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ABSTRACT 

Alzheimer’s disease (AD) is a progressive, fatal neurodegenerative disease and is 

the most common form of dementia.  AD pathology includes neurofibrillary tangles, 

amyloid plaques, chronic inflammation, and oxidative stress.  Secretory phospholipase 

A2-IIA (sPLA2-IIA) is an inflammatory protein known to have a role in the pathogenesis 

of multiple inflammatory diseases and is implicated in several neurodegenerative 

diseases.  In AD, astrocytes become reactive and have increased expression of 

inflammatory cytokines such as IL-1! and TNF-#, and undergo increased oxidative 

stress.  NADPH oxidase is one of the major enzymatic sources of reactive oxygen species 

in the central nervous system; activation of this enzyme may contribute to increased 

oxidative stress in cells of AD brains, including astrocytes.  The expression and 

localization of sPLA2-IIA in human AD brains has not been studied in detail.  In these 

studies, we show that sPLA2-IIA mRNA is up-regulated in AD brains (compared to non-

demented elderly brains) and sPLA2-IIA immunoreactivity is increased in AD astrocytes. 

To further elucidate involvement of oxidative pathways in induction of sPLA2-IIA 

mRNA and protein by pro-inflammatory cytokines, we performed in vitro studies with 

immortalized astrocytes (DITNC).  These studies demonstrated the involvement of PI-3 

kinase and ERK1/2, but not p38 MAPK, in the cytokine-induced sPLA2-IIA expression 
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in astrocytes. Furthermore, inhibition of sPLA2-IIA mRNA expression by apocynin, a 

known NADPH oxidase inhibitor, and botanical antioxidants including resveratrol and 

epigallocatechin gallate, suggests the involvement of oxidative pathways, possibly the 

NADPH oxidase pathway.  These results, taken together, identify sPLA2-IIA as an 

inflammatory factor for Alzheimer’s disease, and support the involvement of NADPH 

oxidase in the cytokine induction of sPLA2-IIA in astrocytes and the possibility of using 

botanical antioxidants to ameliorate the inflammatory response in these cells.
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Chapter 1 

INTRODUCTION 

Phospholipase A2 

 Phospholipases A2 (PLA2s) are essential enzymes for maintenance of cell 

membrane phospholipids.  The PLA2 family is grossly separated into three groups; 

namely, group IV calcium-dependent cytosolic PLA2 (cPLA2), group VI calcium-

independent PLA2 (iPLA2) and group II secretory PLA2 (sPLA2) (Murakami and Kudo, 

2002a; Burke and Dennis, 2009b).  Despite being very different enzymes, they all 

catalyze the hydrolysis of the sn-2 acyl ester linkage of phospholipids, generating free 

fatty acids and lysophospholipids. The physiological functions of PLA2s include 

phospholipid remodeling, exocytosis, and neurotransmitter release (Valentin et al., 1999; 

Bazan, 2003). PLA2s also play a key role in the production of lipid mediators and the 

mediation of cellular responses. Therefore, it is reasonable to assume that different 

PLA2s undergo different regulation and dysregulation may be an underlying cause of 

various disease processes (Farooqui et al., 1997a; Sun et al., 2004; Farooqui and 

Horrocks, 2006). Previous studies had focused on the Group IV cPLA2 because this 

enzyme is linked to a number of receptor-mediated cell signaling pathways (Xu et al., 

2002; Hirabayashi et al., 2004). Although Group II sPLA2s are regarded as enzymes 

involved in inflammatory pathways (Fuentes et al., 2002; Lambeau and Gelb, 2008), little 

is known about their role in the central nervous system (CNS). The focus of this research 

project is to investigate the regulation of sPLA2-IIA, one of the isoforms of sPLA2, in 

the brain and to elucidate its role in neuroinflammatory processes.  
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Secretory PLA2s 

The mammalian sPLA2s are calcium-dependent enzymes with small molecular 

weight (~14 kDa), several disulfide bridges (4-8), and a strongly conserved active site.  

There are more than 10 isoforms of sPLA2s, including groups IB, IIA, IIC, IID, IIE, IIF, 

III, V, X, and XII.  The naming structure is based on the disulfide bond pattern and the 

order of their discovery (Lambeau and Gelb, 2008).  

While the mouse genome contains ten sPLA2 genes, the human genome contains 

only nine, because the group IIC sPLA2 only exists as a pseudogene in humans 

(Tischfield et al., 1996).  Most sPLA2s have an N-terminal signal peptide and are known 

to be secreted from their native tissues.  Group IB is secreted as a zymogen into the 

gastrointestinal tract.  Upon activation by removal of the propeptide by trypsin, it is 

recognized as an enzyme in pancreatic juice (Verheij et al., 1981).  An unknown protease 

removes the propeptide from sPLA2 X, and the propeptide-free mature protein is secreted 

into the culture medium of transfected cells (Hanasaki et al., 1999). 

Mammalian sPLA2s have a close relation to the snake venom sPLA2s.  Instead of 

using a classical acyl enzyme intermediate like serine proteases, secretory PLA2 enzymes 

utilize the catalytic site His and the assistance of an Asp to polarize a bound H20, which 

then attacks the carbonyl group. sPLA2s are calcium-dependent, and the Ca2+ ion is 

bound in the conserved Ca2+ binding loop to provide stabilization for the enzyme 

transition state (Verheij et al., 1981; Dennis, 1994).  

 

sPLA2 and eicosanoid synthesis 
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The non-pancreatic sPLA2s are involved in hydrolysis of intracellular membrane 

phospholipids leading to release of arachidonic acid (AA), which serves as substrate for 

synthesis of a number of eicosanoids, including leukotrienes and prostaglandins.  In 

neurons, AA has been shown to incorporate into synaptic vesicles and mediate 

neurotransmitter release.  These fatty acids may alter membrane curvature and promote 

membrane fusion through interaction with lysophospholipids on the cell membrane, and 

thus participate in exocytosis and neurotransmitter release (Wei et al., 2003).  Many 

studies on eicosanoid synthesis show cooperation between sPLA2 and either cPLA2 

(group IVA) or iPLA2 (group VIB PLA2). The relationship between sPLA2 and cPLA2-

alpha is particularly relevant because cPLA2-alpha is known to target phospholipid 

substrates for release of AA (Ghosh et al., 2006). Overexpression of sPLA2-IIA (mouse) 

in HEK293 cells was shown to cause an increase in AA release and prostaglandin E2 

(PGE2) production (Murakami et al., 1998; Mounier et al., 2004).  Other studies also 

show the cross-talk of cPLA2-alpha with sPLA2-IIA for PGE2 production (Akiba et al., 

2001; Han et al., 2003; Mounier et al., 2004; Ni et al., 2006). 

 

sPLA2 receptors 

Besides the action of sPLA2-IIA in releasing lipid mediators for eicosanoid 

synthesis, sPLA2s may also behave as ligands for receptors. This denotes that sPLA2s 

may have a physiological function outside of their catalytic activity. Both M-type 

(muscular) and N-type (neuronal) receptors have been identified, although no exogenous 

ligand has been identified for the N-type sPLA2 receptor (Lambeau and Lazdunski, 

1999). N-type receptors are highly expressed in mammalian brain membranes and have 
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been shown to bind neurotoxic sPLA2s with high affinity. M-type receptors contain a 

carbohydrate recognition domain and are part of the C-type lectins superfamily. M-type 

receptors can be internalized, possibly to inhibit sPLA2 activity through degradation.  

This control of sPLA2 activity is confirmed by the role of other C-type lectin proteins 

that can bind and inhibit sPLA2s as well. Several mammalian sPLA2s (including IIA and 

V) have shown to bind to various types of heparan sulfate proteoglycans (Hurt-Camejo et 

al., 2001; Boilard et al., 2003). 

 

sPLA2s in the central nervous system 

 Little is known about sPLA2s in the central nervous system (CNS). The following 

is a brief review of the characteristic traits and functions of each of the ten groups of 

sPLA2s. Major focus will be placed on the role of sPLA2-IIA in the CNS. 

  

sPLA2-1B: sPLA2-1B is included in the pancreatic enzymes, as it is secreted by the 

pancreas and found abundantly in the digestive tract, where it hydrolyzes phospholipids 

in the intestinal lumen for aiding dietary lipid absorption (Carey et al., 1983). The 

mammalian presence of sPLA2-1B in the brain appears to be mainly neuronal, occurring 

mostly in the cerebral cortex and the hippocampus.  It is suggested that sPLA2-1B may 

be a neuronal intercellular signaling modulator (Kolko et al., 2005).  sPLA2-1B has also 

been found to act as an endogenous PLA2 receptor ligand leading to cell proliferation, 

cell migration, and lipid mediator production (Lambeau and Lazdunski, 1999; Hanasaki 

and Arita, 2002).  Group 1B can promote neuronal cell death based on binding with the 

M-type sPLA2 receptor (Yagami et al., 2002b). 
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sPLA2-IIA 

 sPLA2-IIA was first identified in atherosclerotic lesions, and is a known 

inflammatory marker in atherosclerosis. Due to its involvement in inflammatory 

processes in the peripheral systems, the IIA isoform is the most studied of the group II 

sPLA2s (Murakami et al., 1997; Murakami and Kudo, 2002a). 

 

 

Figure 1.1 – Structure of human secretory phospholipase A2 IIA from inflammatory 

exudate. http://www.proteopedia.org/wiki/index.php/1pod 

 

Structure of sPLA2-IIA 

 The human group IIA gene is tightly linked to sPLA2 V and IIC pseudogenes on 

chromosome 1p34-p36.1, and contains three introns. The gene product is expressed as a 

prepeptide, with the first 20 amino acids most likely acting as a signal peptide until being 

cleaved (Tischfield, 1997). The protein itself contains 6 conserved disulfide bonds, and 
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has a C-terminal extension of six amino acids terminating in a Cys near the catalytic site 

(denoted with C in figure 1.1). In figure 1.1, you can see the six conserved disulfide 

bonds (in yellow). The active site of PLA2s contains a catalytic triad of Asp-99, His-48, 

and a water molecule, which sits between the two parallel helices. Its mechanism 

involves binding a single lipid molecule in the active site at the lipid-water interfacial 

binding site and subsequent hydrolysis (Scott et al., 1990; Kumar et al., 1994). 

 

Regulation of sPLA2-IIA 

 Most group II genes are clustered in chromosome 1 (Suzuki et al., 2000).  

However, sPLA2-IIA is not constitutively expressed under basal conditions in most cell 

types, but is induced in response to inflammatory stimuli.  Factors that affect the 

regulation of sPLA2-IIA include cytokines, bacterial toxins, and growth factors.  

Although the effect on transcriptional regulation of sPLA2-IIA is cell- and species-

specific, sPLA2-IIA gene expression is typically up-regulated by cytokines, including 

interleukin-1-beta (IL-1!), interleukin 6 (IL-6), and tumor necrosis factor alpha (TNF-#), 

and is down-regulated by growth factors (Andreani et al., 2000). 

 Transcriptional regulation of sPLA2-IIA has not been extensively studied; 

however, several factors have been identified in the regulation of sPLA2-IIA in various 

cell types and species.  In humans and rats, C/EBP and NF-"B are considered to be the 

major transcription factors. In human hepatocytes, single stranded DNA binding proteins 

repress sPLA2-IIA expression. CTF/NF1 and SP1 may also bind to and regulate both the 

rat and human promoter, while peroxisome proliferators-activated receptors may be a 
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transcription factor in the rat promoter of vascular smooth muscle cells (Andreani et al., 

2000). 

 

Distribution of sPLA2-IIA 

In the brain, sPLA2-IIA has a generally ubiquitous expression, and is found at 

high levels in inflamed tissues. Through studies of rat brain, sPLA2-IIA is known to be 

found in cortex, midbrain, spinal cord, and brain stem, with lower levels found in 

cerebellum, corpus striatum, olfactory bulb, hippocampal CA1-3, amygdala, basal 

forebrain, and cerebral cortex (Molloy et al., 1998; Svensson et al., 2005; Adibhatla et al., 

2006). sPLA2-IIA is known to be associated with the endoplasmic reticulum (Bingham et 

al., 1999; Murakami et al., 1999) and is localized in the perinuclear region of Purkinje 

cells (Shirai and Ito, 2004). 

 

Functions of sPLA2-IIA 

sPLA2-IIA is involved in neuronal apoptosis, possibly through the metabolites of 

prostaglandin D2 (PGD2),  the predominant prostaglandin in the mammalian brain.  In 

the Yagami et al. study, stroke-induced cerebral ischemia activates inflammatory factors 

that induce sPLA2-IIA, which liberates AA and subsequently generates PGD2 and 

triggers apoptosis of neurons in the penumbra (Yagami et al., 2002a). 

