activation (O’Flaherty et al 1987). However mc-PAF is also
an inhibitor of PAFAH1b activity (Adachi et al., 1997). The authors themselves
acknowledge that PAF at high doses elicits erratic and transient growth cone
collapse likely a resuit of rapid hydrolysis by PAFAHSs. It is tempting to speculate
that PAF-mediated migration and motility deficits are the result of PAF/Lis-1
interaction as postulated in Chapter 12.

Our phenotypic data provide circumstantial evidence for our speculation
that PAF is synthesized during NGF-induced differentiation. There are
precedents in the literature to indicate that PAF synthesis is increased in
neuronal cultures during differentiation and neurite extension (Francescangeli et
al., 1997). The last enzymatic step in the remodeling pathway for PAF synthesis
is via lyso-PAF acetyltransferase. Increases in lyso-PAF acetyltransferase
activity have been demonstrated during neuronal and glial differentiation in
culture (Francescangeli et al., 1997). In human neutrophils, activation of /yso-
PAF acetyltransferase is catalyzed by direct interaction with activated p38 MAPK
(Nixon et al., 1999). It has been demonstrated that NGF induces sustained
activation of p38 MAPK, which is required for neuritic extension of PC12 cells
(Morooka and Nishida, 1998). Therefore, a similar mechanism may facilitate

PAF synthesis following NGF treatment. A graduate student in the Bennett

* Please refer to page 12, Chapter 1.
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laboratory, Fanny Bonin, is currently optimizing a biochemical assay to determine
empirically whether PAF is synthesized through the remodeling pathway during
NGF-induced differentiation of PC12 cells.

In summary, WT-PC12 cells and hPAFR-GPCR transfectants have proved
to be a pertinent model for elucidation of receptor-mediated PAF events. We
have successfully assessed whether or not sustained PAFR-GPCR activation
impacts on pathological neural precursor proliferation and, to a lesser extent,
migration consistent with the MDS phenotype. PAF/ PAFR-GPCR activation
stimulates neural precursor proliferation consistent with MDS. Unrefined analysis
of PC12 cell migration during differentiation demonstrated no effect of hPAFR-
GPCR expression. However, further testing is required to definitively rule out a
role for PAFR-GPCR signaling in neuronal migration. These data lead us to
speculate that chronic exposure to PAF, as a result of reduced PAF catabolism in
MDS and related disorders, may delay the ability of neural precursors expressing
PAFR-GPCR to exit the cell cycle and thereby inhibit the appropriate timing of

migration of neurons.
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CHAPTER 4: CHARACTERIZATION OF A NEW PAFR-GPCR ANTIBODY
DEVELOPED IN THE BENNETT LABORATORY

introduction

Knowledge with respect to PAFR-GPCR activation, regulation, and
localization at the protein level is iimited. Using modern genetic and
immunological techniques, mechanisms of PAFR-GPCR regulation and
molecular details of the signaling pathways in which PAFR-GPCR is involved can
be explored. To date new insights have been hindered by the lack of
commercially available molecular tools to study PAFR-GPCR. Only a few
laboratories have reported generation of peptide antibodies against PAFR-GPCR
for use following Western Blot and immunohistochemical protocols (Muller et al.,
1993; lhida et al., 1999; Predescu et al., 1996). Therefore, the lack of
commercially available antibodies accounts for the widespread use of epitope
tags in PAFR-GPCR transfection studies. We sought to characterize a new
human PAFR-GPCR polyclonal antibody developed in our laboratory. Positive
fusion protein controls were created by transfection of WT-PC12 cells with a

green fluorescent protein (GFP)-tagged hPAFR-GPCR fusion construct.

Materials and Methods

Production of polyclonal anti-hPAFR-GPCR antiserum
The hPAFR-GPCR antiserum was produced by Lampire Biological

Laboratories using a peptide designed by Dr. Bennett. Briefly, a peptide was
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synthesized corresponding to amino acid residues 125-138
(TAQANTRKRGISLS) of the predicted hPAFR-GPCR protein sequence
representing a segment of the second intracellular loop. A nonencoded cysteine
residue was included at the C-terminal amino acid to facilitate covalent coupling
of the peptide to myogiobulin. An adult rabbit was immunized by intraperitoneal
(IP) injection with 1 mg of peptide mixture in Ribi adjuvant system (RAS).
Additional immunizations were performed 4 and 8 weeks after the first injection.
Serum was collected before, during, and after immunization. The polyclonal
antibody was affinity purified from the terminal bleed by standard

chromatography on protein A-Sepharose (Amersham Pharmacia Biotech).