 In the peripheral system, sPLA2-IIA has been implicated in the pathogenesis of 

several inflammatory and infectious diseases, including allergies, rheumatoid arthritis, 

and septic shock (Vadas et al., 1993; Jamal et al., 1998; Liu et al., 2007).  Up-regulation 

of sPLA2-IIA has been shown in a number of cancer tissues (Kashiwagi et al., 1999; 
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Jiang et al., 2002).  In the CNS, sPLA2-IIA has also been implicated in a number of 

neurodegenerative diseases including Alzheimer’s disease (AD), multiple sclerosis, and 

stroke (Lin et al., 2004). Since AD brains are thought to experience chronic 

inflammation, which is marked by an increase in inflammatory factors such as cytokines, 

it is reasonable that the AD brain is associated with an increase in sPLA2-IIA.  Indeed, a 

recent joint study by our laboratory and by Dr. L.F. Lue’s laboratory demonstrated up-

regulation of sPLA2-IIA mRNA and immunoreactivity in the AD brain as compared to 

non-demented controls (Moses et al., 2006) and Chapter 3).  However, studies to further 

investigate the role of sPLA2-IIA in AD pathophysiology using transgenic mouse models 

have been hampered due to a frameshift mutation in exon 3 in the sPLA2 gene in the 

C57BL/6 strain, the most popular mouse strain for genetic modifications (Kennedy et al., 

1995).  Another hurdle for studies of sPLA2-IIA is the lack of specific antibodies.  

Nevertheless, increases in sPLA2-IIA mRNA, protein expression, and PLA2 activity in 

rat brain after cerebral ischemic stroke (Lin et al., 1996; Farbman et al., 2004; Adibhatla 

and Hatcher, 2007).     

 

Inhibitors of sPLA2-IIA 

 Although over forty structural classes of sPLA2 inhibitors exist, the potency of 

the majority of sPLA2 inhibitors is not reliable and many studies use micromolar 

quantities to attain effects.  Furthermore, although most inhibitors, such as varespladib 

(Indole), compound 2b (amide-based analog), Pyrazole-1, and YM-26734 are targeted to 

sPLA2-IIA, some also inhibit other sPLA2s, e.g., sPLA2-X (varespladib) or IID 

(Pyrazole 1) (Reid, 2005; Oslund et al., 2008; Burke and Dennis, 2009a). 
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sPLA2-IIC:sPLA2-IIC has been found in rat, mouse, and humans, but in humans sPLA2-

IIC appears to be a non-functional pseudogene (Tischfield et al., 1996).  A study looking 

at various rat tissue RNAs, and RNA from whole testis at different stages of 

development, concluded that group IIC may only be expressed at significant levels in 

testis and is developmentally regulated (Chen et al., 1997). 

 

sPLA2-IID:Group IID is a heparin-binding sPLA2 with a close relation to sPLA2-IIA.  

Similar to sPLA2-IIA, sPLA2-IID increases stimulus-induced AA release (Murakami et 

al., 2002b).  sPLA2-IID is suggested to have a role in endotoxic shock due to its 

enhanced expression in rat thymus and in sPLA2-IIA-deficient mice upon endotoxin 

challenge (Ishizaki et al., 1999).  The regulatory mechanisms of sPLA2-IID differ from 

its closely related isozymes IIA and V, and also appear to be cell- and tissue-specific 

(Murakami et al., 2002b). 

 

sPLA2-IIE: sPLA2-IIE shows the highest homology and has the most similar in vitro 

enzymatic properties with groups IIA and IID (Valentin et al., 1999; Suzuki et al., 2000).  

In mammalian cells, sPLA2-IIE can be induced in response to proinflammatory stimuli, 

and promotes stimulus-induced AA release and eicosanoid generation.  With this ability, 

sPLA2-IIE can be a participant in inflammation involving mast cell-directed allergic 

reactions (Murakami et al., 2002a).  Compared to group IIA, sPLA2-IIE has lower 

expression levels in physiological states.  Unlike IIA and IID, which are more widespread 

among tissues, sPLA2-IIE transcripts were limited to the brain, heart, lung, and placenta 
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and elevated expression was found in alveolar macrophage-like cells in the lung of 

endotoxin-treated mice (Suzuki et al., 2000). 

  

sPLA2-IIF: Group IIF sPLA2 is unique in its ability to traverse the plasma membrane of 

mammalian cells independent of heparan sulfate proteoglycan (HSPG) binding, which 

acts as a functional adaptor for other sPLA2-IIs.  This is due to its unique structure 

including a long cluster of hydrophobic residues (proline-rich) near the C-terminal 

extension. sPLA2-IIF can enter the cell in an endocytosis-independent manner, but upon 

entering the cell no significant change in phospholipid hydrolysis is found.  

Overexpressed sPLA2-IIF in mammalian cells was shown to induce cellular AA and 

eicosanoid formation (Murakami et al., 2002c; Wijewickrama et al., 2006b). 

  

sPLA2-III: Group III is unique among the other isozymes as it has both N-terminal and 

C-terminal domains with a central sPLA2 domain homologous to bee venom group III 

sPLA2.  In mammalian sPLA2-III, the protein is processed to the mature and 

enzymatically active form consisting of just the central sPLA2 domain (Valentin et al., 

2000; Murakami et al., 2003).  sPLA2-III is found in both the peripheral and central 

nervous systems, in the vascular endothelium of various tissues, alveolar epithelium and 

macrophages, and in several types of cancer tissue (Murakami et al., 2005; Masuda et al., 

2008; Mounier et al., 2008). With respect to its arachidonate-releasing function (from 

overexpression studies), sPLA2-III is more effective than group IIA, but less effective as 

compared to groups X and V (Murakami et al., 2003; Murakami et al., 2005).  Similar to 

sPLA2-X, group III sPLA2 is shown to support neuronal outgrowth and survival through 
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its neuritogenic and neurotropic actions on neuronal cells and production of 

lysophosphatidylcholine (LPC; (Masuda et al., 2008). 

 

sPLA2-V: sPLA2-V was first identified in the human brain, and is also known to be 

prevalent in the heart (Chen et al., 1994b, a).  The transcellular activity of sPLA2-V is 

highly dependent on the presence of cell surface HSPGs of acceptor cells.  A study 

showed that cells expressing endogenous sPLA2-V may function to trigger inflammatory 

cell activation, in particular, in the neighboring cells (Wijewickrama et al., 2006a).  

sPLA2-V also plays a role in lipid mediator production and phagocytosis in macrophages 

(Balboa et al., 1996; Satake et al., 2004; Balestrieri et al., 2006), in atherosclerosis 

development (Bostrom et al., 2007), and lung surfactant hydrolysis (Ohtsuki et al., 2006).  

 

sPLA2-X:  sPLA2-X has known expression in the human spleen, thymus, peripheral 

leukocytes, and brain, and appears to be involved in functions relating to immunity and 

inflammation (Cupillard et al., 1997).  sPLA2-X is considered to be the most potent 

hydrolyser of the outer plasma membrane (Murakami et al., 1998; Hanasaki et al., 1999; 

Bezzine et al., 2000).  Despite low levels of expression in peripheral neurons, sPLA2-X 

has a neuritogenic effect, promoting neuronal outgrowth and survival through production 

of LPC (Nakashima et al., 2004; Ikeno et al., 2005; Masuda et al., 2005; Masuda et al., 

2008).  sPLA2-X also plays a role in airway inflammation and remodeling induced by 

allergens (Henderson et al., 2007), and in myocardial ischemia/reperfusion injury 

(Fujioka et al., 2008). 
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sPLA2-XII:  Group XII is more distantly related to the other sPLA2s.  sPLA2-XII is 

known to be expressed in antigen-activated helper T cells in mice where it may 

participate in the immune response through eicosanoid generation and immediate second 

signals (Ho et al., 2001).  Its activity, however, appears to be extremely low toward 

phosphatidylethanolamine and phosphatidylcholine, and Group XII is thought to not have 

sufficient catalytic activity to mobilize cellular AA (Murakami et al., 2003). 

 

Neuroinflammation 

 Various types of insults to the CNS, such as infection, trauma, and stroke, are 

known to give a patterned response called neuroinflammation.  Neuroinflammation is 

also part of the pathogenesis of many neurodegenerative diseases including Alzheimer’s 

disease, Huntington’s disease, multiple sclerosis, and Parkinson’s disease (Nguyen et al., 

2002).  Hallmarks of neuroinflammation include microglia activation and increased 

release of inflammatory mediators (Shaftel et al., 2007).  Microglia are the immune cells 

within the brain, and during inflammation they become over-stimulated with various cues 

and then produce cytotoxic factors including superoxide, nitric oxide, IL-1!, and TNF-#.  

At the point where microglia become too activated, they transform from being important 

for host defense to being neurotoxic (Polazzi and Contestabile, 2002; McGeer et al., 

2005).  Acute inflammation is the immediate and early response to tissue injury and, 

when left unresolved, will lead to chronic inflammation.  In chronic inflammation, there 

is also an increase in tissue destruction by inflammatory cells and repair. 

 Neuronal cells are susceptible to damage due to the effects of reactive oxygen 

species (ROS) because of their high energy and oxygen consumption rate, abundance of 



 13 

polyunsaturated fatty acids, low levels of antioxidants, high levels of transition metals 

that can catalyze reactions generating reactive hydroxyl radicals, and a reduced capability 

to regenerate (Zaleska and Floyd, 1985; Floyd and Carney, 1992; Floyd, 1999).  

Microglia and astrocytes can turn from being supportive cells to damaging cells 

generating harmful free radicals early in the inflammation process.  Activated microglia 

contribute to inflammatory processes by producing neurotoxins such as quinolinic acid, 

superoxide anions, nitric oxide (NO), arachidonic acid, chemokines, proinflammatory 

cytokines, and excitotoxins like glutamate.  Free radicals can cause oxidative damage to 

proteins, lipid bilayers, and even DNA through strand breaks, DNA-protein cross-linking, 

and base modifications (Nunomura et al., 1999; Reynolds et al., 2007).  

 

Alzheimer’s disease  

Alzheimer’s disease (AD) is the fourth leading cause of death in persons over the 

age of 65 years old and is the most common disease of all neurodegenerative diseases 

that cause dementia. Alzheimer’s disease is currently incurable and existing treatments 

can only slow its progression. The physical progression of Alzheimer’s disease involves 

the cognitive decline of the individual leading to clinical dementia. In terms of pathology, 

AD is suggested to be a form of neuroplasticity failure. Learning and memory depends on 

synaptic efficacy, but in AD there is a disruption in synaptic plasticity and neuronal 

impairment, the source of which can be pointed at a number of different molecular 

contributors. Neuropathologies of AD include senile plaques (amyloid-beta), 

neurofibrillary tangles (tau), oxidative stress, and inflammation (Schwab and McGeer, 

2008; Gella and Durany, 2009). 



 14 

 Senile plaques are primarily composed of depositions of amyloid-beta (A-!) 

peptide. Amyloid precursor protein (APP) is a transmembrane protein, and can be 

cleaved by !-secretase (also called BACE1, !-site of APP cleaving enzyme) followed by 

a second cleavage from $-secretase to produce mostly A-!(1-40) but it can also produce 

the A-!(1-42) cleaved fragment. A-!(1-42) is highly hydrophobic and leads to amyloid 

fibrillogenesis, which is implicated in the pathogenesis of AD. The fibrillar form of A-! 

is formed over many years, where these deposits can be compacted into mature senile 

plaques, becoming fibrillar and having a parallel beta-sheet conformation (Cerf et al., 

2009). In this fibrillar form, A-! is neurotoxic and is thought to significantly contribute to 

the pathology of Alzheimer’s disease (Halliday et al., 2000). The nonaggregated form of 

A-!, oligomeric A-!, is characterized by its anti-parallel beta-sheet structure (Cerf et al., 

2009). Oligomeric A-! is also considered neurotoxic, arguably more than the fibrillar 

form of A-! (Dahlgren et al., 2002). Genetic studies of early-onset familial AD (FAD) 

give A-beta its strong correlation with AD with several FAD mutations being found in 

the amyloid precursor protein (APP) and the presenilin genes (Selkoe, 1996). 

 Neurofibrillary lesions made of hyperphosphorylated microtubule-associated 

protein tau is the other dominant pathology in Alzheimer’s disease next to A-beta 

deposition.  In AD, intracellular neurofibrillary lesions are associated with A-beta 

deposits, an occurrence also seen in Down’s syndrome.  Three main types of 

neurofibrillary lesions are localized in nerve cells, including neurofibrillary tangles in the 

cell body, neuropil threads in distal dendrites, and abnormal neuritis associated with 

neuritic (senile) plaques (Probst et al., 1991). 
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 Cells in the CNS are susceptible to oxidative damage because in the brain the 

demand for molecular oxygen is significant, while the abundance of antioxidant defense 

enzymes is low. In AD, the brain undergoes increased oxidative stress from free radical 

damage, resulting in cellular dysfunction and neuronal degeneration, and subsequent 

symptoms of AD including dementia (Varadarajan et al., 2000). Sites where oxidative 

stress and neurodegeneration occur are associated with A-beta deposits (Butterfield, 

1997; Markesbery, 1997). Free radical oxidative stress affecting neuronal lipids 

(phospholipid peroxidation) and causing protein oxidation is extensive, and may be 

correlated to A-beta deposits (Butterfield and Lauderback, 2002). The alteration of iron 

and copper homeostasis, and the resulting effect on oxidative stress, may also be involved 

in Alzheimer’s disease (Moreira et al., 2005). 

 Inflammation is another major pathology that characterizes AD.  Stress factors 

stemming from an oxidative imbalance and leading to inflammation, are deemed as one 

of the earliest events in AD pathogenesis. However, the classic inflammatory response, 

namely immunoglobulin and leukocyte infiltration is absent. Congregated with senile 

plaques are astrocytes and microglia, both of which exhibit a reactive response and 

increased expression of inflammatory markers.  Some of these markers include MHC-I 

and –II, IL-1!, and TNF-#.  Receptors for several cytokines and inflammatory agents 

also experience an increase in expression (Halliday et al., 2000).  Inflammatory microglia 

may be activated by fibrillar A-beta (1-42) through the affinity of A-beta (1-16) for the 

C1q protein which subsequently binds to the microglial C1q receptor (Eikelenboom and 

Veerhuis, 1996).  Microglia typically react first in the brain to injury or infection, and 

subsequently secrete acute-phase proteins and cytokines that recruit astrocytes.  Of these 



 16 

released cytokines, IL-1! and TNF-a are both known to up-regulate sPLA2-IIA in 

astrocytes.  Treatment of cultured human astrocytes with A!(1-42) and IL-1! exhibited 

the same up-regulation of sPLA2-IIA mRNA (Moses et al., 2006). 

 

NADPH Oxidase in Astrocytes 

 The NADPH oxidase family of enzymes was first identified in neutrophils and 

macrophages where it was shown to produce large amounts of superoxide.  More 

recently, NADPH oxidase has been discovered in many other cell types, including 

astrocytes (Abramov et al., 2005).  Amyloid beta peptides have been shown to activate 

NADPH oxidase in astrocytes (Abramov et al., 2004), which is not surprising because 

many neurodegenerative diseases are linked to oxidative stress (Simonian and Coyle, 

1996).  According to Abramov (2005), changes in calcium levels in astrocytes, whether 

from physiological calcium signals or ionophores, appears to be the factor contributing to 

activation of NADPH oxidase in astrocytes. 

 

Components of NADPH Oxidase 

 NADPH oxidase has both membrane and cytoplasmic components, and is 

activated when all necessary components assemble at the plasma membrane.  The 

cytoplasmic components include p47phox, p67phox, p40phox, and Rac GTP.  The 

membrane components include gp91phox and p22phox. gp91phox, in its classical 

isoform, is now known as nox2, and there are several other nox isoforms (nox1, nox4, 

and nox3; (Dworakowski et al., 2006). 
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 Many factors can activate the cytoplasmic components of NADPH oxidase, 

initiating the activation of the NADPH oxidase complex. Many methods can be used to 

activate the NADPH oxidase complex, including PMA, A!, and disrupting calcium 

levels.   

p47phox is known to be activated upon association with other cytoplasmic 

components and phosphorylation by PKC-% (Dworakowski et al., 2006), with PI3-kinase 

is an essential element of the activation  (Frey et al., 2006). 

 Activation of NADPH oxidase is known to result in p38 MAPK and ERK1/2 

activation, as well as NF-kB activation.  PKC itself activates ERK1/2 as well as PI3-

kinase (Andersen et al., 2003).  p38 MAPK is known to be sensitive to oxidative stress, 

and ERK1/2 has been shown to follow suit during NADPH oxidase stimulation and 

inhibition. 

 

Pathways for NADPH Oxidase Activation 

 sPLA2 and cPLA2 are both up-regulated in oxidative stress and inflammatory 

processes, along with COX-2 and iNOS (Farooqui et al., 1999; Murakami et al., 1999).  

Eicosanoids and ROS are generated in pathological conditions like ischemia and 

Alzheimer’s disease due to enhancement of AA metabolism.  In the CNS, NADPH 

oxidase is a major source of ROS, and may be involved in the activation of sPLA2 gene 

expression (Sun et al., 2007; Jensen et al., 2009). 

 PKC and elevations in intracellular calcium levels also activate NOX (Abramov 

et al., 2005).  IL-1!  is known to activate p38 MAPK in human neutrophils (Suzuki et al., 

2001), as well as in astrocytes (Wu et al., 2004).  p38 MAPK, as well as ERK1/2, can 
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phosphorylate cytoplasmic components, initiating the translocation of p47phox and 

p67phox to the cell membrane and the activation of NOX (El Benna et al., 1996). 

 NF-kB activation by IL-1! has been demonstrated previously, and p38 MAPK 

activation occurs after IL-1! treatment (Vervoordeldonk et al., 1996).  p38 MAPK is also 

involved in the activation of NOX, as well as other kinases including phosphatidyl 

inositol 3-kinase (PI3-K), ERK1/2, and PKC (Peng et al., 2005; Frey et al., 2006).  PI3-

kinases (PI3Ks) catalyze the conversion of phosphatidylinositol 4,5-bisphosphate to 

phosphatidylinositol 3,4,5-trisphosphate (PIP3). PI3K-& has been shown to activate PKC-

& in endothelial cells, mediated by PIP3 production by cytokines, and resulting in NF-kB 

activation (Frey et al., 2006).  PI3-kinase and Akt have also been shown to activate NOX 

through Akt phosphorylation of p47phox in neutrophils (Hoyal et al., 2003).  ROS 

generated from NOX is known to participate in signaling in microglia and astrocytes 

(Pawate et al., 2004), and reactive oxygen intermediates can activate NF-kB (Schreck et 

al., 1991).  

 ERK1/2 is known to phosphorylate p47phox (El Benna et al., 1996).  PI-3 Kinase 

has been shown in neutrophils to phosphorylate p47phox and lead to activation of NOX 

(Hoyal et al., 2003).  PI-3 Kinase is also known for having a crucial role in cytokine 

induced activation of NF-kB through NOX in endothelial cells (Frey et al., 2006). 

 

Botanical antioxidants: Apocynin, Resveratrol, and EGCG 

 Oxidative stress and inflammation both play crucial roles in a number of 

neurodegenerative disorders, including Alzheimer’s disease. Various compounds have 

been identified with inherent anti-oxidative and anti-inflammatory effects, including 
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phenolic compounds from various botanical sources. These compounds may inhibit 

processes leading to ROS generation, or counteract the effects of ROS (Sun et al., 2008a). 

Three of these compounds used in our studies include apocynin, resveratrol, and 

epigallocatechin gallate (EGCG). 

 

 

Figure 1.2 – Molecular structures of resveratrol, apocynin, and epigallocatechin-gallate 

 

Apocynin 

Apocynin (4-hydroxy-3-methoxyacetophenone) is an acetophenone (also called 

acetovanillone), isolated from the roots of Apocynum cannabinum (Canadian hemp), was 

first described by Schmiedeberg in 1883, and was used as a remedy for dropsy and heart 
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troubles (Stefanska and Pawliczak, 2008).  In 1971, apocynin was identified in a 

discovery study for immunomodulatory constituents, derived from the Picrorhiza kurroa 

plant, which grows in the Himalayan mountains (Luchtefeld et al., 2008; Stefanska and 

Pawliczak, 2008).  In the presence of myoloperoxidase, apocynin is thought to form a 

dimer as diapocynin, which is considered to be its active form intracellularly.  However, 

this assumption has been disputed and there is no proof of diapocynin in the plasma after 

injection of apocynin (Wang et al., 2008).    

Apocynin (as diapocynin) is a potent NOX inhibitor and has been shown to 

inhibit the intracellular assembly of NADPH oxidase in neutrophils and eosinophils 

(Stolk et al., 1994).  COX-2 synthesis and activity are attenuated by apocynin; part of this 

is due to its ability to decrease the intracellular reduced/oxidized glutathione ratio 

(GSH/GSSG), as well as preventing NF-"B activation (Barbieri et al., 2004).  In animal 

models, apocynin has been shown to limit inflammation in rheumatoid arthritis (Lafeber 

et al., 1999; Van den Worm et al., 2001) and to protect against oxidative damage due to 

global cerebral ischemia-reperfusion during both the early phase I/R and subsequent I/R 

(Wang et al., 2006; Suh et al., 2007). In a mouse model of ischemic stroke, certain doses 

(2.5 mg/kg) of apocynin given before reperfusion improved neurological function, 

reduced infarct volume, reduced the incidence of cerebral hemorrhage, and reduced 

mortality (Stefanska and Pawliczak, 2008).  

 

Resveratrol 

Resveratrol (3,5,4’-trihydroxystilbene) is a polyphenol known for its presence in 

red wines and its multitude of effects as an anti-oxidant, free radical scavenger, anti-
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proliferator, differentiating factor, and anticancer, anti-inflammatory, angiogenetic, pro-

apoptotic, and cardioprotective agent (Hung et al., 2002; Cucciolla et al., 2007)Sun et al., 

2008).  Resveratrol is known to affect cell membrane proteins and receptors including 

cAMP, growth factor protein tyrosine kinases, COX-2 and lipooxygenase, cell-surface 

adhesion molecules, androgen and estrogen receptors, and aryl hydrocarbon receptors.  

This polyphenol is known to affect transduction pathways including NF-kB, MAPK, 

PKCs, nitric oxide and nitric oxide synthase.  Resveratrol is known to affect transcription 

and gene expression relating to activator protein-1, early growth response protein 1, the 

Rb-E2F/DP pathway, and the down-regulation of COX-2, 5-LOX, iNOS, ICAM-1, TNF, 

IL-1!, IL-6, IL-8, along with several genes involved in cell growth control (Cucciolla et 

al., 2007). 

Resveratrol has been shown to reduce A-beta-induced toxicity in a dose-

dependent manner (Han et al., 2004).  Resveratrol is known to protect against global 

cerebral ischemic injury in gerbils (Wang et al., 2002) and against neurotoxicity induced 

by kainic acid (Wang et al., 2004).  Resveratrol has also been shown to suppress NOX 

activity by reducing the membrane association of gp91phox and Rac1 (Chow et al., 

2007).  

 

Epigallocatechin gallate 

Epigallocatechin gallate (EGCG) is a catechin well known as an important 

ingredient and major constituent of green tea.  EGCG has been shown to act as a radical 

scavenger in vitro, as well as activating transcription factors to induce antioxidant effects 

through various mediators.  EGCG may also be involved in the control of calcium 
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homeostasis (Ishige et al., 2001), MAPK and PKC activation (Chung et al., 2003; Levites 

et al., 2003), and antioxidant enzyme activation (Chen et al., 2000).  EGCG is known for 

improving age-related cognitive decline, suppressing the generation of reactive oxygen 

species, and its neuroprotective capacity in models of Parkinson’s Disease, cerebral 

ischemia/reperfusion injuries, and Alzheimer’s disease (Mandel et al., 2004).  Green tea 

extracts have shown to have neuroprotective effects against A-beta toxicity, and EGCG 

treatments alone had the same neuroprotective effect along with an inhibition of A-beta 

aggregation (Bastianetto et al., 2006).  EGCG has been shown to promote the non-

amyloidogenic alpha-secretase pathway of APP in neuronal cell cultures (Levites et al., 

2002).  EGCG has also been found to inhibit the translocation of cytosolic components of 

NOX (Nishikawa et al., 2007). 

 

Bioinformatics 

The third aspect of my doctoral studies included a fellowship in Bioinformatics with the 

National Library of Medicine (NLM). Although this fellowship did not lead directly to 

published data, the fellowship led to the development and delivery of training at the 

Pacific Symposium on Biocomputing in 2004 and 2005, as well as a prototype service 

during a two-month internship at the National Library of Medicine headquarters in 

Bethesda, Maryland. The focus of the NLM fellowship was Web Services as a solution to 

the problem of data integration between tools and researchers. 

The core of the problem lies in (1) inconsistent interfaces and communication 

protocols, (2) a lack of structured data formats for both input and output of services, and 

(3) no central listing of services enabling service discovery and dynamic workflows. 
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With better methods of integrating scientific data services, turning data into results-

oriented information can become a task that even non-technical researchers could 

perform. Web services is a solution that has garnered worldwide support in the science 

community as a means to overcoming these issues. 

Web services make any tool or service available for programmatic access, making 

it possible for services to be integrated with each other and for the design of service 

workflows. The Semantic Web and the use of ontologies make services able to be found 

by other services and programs based on input, output, and function through service 

registries. Ontologies are an industry or field-based vocabulary with a way to define 

relationships between objects within the vocabulary, making it possible for not only 

humans to use common language when referring to data, but also machines. Ontologies 

are being developed in neuroscience and other fields, improving opportunities for more 

automated data and service integration. These technologies and developments allow 

researchers to discover new services based on data needing processed, and for 

applications to be able to automate the creation of workflows. Two projects fulfill this 

service architecture design, myGrid and BioMOBY, and several interfaces are available 

for accessing services and workflows through this software. 

Web services use standard Internet protocols for interoperability with other 

resources, and offer the necessary architecture for flexible and expandable integration of 

diverse scientific tools. A web service consists of a server and client, where the server 

hosts the tool, service, or database, the client queries the server with request parameters 

(input), and the server sends the client a response (output). Typically web services make 

use of XML protocols such as SOAP, WSDL and either UDDI or RDF, allowing 
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communication between a service and any client implementing these protocols, including 

other services acting as clients to independent services. Web services can function 

without a registry, but the registry allows for services to be found either by a user 

manually looking for a particular service, or dynamically such as through workflow 

software. 

 New research methods generating large amounts of data require automated, high-

throughput tools to process and glean insights from raw data. In neuroscience, methods 

involving DNA microarrays, proteomic studies, brain imaging data, and brain electrical 

recordings all generate large data sets that traditional labs aren’t always prepared to 

handle alone. Web services are designed for scalability in processing large data sets 

because of the automated nature of their design. Using workflows to integrate with 

multiple web services also gives consistency in data processing over manually formatting 

data for multiple services. With the client-server architecture, web services can also make 

use of grid computing for computationally intensive calculations, spreading out 

processing across dispersed computers in a grid network. 