Generation of WT-PC_12 expressing GFP-hPAFR-GPCR fusion construct

A positive fusion protein control for hPAFR-GPCR antibody
characterization was created by transfection of WT-PC12 cells with a green
fluorescent protein (GFP)-tagged to the N-terminus of \PAFR-GPCR. An insert
encoding Flag-hPAFR-GPCR was excised from the pCDM8 construct kindly
provided by Dr. C Gerard, Harvard Medical School. Insertion into the multiple
cloning site of the pEGFP-C1 vector (Clonetech) permitted construction of GFP-
Flag-hPAFR-GPCR fusion receptor cDNA within this expression vector.

Transfections of WT-PC12 cells were performed using Transfast reagent
according to the manufacturer's specifications (Promega). Clonal lines resistant
to 400 ug/mil G418 (Life Technologies) were expanded after 14 days of culture

and maintained in 200 pg/mi G418.
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Western Blot analysis of hPAFR-GPCR antibody

Total protein lysates were prepared from sub-confluent cultures as
described in Chapter 2. For Western Blotting, protein samples (20 ug) were
separated on 12% SDS-PAGE gels and transferred onto PDVF membranes
(Immobilon-P, Millipore). Western analysis was performed using polycional anti-
GFP (1:100, Clonetech), polyclonal hPAFR-GPCR (1:500), and rabbit pre-
immune serum (1:500). Antibodies were diluted and membranes were blocked in
10 mM PBS containing 1% heat-denatured casein. Membranes were washed
repeatedly between incubations with PBS containing 0.05% Tween-20. All
primary antibodies were detected by incubation with horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:800; Jackson immunolabs). Immunoreactive
bands were visualized using SuperSignal West Pico (Pierce) chemiluminescent
substrate according to the protocol provided by the manufacturer and exposed to

Biomax X-Ray film (Kodak).

Proteomics performed on GFP-hPAFR-GPCR fusion protein
Online ExPASy Proteomic tools (http://www.expasy.ch/tools/) were used
to translate GFP-hPAFR-GPCR cDNA sequence, predict molecular weights, and

identify potential cleaved peptide fragments.
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Results

Biochemical analysis of GFP-hPAFR-GPCR stably transfected into WT-
PC12 cells and validation of hPAFR-GPCR polyclonal antibody

Western analysis of GFP-hPAFR-GPCR stably transfected into WT-PC12
cells is demonstrated in Figure 4.1. Control reactions performed with rabbit pre-
immune serum detected three prominent non-specific bands at 70, 67, and 43 kD
in both WT-PC12 cells and GFP-hPAFR-GPCR transfected cells (Figure 4.1,
panel A). The same non-specific bands were detected using hPAFR-GPCR
antibody. No additional bands were detected in WT-PC12 cells. The hPAFR-
GPCR antibody detected muitiple species of GFP-hPAFR-GPCR in transfected
cells; bands with apparent molecular masses of 69, 65, 61, and 58 kD were
detected (Figure 4.1, panel C). To identify these bands as GFP-hPAFR-GPCR
fusion products, Western analysis was performed using commercially available
polyclonal anti-GPF antibody. While no immunoreactive bands were detected in
WT-PC12 cells, anti-GFP detected muitiple GFP-hPAFR-GPCR species in
transfected cells at apparent molecular masses of 65, 61, 58, and 27 kD (Figure

4.1, panei B)

Proteomic analysis of GFP-hPAFR-GPCR

ExPASYy proteomic tools were used to translate the coding cDNA
sequence for GFP-hPAFR-GPCR (Figure 4.1, panel D). Translation of the
nucleotide sequence predicted a 604 amino acid fusion protein with a potential

molecular weight of 69 kD. The hPAFR-GPCR polyclonal antibody raised



against residues 125-138 of hPAFR-GPCR, corresponds to residues 387-400 of
GFP-hPAFR-GPCR (Figure 4.1, panel D). A number of potential serine
endopeptidase cleavage sites were identified within the GFP-hPAFR-GFCR
fusion protein (Figure 4.1D). Recorded in Figure 4.1, panel E are the predicted
GFP-hPAFR-GPCR peptide fragments, their predicted molecular weights and the
likelihood of recognition by hPAFR-GPCR polyclonal antibody and/or polyclonal

anti-GFP.
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Figure 4.1: Characterization of an hPAFR-GPCR antibody raised against a
synthetic peptide corresponding to residues 125-138 of the human
PAFR-GPCR.