 

Summary 

 Secretory phospholipase A2-IIA is well known for its role in many inflammatory 

diseases, and has also been implicated in several neurodegenerative diseases.  

Inflammatory factors including the cytokines IL-1! and TNF-#, known to be up-

regulated in Alzheimer’s disease, are factors that also induce sPLA2-IIA in cultured 

astrocytes.  Reactive astrocytes, along with activated microglial cells and dystrophic 

neurites, frequently surround amyloid plaques, which is one of the landmarks of 
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Alzheimer’s disease. Despite the implications of sPLA2-IIA in neurodegenerative 

diseases, no previous studies have shown evidence of sPLA2-IIA expression in AD 

brains. The first study, performed in this research project, characterized sPLA2-IIA 

expression in AD and ND brains (Chapter II). We started by partnering with the Sun 

Health Research Institute with access to postmortem human AD brains, allowing us to do 

both mRNA expression and immunohistochemistry studies to determine the sPLA2-IIA 

expression profile, expression levels, and localization. 

  Additionally, the relationship between sPLA2-IIA expression in astrocytes and 

NADPH oxidase activation is not well understood.  In the second study (Chapter III), we 

used IL-1! to induce sPLA2-IIA expression in cultured rat astrocytes as a model for the 

up-regulation of sPLA2-IIA.  We identified signaling molecules, i.e., protein kinases, 

involved in cytokine-induced sPLA2-IIA induction. We tested whether botanical 

antioxidants are able to down-regulate sPLA2-IIA expression and whether their 

mechanism of action involves the NADPH oxidase pathway. 

 These studies together provide novel details into sPLA2-IIA and astrocytes, 

specifically as it relates to Alzheimer’s disease. In chapter 2, our findings were the first to 

identify sPLA2-IIA up-regulation in Alzheimer’s and specifically what parts of the brain 

sPLA2-IIA is more highly expressed. The results in chapter 2 from cytokine and A-! 

activation of sPLA2-IIA expression in cultured human astrocytes prepared a foundation 

for work done in chapter 3, where we utilized IL-1! as a stimulating cytokine for sPLA2-

IIA expression. Chapter 3 also suggests NADPH oxidase related pathways involved in 

the IL-1! stimulated expression of sPLA2-IIA.  
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Abstract 

     Secretory phospholipase A2-IIA (sPLA2-IIA) is an inflammatory protein known to 

play a role in the pathogenesis of many inflammatory diseases.  Although this enzyme 

has also been implicated in the pathogenesis of neurodegenerative diseases, there has not 

been a direct demonstration of its expression in diseased human brain.  In this study, we 

show that sPLA2-IIA mRNA is up-regulated in Alzheimer’s disease (AD) brains as 

compared to non-demented elderly brains (ND).  We also report a higher percentage of 

sPLA2-IIA-immunoreactive astrocytes present in AD hippocampus and inferior temporal 

gyrus (ITG).  In ITG, the majority of sPLA2-IIA-positive astrocytes were associated with 

amyloid b (Ab)-containing plaques.  Studies with human astrocytes in culture 

demonstrated the ability of oligomeric A!1-42 and interleukin-1b (IL-1!) to induce 

sPLA2-IIA mRNA expression, indicating that this gene is among those induced by 

inflammatory cytokines.  Since exogenous sPLA2-IIA has been shown to cause neuronal 

injury, understanding the mechanism(s) and physiological consequences of sPLA2-IIA 

upregulation in AD brain may facilitate the development of novel therapeutic strategies to 

inhibit the inflammatory responses and to retard the progression of the disease. 
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Background  

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease 

affecting the aging population, and is characterized by memory loss and decline in 

cognitive functions.  Some of the characteristic landmarks of the disease include 

neurofibrillary tangles (Silvestrelli et al., 2006) and amyloid plaques, which are 

frequently surrounded by reactive astrocytes and activated microglial cells as well as 

dystrophic neurites (Pike et al., 1995; Jefferies et al., 1996).  The presence of activated 

glial cells and the increase in inflammation-associated proteins in AD brain support the 

neuroinflammatory nature of this disease (Hu et al., 1998; McGeer and McGeer, 2003; 

Streit, 2004; Mrak and Griffin, 2005; Walker and Lue, 2005; Griffin, 2006).  Increased 

amounts or deposits of inflammatory proteins such as the classical and alternative 

complement proteins and acute phase reactant proteins have been reported in AD brains, 

as have increased microglial expression of the major histocompatibility complex (MHC) 

antigens (Akiyama et al., 2000).  Although the underlying mechanism(s) for 

neuroinflammation in AD brain is not clearly understood, there is considerable evidence 

supporting a role for specific forms of amyloid beta peptide (A!) in inducing production 

of pro-inflammatory cytokines by microglia and astrocytes (Akama et al., 1998; Hu et al., 

1998; Cacquevel et al., 2004; Walker et al., 2006).  Therefore, understanding the 

mechanisms that modulate neuroinflammatory responses and their impact on neuronal 

degenerative processes may help to uncover important elements of the disease and to 

develop new treatment strategies (Stuchbury and Munch, 2005; Craft et al., 2006; 

Ranaivo et al., 2006). 
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The phospholipases A2 (PLA2) belong to a family of enzymes that are widely 

expressed in many types of mammalian cells (Murakami and Kudo, 2002b).  These 

enzymes not only play a role in maintenance of cell membrane phospholipids, but are also 

actively involved in the production of arachidonic acid (AA), the precursor for prostanoids 

(Bazan, 2003, 2005).  Among more than 20 different forms of PLA2 identified, there is 

considerable attention on the group IV calcium-dependent cytosolic PLA2 (cPLA2) and the 

group II secretory PLA2 (sPLA2).  Both groups of PLA2 can participate in the oxidative and 

inflammatory responses in neurodegenerative diseases (Farooqui et al., 1997b; Touqui and 

Alaoui-El-Azher, 2001; Balboa et al., 2002; Hashmi et al., 2004; Sun et al., 2004; Sun et al., 

2005; Adibhatla and Hatcher, 2006).  Although previous studies have demonstrated an 

increase in mRNA expression (Colangelo et al., 2002) and immunoreactivity of cPLA2 in 

AD brains (Stephenson et al., 1996; Stephenson et al., 1999; Colangelo et al., 2002), studies 

to relate sPLA2-IIA expression with AD have been lacking.  In the periphery, sPLA2-IIA is 

regarded as an inflammatory protein, and is involved in inflammatory diseases such as 

arthritis, atherosclerosis, acute lung injury, sepsis and cancer (Valentin and Lambeau, 2000; 

Hurt-Camejo et al., 2001; Touqui and Alaoui-El-Azher, 2001; Taketo and Sonoshita, 2002; 

Niessen et al., 2003).  Secretory sPLA2-IIA cannot be studied in transgenic mouse models 

of AD due to a frameshift mutation of this gene in many mouse strains (Kennedy et al., 

1995).  However, studies with rat models of brain injury have demonstrated an increase in 

sPLA2-IIA expression associated with different forms of neuronal insults, including cerebral 

ischemia (Yagami et al., 2002a; Lin et al., 2004) as well as other types of neuronal injuries 

(Thwin et al., 2003; Cunningham et al., 2004).   
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In this report, we provide data demonstrating up-regulation of sPLA2-IIA mRNA 

and protein expression in reactive astrocytes in AD brains as compared to age-matched non-

demented (ND) control brains.  In addition, studies with human astrocytes demonstrated the 

induction of sPLA2-IIA mRNA by pro-inflammatory cytokines and Ab, further supporting 

an inflammatory role of this enzyme in AD brain. 

 

Methods 

Human brain tissue  

  Paraformaldehyde-fixed brain sections for immunohistochemistry were obtained 

from the Brain Bank of the Sun Health Research Institute (Sun City, AZ).  Patients were 

classified as AD or ND cases by the neuropathological criteria of the Consortium to 

Establish a Registry for AD (CERAD) and NIA-Reagan guidelines.  Postmortem brain 

samples were obtained from 7 male and 9 female ND subjects and 5 male and 11 female 

AD subjects (Table 1).  The mean age (years) for the AD cases was 86.25+ 8.22 and for 

the ND cases was 84.44 + 6.74 (mean + SD), and the mean postmortem interval (hours) 

for AD cases was 2.59 + 0.45 and for ND cases was 2.63 + 0.62 (mean + SD).    

 
Stimulation of sPLA2-IIA mRNA expression in astrocytes from human post-mortem 

brains    

 Astrocytes were cultured from superior frontal gyrus of post-mortem brains donated 

to the Sun Health Research Institute Brain Program according to a protocol described 

previously (Lue et al., 2001b).  Astrocytes were maintained in Dulbecco’s Modified 

Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). 
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IL-1! and interferon-$ (IFN-$) (PeproTech, Rocky Hills, NJ) and recombinant 

A!1-42 (rPeptide, Bogart, GA) were used to stimulate astrocytes for the study of sPLA2-

IIA mRNA expression.  Lyophilized A!1-42 were dissolved in 0.1 M NaOH and buffered 

with phosphate buffered saline to make a final concentration of 500 mM.  The peptide 

solution was subsequently incubated at 37oC for 18 hours to promote oligomerization.  

Aliquots of the oligomerized A!1-42 were stored in liquid nitrogen until experiments were 

performed.  Twenty-four hours before treatments, culture media was exchanged for 

serum-free DMEM.  Cells were then incubated in serum-free DMEM with IL-1! (20 

ng/ml), IFN-$ (100 ng/ml), or 2.5 mM A!1-42 for 24 h at 37oC.  After incubation, cells 

were processed for RNA extraction. 

 

RNA isolation, reverse transcription polymerase chain reaction (RT-PCR), and real time 

PCR 

 RNA was extracted from frozen brains and cultured astrocytes with Trizol reagent 

according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA).   RNA was 

isolated from hippocampus and cerebellum from 10 AD and 10 ND cases (Table 1).  The 

integrity of isolated RNA was confirmed by denaturing agarose gel electrophoresis, and 

quantified by ultraviolet spectrophotometry.  Total cellular RNA (1-2 !g) was reverse 

transcribed with random hexamers using Superscript III reverse transcriptase (Invitrogen, 

CA) as previously described (Xu et al., 2003; Walker et al., 2006).   

 RT-PCR was carried out to assess sPLA2-IIA mRNA expression in astrocyte 

cultures.  In this study, primers for sPLA2-IIA are: forward 5’- 

GACTCATGACTGTTGTTACAACC-3’ and reverse 5’-
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TCTCAGGACTCTCTTAGGTACTA-3’ that amplify a 493 bp fragment, and primers for 

!-actin are: forward 5’-TGGAGAAGAGCTATGAGCTGCCTG-3’ and reverse 5’-

GTGCCACCAGACAGCACTGTGTTG-3’ that amplify a 289 bp fragment (Xu et al., 

2003).  After amplifications of 40 cycles for sPLA2-IIA or 25 cycles for b-actin, a 5 µl 

aliquot of each reaction mixture was applied to 6% acrylamide gels.  Bands were 

quantified using AlphaEaseFC software (Alpha Innotech, San Leandro, CA).  Expression 

values were normalized for the levels of !-actin, which was used as the reference cellular 

transcript. 
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Table 2.1: Postmortem human brains used in the study of sPLA2-IIA expression 



 47 

 Real time PCR was used for determination of levels of sPLA2-IIA mRNA in brain 

tissues.  Taqman primers and probes specific for human sPLA2-IIA and ribosomal 18S 

RNA were obtained from Applied Biosystems (Foster City, CA).  For each sample 

(analyzed in triplicate), a pool containing Brilliant qPCR master mix (Stratagene, La 

Jolla, CA), Taqman probes, along with the cDNA was prepared, and then aliquoted into 

96 well microtiter qPCR plates.  Each analysis contained a series of diluted samples for 

standard curve purposes, as well as negative template and negative reverse transcriptase 

control samples.  The real time PCR was carried out under optimized conditions using a 

Stratagene Mx3000p qPCR instrument.  At the end of the run, relative expression results 

were calculated from the Ct values of each sample using the Mx3000p operating 

software.  Each run was considered satisfactory if the standard curve covering a 1000-

fold dilution range gave R2 of > 0.98.  Results were expressed relative to levels of 18S 

ribosomal RNA present in the samples, which were determined in the same manner. 

 

Immunohistochemistry  

 Free-floating 20 µm sections from hippocampus and inferior temporal gyrus 

(ITG) were cut from 4% paraformaldehyde-fixed human brains and were used to study 

sPLA2-IIA protein expression.  Our previously published immunohistochemical 

procedure was used for this purpose (Walker et al., 2001).  Sections were sequentially 

incubated with a monoclonal antibody to sPLA2-IIA (Cayman, Ann Arbor, MI; 1:500 

dilution, 18 hours, room temperature) in a phosphate buffered saline containing 0.3% 

Triton-X 100 (PBS-T). This was followed by reaction with biotinylated anti-mouse IgG 
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(Vector Laboratories, Burlingame, CA; 1:2000, 2 hours) and washed with PBS-T before 

applying avidin-biotin peroxidase complex (ABC) solution (Vector Laboratories, 

Burlingame CA; 1:2000, 1 hour).  We detected bound antibody-antigen enzyme complex 

by reaction of sections with nickel-enhanced diaminobenzidine (DAB) solution (Lue et 

al., 2001b; Lue et al., 2001a).  For two-color double immunohistochemistry, brain 

sections were first immunoreacted with nickel-DAB solution, then washed, and followed 

by 1% hydrogen peroxide to block peroxidase activity.  Subsequently, sections were 

reacted with a polyclonal antibody to glial fibrillary acidic protein (GFAP; DAKO, 

Carpinteria, CA) to identify reactive astrocytes.  Detection of GFAP was carried out 

using the same procedure described, with the exception that biotinylated anti-rabbit IgG 

and DAB substrate without nickel enhancement were used.  These procedures produced 

sPLA2-IIA immunoreactivity in dark blue color and GFAP in brown color.  In some of 

the sections, an antibody to amyloid b (3D6, Elan Pharmaceuticals, South San Francisco, 

CA; 1:2000) was used to detect amyloid plaques.  Some of the immunoreacted sections 

were counterstained with 1% neutral red to provide a general view of the cell populations 

in tissues.  The mounted sections were dehydrated through graded ethanol and 

coverslipped with Permount embedding solution.  The number of sPLA2-IIA 

immunoreactive astrocytes associated with amyloid plaques was counted. Following 

double immunoreaction with sPLA2-IIA and GFAP, sections were mounted and counter-

stained with 1% thioflavin S (in 70% alcohol) for 15 minutes, dehydrated in 70% alcohol, 

and coverslipped with Vectashield mounting medium (Vector Laboratories, CA).  

 

Quantifying sPLA2-IIA-positive astrocytes in AD and ND brain sections 
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  To estimate the percentage of sPLA2-IIA-positive astrocytes, we used a semi-

quantitative cell counting procedure with brain sections containing dentate gyrus (DG), 

CA3, or ITG that had been reacted with antibodies to detect sPLA2-IIA and GFAP.  In 

each brain region, the total number of GFAP immunoreactive cells and GFAP/sPLA2-IIA 

immunoreactive cells were counted using a 1-mm2 reticle, mounted in the eye-piece of an 

Olympus microscope, using 20X and 40X objective lenses (Olympus, Melville, NY).  In 

the ITG sections, 10 vertical regions encompassing the width of the 1-mm2 reticle field 

were counted.   In each vertical region, counting began at the outer edge of the molecular 

layer and finished at the interface of the multiform layer and white matter.  Cell counting 

was performed by a blinded examiner and in each vertical region mean cell numbers from 

10 vertical fields were obtained.  From this, we calculated the percentage of sPLA2-IIA 

immunoreactive astrocytes in ITG for each case from 6 AD and 6 ND samples.  In the 

CA3 region, we started counting at the CA3 boundary, and counted 5 consecutive, 1-mm2 

reticle fields covering the pyramidal cell layers.  In the DG region, we began counting at 

the hilus and counted the 1-mm2 reticle fields consecutively as far as the junction of the 

DG and CA region.  The percentages of sPLA2-IIA-positive astrocytes in the DG and 

CA3 regions were determined from 4 AD and 4 ND cases.   

Using the same methodology, the number of sPLA2-IIA-positive cells that co-

localized with thioflavin S-positive plaques was counted.  In each reticle field, thioflavin 

S-positive plaques were first visualized with a fluorescence microscope followed by 

phase contrast observation.   Percentages of sPLA2-IIA-positive astrocytes that co-

localized with thioflavin S-positive plaques were obtained from the total number of 

sPLA2-IIA-positive astrocytes. 
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Statistical analysis  

Student’s t test, or one-way ANOVA followed by Tukey posthoc multiple 

comparison test was used to analyze data using the GraphPad Prism 4 software.  

Significant differences between groups were assumed for P values < 0.05.   

 

Results 

Expression of sPLA2-IIA mRNA in hippocampus and cerebellum of AD and ND brains 

To demonstrate sPLA2-IIA mRNA expression in human brain, we measured 

levels of sPLA2-IIA mRNA by real time PCR analysis of RNA prepared from 

hippocampus and cerebellum samples from AD and ND patients.  Hippocampal tissues 

for RNA purification were confined mainly to CA3 and dentate gyrus (DG) areas, as 

tissues from CA1 were not available.  We detected a significant, 4.5-fold increase 

(p<0.01) in sPLA2-IIA mRNA in AD hippocampus samples as compared to ND.  On the 

other hand, there was no difference between sPLA2-IIA mRNA levels in cerebellar 

samples from AD and ND brains. 
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Figure 2.1 - sPLA2-IIA immunoreactivity in human postmortem brain tissues. Double 

immunostaining depicting sPLA2-IIA immunoreactivity in dark blue color and GFAP 

immunoreactivity in brown color is shown in panels A-D (using 20X and 40X objective 

lenses). Panel A demonstrates that little sPLA2-IIA immunoreactivity is present in a 

cluster of GFAP immunoreactive astrocytes in ND hippocampus. Panel B shows many 

GFAP-positive astrocytes (white arrow) labeled with intense immunoreactivity for 

sPLA2-IIA (dark immunoreactive products, red arrow) in AD hippocampus. At higher 

magnification (Panel C), sPLA2-IIA immunoreactivity is shown in an astrocyte cell body 

in granular-like structures (red arrow). Panel D shows that immunoreactivity for sPLA2-
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IIA (red arrows) is also present in GFAP-positive astrocytes (white arrows) surrounding 

microvessels in AD hippocampus. We also detected sPLA2-IIA immunoreactivity in 

hippocampal neurons (black arrows) in ND (Panel A) and AD (panel B) hippocampus. In 

Panel E, several sPLA2-IIA immunoreactive profiles (red arrows) are co-localized with 

an amyloid plaque (brown immunoreactive area) detected by immunohistochemistry with 

an antibody to A!.
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Increased immunoreactivity of sPLA2-IIA in astrocytes of AD brain 

Immunohistochemistry was used to demonstrate cell-associated sPLA2-IIA 

protein in AD and ND brains.  As shown in Figure 1A, there were few GFAP-positive 

astrocytes present in the hippocampal DG area from ND brain and these cells, which 

appeared to be forming astrocyte foot contacts with an amyloid plaque, showed little 

sPLA2-IIA immunoreactivity.  A higher number of GFAP-positive astrocytes and sPLA2-

IIA/GFAP-positive astrocytes were present in AD hippocampal regions (Fig. 1B and 1C).   

Immunoreactivity of sPLA2-IIA was also detected in GFAP-positive cells lining the 

blood vessels (Fig. 1D), and co-localized with amyloid deposits (Fig. 1E).    

To investigate whether sPLA2-IIA-positive astrocytes are co-localized with 

amyloid deposits that contain A! in b-sheet conformation, brain sections double-

immunoreacted with sPLA2-IIA and GFAP were stained with thioflavin S fluorescence 

dye.  Thioflavin S-positive plaques were present in the DG, CA3, and ITG of all AD 

cases; no thioflavin S-positive plaques were detected in the DG and CA3 regions of ND 

cases.  Nevertheless, thioflavin S-positive plaques were present in the ITG of two ND 

cases.  A sub-population of sPLA2-IIA-positive astrocytes co-localized with thioflavin S-

positive plaques in AD patients as demonstrated in the same brain sections that were 

processed for double immunohistochemistry for GFAP and sPLA2-IIA antibodies (Fig. 

2B) and for thioflavin S histochemistry (Fig. 2A). 

We have quantified the percentages of astrocytes that were immunoreactive for 

sPLA2-IIA and GFAP, and also the percentages of sPLA2-IIA-positive astrocytes that are 
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associated with thioflavin S-positive plaques from brain sections containing DG, CA3, 

and ITG regions in AD and ND patients (see Table 1 for patient information).   The 

results are shown in Table 2.  Data show firstly that significantly greater percentages of 

GFAP-positive astrocytes were immunoreactive for sPLA2-IIA in AD cases than in ND 

cases in all three brain regions.  Secondly, in the gray matter of ITG, more than two thirds 

of sPLA2-IIA-positive astrocytes in AD tissue sections co-localized with thioflavin S-

positive plaques.  Thirdly, among the three brain regions tested, the DG in AD brains 

contained the highest percentage of sPLA2-IIA-positive astrocytes. However, the 

majority of the sPLA2-IIA-positive astrocytes in the hippocampal regions were not 

associated with thioflavin S-positive plaques.   

sPLA2-IIA immunoreactivity was not detected in microglial cells (not shown); 

however, sPLA2-IIA immunoreactivity was observed in neurons (identified based on 

their morphology) in both ND and AD brains (Fig. 1A and 1D).  Unlike the 

immunostaining for astrocytes, which showed punctate dark spots, sPLA2-IIA 

immunoreactivity in neurons shows an amorphous distribution pattern. 



 55 

 

Figure 2.2 – Co-localization of sPLA2-IIA-positive astrocytes with thioflavin S-positive 

plaques. Double immunostaining of sPLA2-IIA and GFAP combined with thioflavin S 

staining shows the presence of sPLA2-IIA (red arrows) in GFAP-positive astrocytes 

(panels A and B) and their association with thioflavin S-positive amyloid plaques (green 

fluorescent area in panel A) in an ITG section from an AD case. 
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Table 2.2: sPLA2-IIA-positive astrocytes in hippocampus and inferior temporal gyrus of 

Alzheimer (AD) and nondemented (ND) subjects. 
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Pro-inflammatory cytokines and Ab1-42 induce sPLA2-IIA mRNA in human astrocytes 

To further demonstrate expression and regulation of sPLA2-IIA in astrocytes, 

human astrocytes cultured from superior frontal gyrus of post-mortem AD brains were 

treated with Ab1-42 (2.5mM), IL-1b (20 ng/ml), and IFNg (100 ng/ml), alone or in 

combination for 24 hours.  When stimulated with IL-1b, astrocytes from AD post-mortem 

brain developed reactive morphology with slender long processes as compared to 

untreated astrocytes (Fig. 3A and 3B).  RT-PCR indicated very low sPLA2-IIA mRNA 

expression in control and IFN$-treated astrocytes (Fig. 3C and 3D), but significant 

increases were observed upon stimulating astrocytes with A!1-42 and IL-1!.  When 

A!1-42  and IL-1! were given together, there was no further enhancement of sPLA2-IIA 

mRNA expression, compared to each treatment alone. 

 

Discussion 

In this study, we characterize the expression of sPLA2-IIA in AD and ND brains.  In 

AD, severe pathological changes occur, topographically and quantitatively, in the 

hippocampus and temporal cortical areas, whereas cerebellum is relatively spared from AD 

pathology.  Using real time PCR for measuring sPLA2-IIA mRNA in hippocampus and 

cerebellum, we showed a significant increase in sPLA2-IIA mRNA in the hippocampus of 

AD brains as compared to ND brains, whereas no increase was observed in cerebellum.  

Using immunohistochemistry, we demonstrated that GFAP-positive astrocytes are the main 

cell type that express sPLA2-IIA protein. In hippocampus and ITG, the percentages of 

astrocytes that expressed sPLA2-IIA protein are significantly higher in the AD brains when 

compared to ND brains.  This is the first demonstration of upregulation of sPLA2-IIA 
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protein in astrocytes in AD brains.  The increase in sPLA2-IIA expression in AD 

hippocampus, but not in AD cerebellum, is in agreement with the neuropathological 

observations that reactive astrocytes are increasingly associated with pathology in 

hippocampus and cortex, whereas diffuse amyloid deposits and limited astrocyte activation 

are found in cerebellum (Joachim et al., 1989; Pike et al., 1995). 

It has been established that the number of GFAP-positive astrocytes associated with 

amyloid plaques changes during plaque formation.  There are fewer GFAP-positive 

astrocytes associated with diffuse plaques; while more are associated with neuritic plaques 

containing fibrillar A! and dystrophic neuritis (Mrak et al., 1996).   Thioflavin S 

fluorescence dye can detect amyloid fibrils in !-pleated sheet formation, a state of 

aggregation that occurs when diffuse plaques progress to neuritic plaques.  Although 

thioflavin S-positive plaques are more abundant in AD brains, there are occasionally such 

plaques in the neocortex of normal aging brains (Morris et al., 1996; Haroutunian et al., 

1998).  In this study, thioflavin S-positive plaques were observed in ITG in 2 ND patients.  

We analyzed whether increases in the number of sPLA2-IIA-positive astrocytes are 

associated with thioflavin S-positive plaques.  Our results indicated that these cells were 

highly associated with thioflavin S-positive plaques in ITG sections, but not in DG or CA3 

regions of the hippocampus.   In the ITG of ND brains, a very low percentage of sPLA2-

IIA-positive astrocytes is present in the thioflavin S-positive plaques.  These data suggest 

that the induction of sPLA2-IIA protein in astrocytes could result from their interaction with 

Ab and other inflammatory stimuli.  This notion is supported by data obtained from 

experiments using astrocyte cultures derived from post-mortem human brains.  Since the IL-

1b signaling pathway is considered a key pathway for induction of pro-inflammatory 
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molecules in brain (Moynagh, 2005), it is possible that a progressive elevation of IL-1b in 

AD brain could lead to persistent upregulation of inflammatory proteins including sPLA2-

IIA in astrocytes (Samuelsson et al., 2005).   Results from astrocyte cultures showed 

significant induction of sPLA2-IIA mRNA by IL-1! or by A! alone.  These results are in 

agreement with our previous studies with rat astrocytes (Li et al., 1999; Xu et al., 2003).  