Representative immunoblots from undifferentiated protein samples from WT-
PCR cells and GFP-hPAFR-GPCR transfectant. Protein samples were
separated by SDS-PAGE, transferred to PVDF membrane and detected using
(A) rabbit preimmune serum, (B) anti-GFP polyclonal antibody, or (C) hPAFR-
GPCR polycional antibody as described in materials and methods. Migration of
molecular mass markers is indicated. The bands in (A) are non-specific binding
of preimmune serum (N/S). Panel D depicts the amino acid sequence of GFP-
hPAFR-GPCR fusion protein indicating N-terminal EGFP (green), hPAFR-GPCR
antibody epitope (blue) and potential serine protease cleavage sites (red). (E)
predicted characteristics of fusion protein cleavage peptides. Note the sizes of
bands in (C) and (D) correspond to the GFP-hPAFR-GPCR fusion protein and
potential cleavage peptides identified.
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Discussion

Initial characterization of a new anti-hPAFR-GPCR antibody has been
demonstrated. To provide a standard, WT-PC12 cells were transfected with a
GFP-hPAFR-GPCR expression construct. Western analysis using anti-hPAFR-
GPCR raised against a synthetic peptide corresponding to residues 125-138 of
hPAFR-GPCR confirmed detection of GFP-hPAFR-GPCR fusion protein.

The detection of multiple bands, possibly linked to endopeptidase activity,
indicates that translated GFP-hPAFR-GPCR is degraded. We conclude that
adding the GFP-tag to the N-terminus of hPAFR-GPCR is not an appropriate
strategy. The large size of GFP and the extracellular location of the hPAFR-
GPCR N-terminus likely obstruct proper post-translational processing of this
fusion protein and result in degradation. For example, although hPAFR-GPCR
detected a band corresponding to the predicted size of full length unmodified
GFP-hPAFR-GPCR fusion protein (69 kD), the commercially available anti-GFP
antibody did not detect a corresponding protein band. An antibody to hPAFR-
GPCR, raised against residues 164-173 of the receptor, has been reported to
detect a single protein band at 69 kD (Muller et al., 1993). The significance of
this finding and the identity of the 69 kD band has been discussed in the
literature and is addressed below. At present the consensus is that the
molecular mass of unmodified hPAFR-GPCR is approximately 39 kD; post
~translational modifications including modification of the N-linked consensus
glycosylation sequence in the second extracellular loop required for efficient

membrane trafficking of hPAFR-GPCR (Kunz et al., 1992; Garcia Rodriguez et

87



al., 1995) likely result in a fully-processed 69 kD protein. The few other
laboratories that have raised antibodies to synthetic peptides of hPAFR-GPCR
have reported various sizes of APAFR-GPCR by Western analysis. Two main
immunoreactive species have repeatedly been identified at molecular masses of
approximately 39 and 69 kD. These bands have been detected singly at
approximately 39 kD (lhida et al., 1999; Predescu et al., 1996) or at
approximately 69 kD (Tiemann et al., 2001; Muller et al., 1993). Other groups
have detected both bands on the same blot (Ishii et al., 1998, Garcia Rodriguez
et al,, 1995). This leads us to speculate that the 69 kD band, detected by
hPAFR-GPCR polyclonal antibody, is hPAFR-GPCR and the GFP tag was
cleaved prior to proper post-translational processing. Further evidence for
degradation of the fusion protein was observed by detection of a 27 kD band by
anti-GFP that corresponds to the molecular weight of GFP.

While these results are promising, further characterization of this antibody
is necessary to validate reactivity. Control reactions performed with the rabbit
pre-immune serum identified 3 prominent non-specific bands. The primary
concern was such that these bands at 70, 67, and 43 kD migrate in proximity to
the predicted sizes of hPAFR-GPCR. As a result, we solicited new antisera from
Lampire Biologicals. Unfortunately, assessment of this new preparation will
follow submission of this manuscript. In anticipation of these studies, recall that
an attractive feature of the pcDNAS3.1/GS vector used in Chapter 2 and 3 is the
presence of a C-terminal tagged V5 epitope. This epitope was successful in

determination of hPAFR-GPCR expression (Chapter 2) and we are satisfied that
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these hPAFR-GPCR transfected WT-PC12 cells will be more suitable as a

positive control to characterize hPAFR-GPCR antisera.
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS

The studies presented in this thesis were designed to add to our
understanding of how PAF initiates neurotoxicity and affects neuronal
differentiation. A neuronal in vitro model system capabile of dissociating the
effects of the cloned PAFR-GPCR from putative intracellular binding sites
(iPAFRs) was identified and characterized. PAF elicited apoptotic cell loss of
WT-PC12 cells. Cell death, however, was not initiated by PAFR-GPCR, given
that WT-PC12 celis do not express endogenous rodent PAFR-GPCR mRNA.
Recall that two high affinity binding sites, localizing to intracellular membranes
(iPAFRs) have been identified pharmacologically. It is not known whether these
binding proteins are coded for by distinct genes or represent internalized PAFR-
GPCR. Given that PAFR-GPCR transcript is not present in WT-PC12 cells, the
present data suggest that WT-PC12 cells express distinct intracellular iPAFRs
that initiate PAF-induced cell loss. In addition, it was demonstrated that WT-
PC12 cells can be used effectively to determine the specificity of PAF antagonist
for iPAFRs and may be used to screen a wide variety of PAF antagonists for
therapeutic potential.