Because IL-1! secreted by activated microglia is involved in initiating astrocyte activation 

and inflammatory cascade (Griffin and Mrak, 2002), its ability to induce sPLA2-IIA mRNA 

in astrocytes suggests that sPLA2-IIA upregulation could be engaged in early inflammatory 

events resulting from astrocyte activation.  Taken together, these results are in agreement 

with the ability of pro-inflammatory cytokines and A! to mediate inflammatory responses 

in astrocytes including the induction of sPLA2-IIA.   

The apparent lack of sPLA2-IIA immunoreactivity in microglial cells seems to be in 

agreement with our earlier study with a rat stroke model in which up-regulation of sPLA2-

IIA immunoreactivity was observed primarily in reactive astrocytes but not in microglia 

(Lin et al., 2004).  Wang et al. (Wang et al., 2005) also demonstrated the ability of 

lipopolysaccharide (LPS) to stimulate and release sPLA2-IIA from astrocytes but not from 

microglial cells.  Results in this study also show immunoreactivity of sPLA2-IIA in 

hippocampal neurons with intensity and staining patterns that are different from those in 

astrocytes.  Since this staining pattern appears in all neurons in both ND and AD samples, 

more studies are needed to characterize this immunoreactivity.  sPLA2-IIA 

immunoreactivity has also been reported in neurons from other brain regions, including 

Purkinje neurons of rat cerebellum (Shirai and Ito, 2004).  Aside from sPLA2-IIA, other 

types of sPLA2 with similar structure, e.g., groups 1B, IIE, V and X, are present in distinct 
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brain regions (Macchioni et al., 2004; Kolko et al., 2006).  Consequently, the functional role 

of different sPLA2 in neurons and glia, and the specific subtypes induced in response to 

injury, remain an important area to be further explored. 
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Figure 2.3 – Induction of sPLA2-IIA mRNA expression by cytokines and A-beta(1-42) in 

cultured human astrocytes. Phase contrast micrographs show human astrocytes in control 

(panel A) and IL-1!-stimulated cultures (panel B) for 24 hours. Human post-mortem 

astrocytes were used for the sPLA2-IIA RNA study. Experiments were performed using 

cultures derived from 3 neuropathologically confirmed AD cases. A representative gel 

depicting PCR-amplified fragments for sPLA2-IIA and beta-actin is shown in panel C. Gel 
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lanes 1-5 represent the following treatments used in the astrocyte cultures: 1. Control; 2. 

IFN-$ (100 ng/ml); 3. A!(1-42) (2.5 µM); 4. IL-1! (20 ng/ml); 5. IL-1! and A!(1-42). 

Twenty-four hours after treatment, RNA was extracted from cells, reverse transcribed, and 

RT-PCR was carried out as described in methods. Panel D shows a bar graph depicting 

relative units of sPLA2-IIA expression after normalization with beta-actin. Significant 

differences (*) comparing treatment groups with controls were obtained by one-way 

ANOVA followed by Tukey multiple comparison post hoc test. 
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Secretory PLA2-IIA has been regarded as an inflammatory protein in the periphery 

and is upregulated in a number of cardiovascular diseases (Aarsman et al., 2000; Hurt-

Camejo et al., 2001; Touqui and Alaoui-El-Azher, 2001).  The physiological consequences 

of inflammatory factors released from glial cells and their ability to damage neurons have 

been a topic of intense investigation.  Our earlier study with astrocytes has demonstrated a 

role for sPLA2-IIA induced by pro-inflammatory cytokines in the production of 

prostaglandins (Xu et al., 2003).  Other studies have also shown that secreted sPLA2-IIA 

can perturb cellular membranes, especially those undergoing apoptosis (Atsumi et al., 1997; 

Fourcade et al., 1998; Nijmeijer et al., 2003).  In PC12 cells, lysophospholipids produced by 

sPLA2-IIA were shown to alter neurite outgrowth (Ikeno et al., 2005).  Furthermore, sPLA2 

from bee venom was shown to modulate the activities of ionotropic glutamate receptors and 

Ca2+ channels, resulting in neuronal excitotoxicity and apoptosis (Kolko et al., 2002; 

Yagami et al., 2004).  Due to the possible damaging effects of sPLA2-IIA on neuronal 

function, there is strong rationale to develop specific inhibitors for this enzyme (Yagami et 

al., 2002a).  CHEC-9, a peptide inhibitor of sPLA2-IIA, was shown to ameliorate PLA2-

directed inflammation in both acute and chronic neurodegenerative disease models 

(Cunningham et al., 2004).  Our data demonstrating sPLA2-IIA as a new inflammatory 

factor for AD may further facilitate the development of novel therapeutics to retard the 

progression of this disease.   

 

Conclusion 

 This study demonstrates for the first time an increase in protein expression of 

sPLA2-IIA in GFAP-positive astrocytes in AD brains as compared to ND brains.  The 
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ability of pro-inflammatory cytokines and A!1-42 to induce sPLA2-IIA mRNA in 

astrocytes further supports a possible role for sPLA2-IIA in the inflammatory responses in 

AD.  
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ABSTRACT 
 
Recent studies have suggested the involvement of secretory phospholipase A2-IIA 

(sPLA2-IIA) in neuroinflammatory diseases.  Although sPLA2-IIA is transcriptionally 

induced through the NF-"B pathway by pro-inflammatory cytokines, whether this 

induction pathway is affected by other intracellular signaling pathways has not been 

investigated in detail.  In this study, we demonstrated the induction of sPLA2-IIA mRNA 

and protein expression in astrocytes by cytokines and detected the protein in the culture 

medium after stimulation.  We further investigated the effects of oxidative pathways and 

botanical antioxidants on the induction pathway and observed that IL-1!-induced sPLA2-

IIA mRNA expression in astrocytes is dependent on ERK1/2 and PI-3 kinase, but not p38 

MAPK.  In addition to apocynin, a known NADPH oxidase inhibitor, botanical 

antioxidants, such as resveratrol and epigallocatechin gallate, also inhibited IL-1!-

induced sPLA2-IIA mRNA expression.  These compounds also suppressed IL-1!-

induced ERK1/2 activation and translocation of the NADPH oxidase subunit p67 phox 

from cytosol to membrane fraction.  Taken together, these results support the 

involvement of reactive oxygen species from NADPH oxidase in cytokine induction of 

sPLA2-IIA in astrocytes and promote the use of botanical antioxidants as protective 

agents for inhibition of inflammatory responses in these cells. 



 74 

1. INTRODUCTION 

Phospholipases A2 (PLA2, EC3.1.1.4.) catalyze the hydrolysis of sn-2 fatty acids 

from phospholipids. There are more than 20 distinct mammalian isoforms of PLA2 

belonging to the calcium-dependent cytosolic group IV PLA2 (cPLA2), the calcium-

independent group VI PLA2 (iPLA2), or the small molecular weight group II secretory 

PLA2 (sPLA2) (Murakami et al., 1997; Sun et al., 2004; Sun et al., 2007; Burke and 

Dennis, 2008a, b).  These enzymes are widely expressed across mammalian cell types 

and besides playing a role in maintaining integrity of phospholipids in the cell membrane, 

they are also involved in the production of arachidonic acid, a precursor for prostanoids.  

Among more than 12 isoforms of sPLA2, considerable attention has been given to 

the sPLA2-IIA and inhibitors for this type of PLA2 (Boilard et al., 2006; Lambeau and 

Gelb, 2008; Oslund et al., 2008; Ibeas et al., 2009).  This enzyme is a mediator 

connecting innate and adaptive immunity and is up-regulated in a number of coronary 

artery diseases, including atherosclerosis, sepsis, arthritis and infection (Leitinger et al., 

1999; Tietge et al., 2005; Krijnen et al., 2006; Mallat et al., 2007; Kimura-Matsumoto et 

al., 2008; Ibeas et al., 2009).  Up-regulation of sPLA2-IIA mRNA expression and 

immunoreactivity has been reported in rat brain after cerebral ischemia (Lin et al., 2004; 

Adibhatla and Hatcher, 2007) and in human Alzheimer’s disease brain (Moses et al., 

2006). Furthermore, in vitro studies demonstrated the critical role of sPLA2-IIA in 

neuronal channels and activity (Kolko et al., 2002; Yagami et al., 2002a; Mathisen et al., 

2007). 

Our earlier studies with cultured astrocytes provided evidence for the induction of 

sPLA2-IIA by inflammatory cytokines, such as interleukin 1-! (IL-1!) and tumor 
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necrosis factor alpha (TNF-#) (Sun and Hu, 1995; Xu et al., 2003a). Subsequent studies 

indicated that sPLA2-IIA is transcriptionally induced by pro-inflammatory cytokines 

through the NF-"B pathway (Sun and Hu, 1995; Tong et al., 1999; Lappas et al., 2004; 

Jaulmes et al., 2005).  Nevertheless, whether transcriptional synthesis of sPLA2-IIA is 

regulated by other signaling cascades has not been explored in sufficient detail.   

 Recent studies provided evidence that a phagocyte-like NADPH oxidase, capable 

of generating reactive oxygen species (ROS) in the form of superoxide, is functionally 

active in astrocytes (Noh and Koh, 2000; Abramov et al., 2005; Liu et al., 2005). This 

NADPH oxidase contains both membrane and cytoplasmic components, and its 

activation has been linked to a number of cell surface receptors and signaling cascades 

(Bedard and Krause, 2007).  In this study, we examined the involvement of the NADPH 

oxidase and other oxidative signaling pathways in cytokine induction of sPLA2-IIA in 

astrocytes. In addition, we tested the effects of the botanical antioxidants resveratrol and 

epigallocatechin gallate (EGCG) on sPLA2-IIA expression.   

 

2. MATERIALS AND METHODS 

2.1. Materials 

Apocynin, anti-"-actin antibody and BSA were purchased from Sigma (St. Louis, 

MO, USA). Cytokines were purchased from R & D Systems (Minneapolis, MN, USA). 

SB203580 and U0126 and LY294002 were purchased from Santa Cruz Biotechnology 

Inc. (Santa Cruz, CA, USA). Trizol, and Superscript III One Step RT-PCR kit were 

purchased from Invitrogen (Eugene, OR, USA). Oligonucleotide primers were obtained 

from Integrated DNA Technologies (Coralville, IA, USA). DITNC (immortalized rat 



 76 

astrocytes) were obtained from ATCC (Rockville, MD, USA). Dulbecco’s modified 

Eagle’s medium (DMEM), DMEM:F12 1:1, and TryPLE (trypsin) were purchased from 

GIBCO-BRL (Gaithersburg, MD, USA). Polyclonal antibodies for sPLA2-IIA were 

obtained from BioVendor (Candler, NC, USA). Anti-phospho-ERK1/2 and anti-ERK1/2 

were obtained from Cell Signaling Technology (Danvers, MA, USA), and p67 phox 

antibodies were obtained from Upstate (Billerica, MA, USA). SuperSignal West Pico 

chemiluminescence was purchased from Pierce (Rockford, IL, USA).  

 

2.2. Cell culture 

 The immortalized rat astrocyte cell line (DITNC) was maintained in DMEM with 

10% FBS and 1% penicillin/streptomycin (P/S) at 37 oC with 5% CO2 and 95% 

humidity. Prior to experiments, cells were starved for 4 hours in DMEM medium, 

followed by treatments with different conditions as described. Polyphenols and inhibitors 

were added to the cell medium 1 h before treatment with cytokines for 18 hours.  

 

2.3. Crude membrane preparation 

 In experiments requiring preparation of crude membrane fractions, astrocytes 

were pretreated with resveratrol or EGCG followed by exposing to IL-1! for 10 min.  

Cells were then suspended in 0.25 M sucrose, 5 mM MgCl2, 2 mM EGTA, 2 mM EDTA, 

10 mM Tris (pH 7.5), 10 µg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride (PMSF), 

10 µg/ml pepstatin, and 10 µg/ml aprotinin and were disrupted by brief sonication and 

centrifuged at 1000#g for 5 min at 4 °C to remove unbroken cells and nuclei. Supernatant 

was removed and centrifuged at 100,000#g for 1 h at 4 °C (SW40 rotor, Beckman 
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ultracentrifuge). The membrane pellet was resuspended in buffer with 0.5% (v/v) Triton 

X-100 for 1 h at 4 °C (Min et al., 2004) and expression of p67 phox protein was analyzed 

by Western blot.    

2.4. Western blot analysis 

 Astrocytes were cultured in 60 mm or 100 mm dishes until 90% confluent. After 

treatment, cells were washed with ice-cold PBS twice, followed by lysing with lysis 

buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 0.1% SDS, 1 mM PMSF, 

1 mM sodium orthovanadate, 1 !g/ml leupeptin, 1 !g/ml pepstatin, 10 !g/ml aprotinin). 

Protein concentrations were determined by the Bradford assay (Bradford, 1976). 

Equivalent amounts of protein for each sample were resolved in a 15% SDS-Page and run 

for 60 minutes at 200 V. Proteins were subsequently transferred at 100 V for 1 h to 

nitrocellulose membranes. Membranes were incubated in Tris-buffered saline, pH 7.4, 

with 0.5% Tween 20 (TBS-T) containing 5% nonfat milk for 1 h at room temperature. 

Blots were reacted with the primary antibody (TBS-T with 5% milk) at 4 oC overnight, 

washed 3 times for 5 min in TBS-T, and then incubation with the secondary antibody 

(TBS-T with 5% milk) for 1 h at room temperature. After washing 3 times for 5 min with 

TBS-T, SuperSignal West Pico chemiluminescence reagents from Pierce were used to 

signal detection. Band density was measured using Quantity One software (Bio-Rad, 

Hercules, CA, USA). In some studies, the blots were striped using the standard protocol, 

washed and re-probed with anti-"-actin. The following antibody concentrations or 

dilutions were used: sPLA2-IIA (1: 1000), phospho-ERK1/2 (1:1000), ERK1/2 (1:2000), 

p67 phox (1:1000), "-actin (1:30000) secondary antibodies (1:5000). 
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2.5. Semi-quantitative RT-PCR 

 Cells were washed with PBS following treatment and RNA was isolated with 

Trizol (Invitrogen) according to manufacturer’s instructions. A SuperScript III One-Step 

kit (Invitrogen) was used according to manufacturer’s instructions. Briefly, one 

microgram of RNA was used in the one-step RT-PCR with 50 pmol of the following 

oligonucleotide primers designed from rat gene sequences for sPLA2-IIA: sense 5$-

TGACTCATGACTGTTGTTACAACC-3$ and antisense 5$-

TCTCAGGACTCTCTTAGGTACTA-3$ (amplifies a 493 bp fragment); and for "-actin: 

sense 5$-TGGAGAAGAGCTATGAGCTGCCTG-3$ and antisense 5$-

GTGCCACCAGACAGCACTGTGTTG-3$ (amplifies a 289 bp fragment). Reverse 

transcription at 50°C for 30 min and inactivation of reverse transcriptase at 94 °C for 

2 min were followed by 40 cycles of amplification for sPLA2-IIA cDNA (annealing at 55 

°C for 1 min) or 30 cycles of amplification for "-actin cDNA (annealing at 55°C for 1 

min). Each cycle included a 15 s denaturation step at 94 °C, an annealing step, and a 

1 min extension step at 68 °C. A 5 min extension at 68 °C was carried out at the end of 

the final cycle. Amplified DNA was visualized on a 2% agarose gel with ethidium 

bromide and analyzed with Quantity One software.  

 

2.6. Reverse transcription  
 Reverse transcription of RNA was carried out using the Taqman Reverse 

Transcription Kit following the manufacturer’s instructions (Ambion, Austin, TX, USA). 

Briefly, RNA concentration was determined with spectrophotometry at 260 nm and 

concentrations of samples were normalized to 30 !g/ml. Oligo d(T)16 was combined with 

other reaction components, and 6.15 !l of reaction mix was added to each tube 
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containing 3.85 !l of RNA for a total volume of 10 !l. The samples were incubated at 25 

oC for 10 min, followed by the reverse transcription step at 48 oC for 30 min, and reverse 

transcriptase inactivation at 95 oC for 5 min. 

 

2.7. Quantitative real-time PCR 

 The ABI 7300 Taqman by Applied Biosystems was used for real-time PCR 

according to manufacturer’s instructions. A pre-designed primer and probe set was 

purchased for determination of expression of sPLA2-IIA (Assay ID Rn00580999) based 

on NCBI sequence NM 031598.1 with an amplicon length of 94 bp. A "-actin primer and 

probe was used as a control, with the following sequences: Forward 

5’GCCCTGGCTCCTAGCACC-3’, Reverse 5’CCACCAATCCACACAGAGTACTTG-

3’, and Probe 5’TGAAGATCAAGTCATTGCTCCTCCTGAGC-3’ with a FAM 

modification on the 5’ end, having an amplicon length of 73 bp. Briefly, 5 !l cDNA was 

combined with Taqman Universal PCR Master Mix, along with a FAM-MGB probe and 

primers, for a final concentration of 25 !l. The reaction plate was incubated as follows: 

50 oC for 2 min, 95 o C for 10 min, and 50 cycles of denature (95 oC for 15 sec) and 

anneal/extend (60 oC for 1 min). The CT was determined and sPLA2-IIA transcript 

concentration was normalized against that of "-actin.  

 

2.8. Statistical analysis 

Data were analyzed by one-way ANOVA followed by Newman-Keuls multiple 

comparison test (V4.00, GraphPad Prism Software, Inc., San Diego, CA). Values of 

p<0.05 were accepted as significant.  
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3. RESULTS 

3.1. Cytokine induction of sPLA2-IIA mRNA and protein expression in rat immortalized 

astrocytes (DITNC) 

 In the initial study, immortalized astrocytes (DITNC) were tested for induction of 

sPLA2-IIA mRNA expression by pro-inflammatory cytokines.  The RT-PCR study 

indicated induction of sPLA2-IIA mRNA upon exposure to IL-1! and TNF-# for 18 h 

(Fig 1A).  Exposure of astrocytes with interferon gamma (IFN-%) alone did not cause the 

induction of sPLA2-IIA mRNA (data not shown).   

 Western blot analysis was used to estimate sPLA2-IIA concentrations in the cell 

lysates and in the culture medium.  As shown in Fig 1B, exposure of astrocytes to TNF-# 

and IL-1! for 48 h induced visible sPLA2-IIA protein in both cell lysate and in the 

culture medium. Similar induction profile was observed in primary rat astrocytes (data 

not shown). 
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Figure 3.1 -  (A) Induction of sPLA2-IIA mRNA in immortalized rat astrocytes (DITNC) 

by IL-1b and TNFa. Astrocytes were treated with 4 ng/ml with IL-1! or TNF-# for 18 h 

prior to measurement of sPLA2-IIA mRNA expression by RT-PCR. Results are 

representative of three independent experiments. (B) Induction of sPLA2-IIA protein in 

astrocytes. DITNC astrocytes were cultured in 60 mm dish and serum-starved for 4 h 

prior to treatment with TNF-#, IL-1! and IFN-$ (10 ng/ml) for 48 h.  After treatment, 

culture medium was removed, cells washed with PBS and lysis buffer was added.  

Medium (40 ml) and cell lysate (15 mg protein) was used in Western blot as described in 

text.  !-actin in cell lysate was used as control.   

 

3.2. Involvement of protein kinases in the induction of sPLA2-IIA mRNA and protein by 

IL-1! 

 We tested the effects of several protein kinases, i.e., ERK1/2, p38 MAPK and PI-

3 kinase, on induction of sPLA2-IIA by IL-1!.  The MEK inhibitor, U0126, which 

inhibits MEK1/2, a direct activator of ERK1/2, was effective in inhibiting IL-1!-induced 

expression of sPLA2-IIA mRNA and protein (Fig 2).  However, SB203580, an inhibitor 

for p38 MAPK, did not alter IL-1! induced sPLA2-IIA expression (data not shown). As 

shown in Figure 3, IL-1! induced sPLA2-IIA up-regulation in DITNC cells was 

significantly attenuated by LY294002, a known inhibitor of PI-3 kinase.  
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Figure 3.2 -  U0126 (U), a MEK inhibitor, inhibited IL-1!-induced sPLA2-IIA mRNA 

and protein expressions in astrocytes.  (A) For mRNA expression, astrocytes were 

treated with U0126 (10 mM) alone, IL-1!(4 ng/ml) alone and IL-1! with U0126 (5 and 

10 mM) for 18 h.  U0126 was added to astrocytes 1 h before treating with IL-1!. sPLA2-

IIA expression was measured by real-time PCR relative to b-actin expression as 

described in text. Results are mean + SD from three experiments.  (B) For protein 

expression, astrocytes were treated with U0126 (10 mM), IL-1! (10 ng/ml), and IL-1! + 

U0126 for 48 h.  U0126 was added 1 h prior to adding IL-1!.  After incubation, cell 

lysates were taken for Western blot analysis as described in text. !-actin was used as 

control.  Results are mean + SD from three experiments. *p<0.05, **p<0.01, ***p<0.001 

vs. IL-1b. 
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Figure 3.3 - LY294002, a PI-3 kinase inhibitor, inhibited IL-1!-induced sPLA2-IIA 

mRNA expression in astrocytes.  Astrocytes were treated with LY294002 (LY, 50 mM), 

IL-1b (4 ng/ml), and IL-1b with LY at 10, 25, and 50 mM for 18 h. LY was added to 

astrocytes 1 h prior to treatment with IL-1b.  sPLA2-IIA mRNA expression was 

determined by real-time PCR with b-actin as control. Results are mean + SD from three 

experiments. ***p<0.001 vs. IL-1b. 

 

 

3.3. Inhibition of IL-1!-induced sPLA2-IIA mRNA expression by apocynin 

We tested the possible involvement of NADPH oxidase in mediating IL-1!-

induced sPLA2-IIA expression by treating astrocytes with apocynin, an inhibitor known 

to block the translocation of cytoplasmic subunits from docking with membrane subunits 

of NADPH oxidase (Stolk et al., 1994).  As shown in Fig 4, apocynin at 500 mM 
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effectively inhibited IL-1!-induced PLA2-IIA mRNA expression in astrocytes. Apocynin 

as well as the kinase inhibitors showed little to no effect on cell viability as demonstrated 

by MTT test (data not shown). 
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Figure 3.4 - Apocynin, an NADPH oxidase inhibitor, inhibited IL-1!-induced sPLA2-

IIA mRNA expression in astrocytes.   Astrocytes were treated with apocynin (Apo, 1 

mM), IL-1! (4 ng/ml), and IL-1! with apocynin at 500, 750 and 1000 mM for 18 h.  

Apocynin was added to astrocytes 1 h prior to treatment with IL-1!. sPLA2-IIA mRNA 

expression was determined using real-time PCR with !-actin as control. Results are mean 

+ SD from three experiments. ***p<0.001 vs. IL-1b. 

 

 

3.4. Botanical polyphenols inhibited IL-1!-induced sPLA2-IIA mRNA through NADPH 

oxidase pathway 

In this experiment, we tested the effects of resveratrol and EGCG on IL-1!-

induced sPLA2-IIA in astrocytes.  Our results show that pretreatment of astrocytes with 
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resveratrol resulted in an inhibition of IL-1!-induced expression of sPLA2-IIA mRNA 

(Fig 5). Similarly, pretreatment of astrocytes with EGCG also resulted in a dose-

dependent inhibition of IL-1!-induced sPLA2-IIA mRNA expression (Fig 6). 

 

 

Figure 3.5 - Resveratrol (Res) inhibited IL-1!-induced sPLA2-IIA mRNA expression 

in astrocytes.  Astrocytes were treated with resveratrol (50 mM), IL-1! (4 ng/ml) and IL-

1! with resveratrol at 25 or 50 mM for 18 h.  Resveratrol was added to astrocytes 1 h 

prior to treatment with IL-1!. sPLA2-IIA mRNA expression was determined using real-

time PCR with !-actin as control. Results are mean + SD from three experiments. 

***p<0.001 vs. IL-1b. 
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Figure 3.6 -  Epigallocatechin gallate (EGCG) inhibited IL-1!-induced sPLA2-IIA 

mRNA expression in astrocytes.  Astrocytes were treated with EGCG (50 mM), IL-1! (4 

ng/ml) and IL-1! with EGCG at 25 or 50 mM for 18 h.  EGCG was added to astrocytes 1 

h prior to treatment with IL-1b. sPLA2-IIA mRNA expression was determined using 

real-time PCR with !-actin as control. Results are mean + SD from three experiments. 

***p<0.001 vs. IL-1b. 

 

 With both resveratrol and EGCG inhibiting sPLA2-IIA mRNA expression, we 

further tested whether these compounds inhibit the translocation of the soluble NADPH 

oxidase subunit p67 phox to membranes.  After pretreatment with resveratrol or EGCG, 

astrocytes were exposed to IL-1! for 10 min and expression of p67 phox protein in the 
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membrane fraction was examined by Western blot analysis. As shown in Fig 7, IL-1! 

induced the translocation of p67 phox to the membrane fraction and resveratrol and 

EGCG each inhibited this translocation.
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Figure 3.7 - Resveratrol and EGCG inhibited IL-1!-induced translocation of p67 phox 

to the membrane fraction.  Astrocytes were treated with IL-1! (4 ng/ml) or IL-1! plus 

Res (50 mM) and EGCG (50 mM) for 10 min.  Cells were disrupted and cell cytosol and 

membrane fractions were separated by centrifugation as described in Method section. (A) 

Western blot analysis of p67 phox concentration in the membrane fraction compared to 

!-actin as control. (B) Relative intensity of p67 phox compared to !-actin.  Results are 

mean + SD from three independent experiments. ***p<0.001 vs. IL-1b. 
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3.5. Apocynin and botanical polyphenols inhibited IL-1b-induced ERK1/2 

phosphorylation 

 Since ERK1/2 has been shown to be activated following NADPH oxidase 

activation in astrocytes (Pawate et al., 2004), we investigated the effects of apocynin, 

resveratrol, and EGCG on the phosphorylation of ERK1/2 after stimulation of astrocytes 

with IL-1!. As shown in Fig 8, all three compounds inhibited IL-1!-induced increase in 

phospho-p42 ERK.   
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Figure 3.8 - Apocynin and resveratrol inhibited IL-1b-induced ERK1/2 

phosphorylation in astrocytes.  Astrocytes were treated with IL-1! (4 ng/ml), or IL-1! 

plus apocynin (1 mM) and Res (50 mM) for 10 min.  (A) Cell lysate was used for 

Western blot analysis for phospho-ERK1/2 and total ERK1/2.  (B)  Relative intensities of 

phospho-p42 ERK against total p42 ERK.  Results are mean + SD from three 

independent experiments. **p<0.01 vs. IL-1!. 