Surprisingly, exogenous hPAFR-GPCR expression protected cells
following apoptogenic challenge with PAF. These data strengthen our
conclusion that PAFR-GPCR is not the PAF death receptor. Thus, therapeutic
strategies should be directed toward identifying iPAFRs at the molecular level to
more effectively target PAF-mediated cytotoxicity. As well, it was demonstrated

that sustained PAF exposure to active ligand is required for protracted cell loss.
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Given that functional PAF acetylhydrolase activity was detected in WT-PC12
cuitures, these data are consistent with previous reports that exogenous
administration of PAF acetylhydrolase inhibits PAF-mediated neurotoxicity
(Hirashima et al., 2000 and Ogden et al., 1998). These studies represent a first
step in providing a mechanistic understanding of the how PAF-mediated
cytotoxicity is initiated in HIV-dementia, ischemia-reperfusion injury, and epileptic
seizure and suppcrt the hypothesis that PAF antagonists and/or recombinant
PAF acetylhydrolase may reduce neuronal damage associated with these
conditions.

WT-PC12 cells and hPAFR-GPCR transfectants have proved to be a
pertinent model for investigation of the role of PAFR-GPCR activation in neuronal
differentiation. We have successfully assessed whether or not sustained PAFR-
GPCR activation impacts on pathological neural precursor proliferation and have
begun to address whether PAFR-GPCR mediates the abberant neuronal
migration consistent with clinical MDS cases and murine MDS models.
PAF/PAFR-GPCR interaction stimulates neural precursor proliferation consistent
with the abnormal proliferation observed in LIS-1 heterozygous mice (Hirotsune
et al., 1998; Fleck et al., 2000; Cahana et al., 2001) in which PAF levels are likely
increased during corticogenesis as a result of defective PAF catabolism. A basic
analysis of WT-PC12 cell migration during differentiation, however, demonstrated
no effect of hPAFR-GPCR expression. Further testing is required to definitively
rule out a role for PAFR-GPCR signaling in neuronal migration. These data lead

us to speculate that chronic exposure to PAF, as a result of reduced PAF
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catabolism in MDS and related disorders, may delay the ability of neural
precursors expressing PAFR-GPCR to exit the cell cyéle and thereby inhibit the
appropriate timing of neuronal migration. These data support existing literature
implicating PAFR-GPCR signaling in mitogenic pathways in other cell systems
(Behrens and Goodwin, 1990; Leprince et al., 1991; Denizot et al., 1996; Kato et
al., 1988; Kudo et al., 1991; Roth et al., 1996; Khoury and Langieben, 1996;
Bennett and Birnboim, 1997, Bennett et al., 1993; Bussolati et al., 2000; Dupuis
et al., 1997; Bonaccorsi et al., 1997). While further experimentation is required,
two studies may be sufficient to validate our speculation. Firstly, what is the
expression profile of PAFR-GPCR in the developing nervous system? These
data would confirm that PAFR-GPCR is expressed during corticogenesis.
Secondly, a quantitative analysis of PAFR-GPCR expression and PAF levels in
LIS-1 heterozygous mice in comparison to WT-littermates could establish the
likelihood of sustained PAFR-GPCR activation during corticogenesis. This would
be particularly informative data given that low concentrations of PAF have been
demonstrated to induce neuronal differentiation (Herrick-Davis et al., 1991;
Kornecki and Ehrlich, 1988) and an age-dependent decrease in PAF
concentration has been reported coinciding with terminal neuronal differentiaton
(Tokumura et al., 1992). These studies provide circumstantial evidence that PAF
signaling is tightly regulated during cerebral development. In this study, we
demonstrate that PAF catabolism increases during NGF-induced differentiation
of WT-PC12 cells, which we cautiously interpret to be indicative of an increase in

PAF synthesis. Ecotopic expression of hPAFR-GPCR prevented relative growth
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arrest associated with differentiation to a neuronal phenotype suggesting that
sustained PAF/PAFR-GPCR interaction may be responsible for the increase in
neural precursor proliferation observed in MDS murine models. In conclusion,
this thesis expands upon research that PAF is neurotoxic and demonstrates that
it has the potential to induce both cell growth and cell death. These paradoxical
biological activities appear to be mediated by distinct PAF receptors. To further
address how PAF initiates biological activity, it will be necessary to identify the
apoptogenic PAF binding protein at the molecular level and characterize the
expression of this putative receptor and PAFR-GPCR at the protein level. To
assist in these studies, a PAF receptdr antibody was developed and preliminary
characterization was performed in this thesis. These studies constitute the first
comparison of PAF signal initiator proteins in neurons and provides insight into
the molecular mechanisms underlying PAF control of neural cell fate. These
data and subsequent studies are essential if we are to intervene in PAF-

mediated neuropathology.
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