 

 

4. DISCUSSION 

The importance of sPLA2-IIA in neurodegenerative diseases, especially in 

association with inflammatory processes has started to emerge (Adibhatla and Hatcher, 

2007; Sun et al., 2007). Studies linking this enzyme with transgenic mouse models have 

been hampered due to a missense mutation in the sPLA2-IIA gene in a number of mouse 

strains (Kennedy et al., 1995).  However, studies with rat brain demonstrated the 

inflammatory properties of this enzyme and its upregulation in astrocytes by pro-

inflammatory cytokines including IL-1! and TNF-# (Oka and Arita, 1991; Tong et al., 

1999; Rosenberger et al., 2004; Moses et al., 2006).  In the present study, our Western 

blot analysis demonstrates for the first time that cytokine-induced sPLA2-IIA protein is 

secreted into the culture medium. This result is in agreement with our previous study 

showing active PLA2 activity in the culture media using radioactive phospholipids as 

substrate (Xu et al., 2003).      

Although a number of studies have demonstrated the transcriptional induction of 

sPLA2-IIA through the NF-"B pathway (Andreani et al., 2000; Lappas et al., 2004), less 
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is known about the roles of other signaling molecules in mediating the induction.  In this 

study, we used real-time PCR to measure sPLA2-IIA mRNA expression in astrocytes, 

and demonstrated the involvement of ERK1/2 and PI-3 kinase (but not p38 MAPK) in 

sPLA2-IIA expression by IL-1b. In the CNS, ERK1/2 are important signaling molecules 

that integrate extracellular signals (Sweatt, 2001; Chu et al., 2004). Furthermore, ERK1/2 

activation is implicated in a large number of intracellular factors, including Ca2+, PKC, 

nitric oxide, and PI-3 kinase (Andersen et al., 2003). In our recent studies with cortical 

neurons, ERK1/2 phosphorylation was stimulated by ROS produced by NADPH oxidase 

and in turn this signaling pathway led to activation of cPLA2 (Shelat et al., 2008). Other 

studies have also demonstrated that NADPH oxidase-generated ROS can activate the 

ERK1/2 pathway and vice versa, ERK1/2 activation can stimulate the phosphorylation of 

cytosolic subunits of NAPDH oxidase leading to an increased activity of the enzyme 

(Pawate et al., 2004; Miller et al., 2007; Yang et al., 2007a). In microglial cells, LPS-

induced activation of PI-3 kinase and p38 MAPK (but not ERK1/2) pathways is 

dependent on ROS production by NADPH oxidase (Sun et al., 2008b). These kinases are 

important in glial redox signaling and their inhibition can lead to the reduced production 

of inflammatory proteins (Bhat et al., 1998; Saha and Pahan, 2006; Yang et al., 2007b). 

Our results are in agreement with these findings. Interestingly, PKC activation of PI-3 

kinase (Frey et al., 2006) can modulate sPLA2-IIA expression in IL-1! treated mesangial 

cells (Scholz et al., 1999). Apparently, depending on the cell types, cytokines may 

stimulate different kinase pathways and regulate the transcriptional events leading to 

sPLA2-IIA expression. 
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Although the mechanism is not well understood, ROS have been shown to play a 

role as second messengers in NF-"B activation (Schreck et al., 1992; Baeuerle and 

Henkel, 1994; Flohe et al., 1997).  In this study, we provided evidence that NADPH 

oxidase-derived ROS is necessary for IL-1! induction of sPLA2-IIA.  Our results are in 

accordance with other findings which demonstrated the involvement of NADPH oxidase 

in neuroinflammatory processes, especially glial activation (Brown, 2007). NADPH 

oxidase is considered an important non-mitochondrial source of oxidative stress in the 

brain and has been implicated in a number of neurodegenerative diseases including 

Alzheimer’s, Parkinson’s, HIV dementia, ischemic stroke, and multiple sclerosis (Bedard 

and Krause, 2007).  The involvement of NADPH oxidase in IL-1!-mediated induction of 

sPLA2-IIA was demonstrated by inhibition with apocynin, a phenolic compound 

extracted from Picrorhiza kurroa, a creeping plant native to the mountains of India, 

Nepal, Tibet and Pakistan (Wang et al., 2008). Apocynin has been shown to block the 

activity of NADPH oxidase by interfering with the assembly of the cytosolic subunits 

with the membrane components (Stolk et al., 1994). The ability for apocynin to inhibit 

translocation of p67 phox to membranes is also indication for the involvement of 

NADPH oxidase in this process.   

Due to their antioxidant properties, there is considerable interest to examine 

whether polyphenolic compounds including resveratrol from grapes and EGCG from 

green tea may offer protective effects and ameliorate progression of neurodegenerative 

diseases (Joseph et al., 2000; Zaveri, 2006; Cucciolla et al., 2007; Mancuso et al., 2007; 

Son et al., 2008). Our earlier studies have demonstrated the abilities of resveratrol and 

also apocynin to protect against neuronal injury and glial activation due to cerebral 
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ischemia-reperfusion (Wang et al., 2002; Wang et al., 2006).  Other studies also 

demonstrated the ability of antioxidant botanical compounds to suppress the NF-kB 

pathway (Packer, 1998; Lavrovsky et al., 2000; Cindrova-Davies et al., 2007).  Indeed, 

recent findings have indicated that the neuroprotective actions of these compounds arise 

from their modulation of important cellular signaling pathways (Mandel et al., 2004). In 

the current study, apocynin, resveratrol and EGCG were shown to inhibit IL-1b-induced 

sPLA2-IIA mRNA expression in astrocytes. The fact that these compounds could inhibit 

p67 phox translocation and IL-I! induced ERK activation further supports the notion that 

these antioxidants may act by targeting the NADPH oxidase pathway. Our results are in 

agreement with recent study indicating that both resveratrol and EGCG could inhibit 

NADPH oxidase activity in endothelial cells (Steffen et al., 2008). 

In conclusion, this study provides evidence that protein kinases and oxidative 

pathways, most likely the NADPH oxidase pathway, promote the expression of sPLA2-

IIA mRNA in astrocytes.  This study further provides support for the down regulation of 

this inflammatory protein by inhibitors of NADPH oxidase and botanical antioxidants. 
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SUMMARY AND FUTURE DIRECTIONS 

Summary 

 Alzheimer’s disease has many aspects to its pathology, including inflammation 

and oxidative stress. The purpose of these research studies is to identify the role of 

sPLA2-IIA, based on the premise that sPLA2-IIA is upregulated by conditions in AD 

(cytokine induction, ROS generation), and that exogenous sPLA2-IIA has the capability 

to cause neuronal injury. To begin, we first needed to look at the localization and 

regulation of sPLA2-IIA in the AD brain. 

With our first study (Chapter 2) we were able to identify an increase in sPLA2-

IIA mRNA in hippocampus of AD brains, where most pathological changes occur. In 

cerebellum, no such increase in sPLA2-IIA mRNA was observed. With these results, we 

identified the localization to astrocytes of sPLA2-IIA protein, and found it higher in AD 

brains than non-dementia (ND) brains. Our next study identified the proximity of these 

reactive astrocytes with increased sPLA2-IIA near amyloid fibrils, suggesting that A-beta 

may participate in the induction of sPLA2-IIA mRNA through factors affecting the 

reactivity of the astrocytes. A-beta alone was capable of inducing sPLA2-IIA mRNA in 

cultured astrocytes. 

 Our second study (Chapter 3) took another step in our overall purpose, looking at 

the oxidative stress aspect of the AD pathology. We hypothesized that sPLA2-IIA was 

connected to ROS through NADPH oxidase. Our first studies looked at several kinases 

involved in the activation of NADPH oxidase, and we tested the corresponding cytokine-

stimulated upregulation of sPLA2-IIA mRNA while we inhibited those pathways. PI3-

kinase and ERK1/2, both involved in NADPH oxidase activation, were also playing a 
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role in sPLA2-IIA mRNA upregulation by IL-1b. Taking it a step further, we investigated 

an NADPH oxidase inhibitor, apocynin, and its corresponding effect on sPLA2-IIA, with 

the same results, an inhibition of sPLA2-IIA mRNA induction. Now with results of 

experiments involving kinases for the activation of NADPH oxidase, and an inhibitor of 

NADPH oxidase itself, we wanted to test the effects of two botanical polyphenols that 

have anti-oxidant properties. Resveratrol and epigallocatechin gallate (EGCG) were both 

able to affect NADPH oxidation, as evidenced by less p67phox translocation to the 

membrane. The next test then was to see the effect of these same compounds on the 

cytokine induction of sPLA2-IIA, and both resveratrol and EGCG were able to inhibit its 

induction. 

 There are a few limitations to these studies to point out. The study would be much 

stronger if we had a more direct NADPH oxidase inhibitor. Apocynin is known on a 

chemical level to inhibit NADPH oxidase, but it also may have other effects as it is 

known also to be an anti-oxidant. In addition, assays for measuring ROS in cells were not 

effective, most likely due to the amount of ROS generated not being proportional to the 

precision of the assay. Experiments looking at ROS on a microscopic level didn’t 

generate reliable data from experiment to experiment with the equipment we had 

available. 

 The third aspect of my doctoral work included a fellowship in bioinformatics 

from the NLM studying, training on, and developing web services. Web services is one 

of the strongest solutions to the problem of data integration between services and 

researchers. 
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 Workflows take web services and make them into a repeatable, multi-service 

process. In a workflow, software combines (or allows the user to combine) a series of 

coordinated services to create a data analysis pipeline. A workflow starts with an input, 

processes this input with one or more services, and then returns with the output. With the 

ability to discover web services with a registry and programmatically connect to these 

web services based on the input and output of each service, workflows can be designed 

and run to process scientific data. Ideally workflows can be saved, reused, and shared, 

making scientific data integration possible for even non-technical users. 

 For researchers of any computer skill level, the easiest way to access web services 

is to use existing applications and tools, like Taverna (http://mygrid.org.uk) or BioMOBY 

(http://biomoby.org). These tools make it simple to find and use available services, and 

typically output the data in a file or format for viewing. Many tools are available for 

simply accessing a single service, while only a few simplify the use of workflows to 

connect these web services systematically. 

One of the additional benefits of web services and workflows is the opportunity 

for data discovery. A researcher with data in hand could query a registry for services that 

take their data and show all possible services and possible outputs, giving the researchers 

a simple way to expand the use of their data beyond typical data analysis techniques used 

within the laboratory. With workflows being easy to reuse and share, the publication and 

sharing of a workflow is made possible for distribution and use within a multi-

collaborative study, as well as for other research groups to repeat and confirm 

experiments. 
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 The availability of web services and the development of neuroscience-specific 

ontologies should provide a means for improved data and service integration within the 

neuroscience discipline and other fields of study in the sciences. With the ongoing 

development of web services making use of protocols compatible with open projects like 

BioMOBY or myGrid, more opportunites for data integration, sharing, and discovery are 

on the horizon. 

 

 

Future Directions 

 The results of these studies have brought interesting and exciting results that give 

insight into the internal workings of astrocytes and sPLA2-IIA under these conditions. 

The next logical step, working on the basis of our studies, is to look at the activity and 

effect of sPLA2-IIA. Studies could include quantifying the secretion of sPLA2-IIA from 

astrocytes, and identifying the activity levels of the protein as it is secreted, and as it 

associates with other cell types. Performing experiments with co-cultures of astrocytes 

and neurons, and investigating the effect of reactive astrocytes secreting sPLA2-IIA in 

proximity to neurons in a perturbed state (similar to AD) would bring insight into 

whether sPLA2-IIA from reactive astrocytes could cause neuronal injury. The difficulty 

lies in being able to suppress sPLA2-IIA in the control, but it could be realized using new 

techniques such as RNAi. 

 From the perspective of oxidative stress, future studies could measure ROS 

production and characterize the role of ROS itself in sPLA2-IIA induction. The activation 

of NADPH oxidase and inhibition correlate with that of sPLA2-IIA mRNA, but the 
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question remains whether this is attributed to similar pathways and cross-talk, or whether 

ROS is a signaling molecule that affects factors involved in the upregulation of sPLA2-

IIA. 

 New advancements in animal models, such as the Samaritan Alzheimer’s Rat 

Model, would also give rise to opportunities for investigating the role of sPLA2-IIA in 

Alzheimer’s disease. Studies could identify the expression of sPLA2-IIA in this model, 

and correlate mRNA or protein expression with reactive astrocytes, A-! deposition, and 

other pathological indicators. The use of various sPLA2 inhibitors targeted to areas of 

high astrocyte reactivity and susceptibility to neuronal damage could help isolate the role 

of sPLA2 in the progression of the model, both molecular and behavioral. 
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