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BIOPHYSICAL AND PHOTOBIOLOGICAL 

MODULATIONS ON CELLULAR PATHWAYS IN 

ALZHEIMER’S DISEASE 

Xiaoguang Yang 

Dr. James C-M. Lee, Dissertation Supervisor 

 

ABSTRACT 

 

The overall goal of this thesis work is to study the effects of biomodulations on 

Alzheimer’s disease (AD) related cellular pathways, using biophysical and 

photobiological methods, including secretory phospholipase A2, various fatty acids 

treatments and low energy light irradiation. By increasing membrane fluidity in 

neuronal cells, secretory phospholipase A2 and unsaturated fatty acids with 4 or more 

double bonds are able to increase the secretion of neuroprotective and 

neurotrophic-secretase-cleaved soluble APP (sAPP). Low energy laser at 632.8 nm 

is able to suppress amyloid- peptide (A)-induced oxidative and inflammatory 

responses in primary astrocytes, suggesting it has neuroprotective effects against 

oxidative stress and inflammation in AD.  This thesis work provides insights into 

potential therapeutic treatments and prevention of AD.  

 



 

Chapter 1 

Introduction 

1.1 Alzheimer’s Disease and Amyloid- Peptide 

Alzheimer’s disease (AD) is a neurodegenerative disease named after German 

physician Alois Alzheimer, who first described the disease in 1906. As many as five 

million Americans are living with AD. AD is a progressive neurodegenerative 

disorder which affects higher cognitive functions, memory and learning, causing 

problems with thinking and behavior severe enough to affect work and social life. It 

gets worse over time and is fatal.  In AD brains, there is an increased deposition of 

amyloid plaques which is a pathologic characteristic of AD (Dickson, 1999; Frautschy 

et al., 1998; McGeer et al., 1987; Perlmutter et al., 1990; Selkoe, 2000; Stalder et al., 

1999).  The primary component of amyloid plaques is amyloid- peptide (A) 

(Selkoe, 2000) derived from the amyloidogenic pathway of amyloid precursor protein 

(APP) processing (Vassar, 2004).   

A monomers aggregate into oligomers, fibrils, and plaques, which have 

different impacts on cellular functions (Cleary et al., 2005; Mucke et al., 2000; 

Resende et al., 2008; Walsh et al., 2002; Westerman et al., 2002).  In fact, it has been 

reported that oligomeric A is more toxic than fibrillar and monomeric A (Resende 

et al., 2008).  Deposition of A in AD brains and cerebral vessels results in 

neurovascular dysfunction and chronic neurodegeneration (Hardy and Higgins, 1992).  

In addition, oligomeric A can induce oxidative stress, inflammation, apoptosis, 
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abnormal calcium homeostasis, and long-term potentiation, and self-assemble into 

large, voltage-independent, and non-selective ion channels at cell membranes 

(Berrocal et al., 2009; Murray et al., 2005; Lin et al., 1999; Rhee et al., 1998; Ye et al., 

1997; Arispe et al., 1993; Niu et al., 2009; Ho et al., 2001; Bokvist et al., 2004; 

Pensalfini et al., 2009; Koyama et al., 2008; Ferreiro et al., 2008; Resende et al., 

2008).  A can also perturb the molecular packing of cell membranes, resulting in 

subsequent alterations of biophysical properties of membranes, such as membrane 

microviscosity, membrane molecular order, membrane potential and permeability 

(Vaisid et al., 2008; Verdier et al., 2004; Verdier and Penke, 2004; Ditaranto et al., 

2001).  Altered membrane properties, in turn, may disrupt membrane functions, 

activities of membrane-related proteins, and many cellular pathways. For example, 

A itself accelerates the amyloidogenic processing of APP by reducing membrane 

fluidity (Peters et al., 2009).  

 

1.2 Membrane Properties on APP Processing  

In non-amyloidogenic pathway, APP can be cleaved between amino acids 16 

and 17 within the A domain by -secretase, to produce -secretase-cleaved soluble 

APP (sAPP) (Allinson et al., 2003; Esch et al., 1990).  Alternatively, in the 

amyloidogenic pathway, APP is cleaved sequentially by - and -secretases to 

produce A (Vassar, 2004).  Since the non-amyloidogenic pathway generates sAPP, 

known for its neurotrophic and neuroprotective effects (Thornton et al., 2006), and 

precludes the amyloidogenic pathway which generates neurotoxic A, increasing 

sAPP level has been suggested as a new strategy for the treatment of AD (Cheng et 
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al., 2007). 

APP, -, - and -secretases are transmembrane proteins and recent studies 

have also shown that APP processing is intimately related to the local membrane 

environment. The cleavage of APP by -secretase to produce sAPP mostly occurs in 

non-raft domains (Reid et al., 2007). On the other hand, the activity of -site APP 

cleaving enzyme (BACE) to produce neurotoxic A is favorable in lipid rafts, highly 

ordered membrane microdomains enriched in cholesterol, sphingolipids and saturated 

phospholipid (Kaether and Haass, 2004; Vetrivel et al., 2004; Cordy et al., 2003; 

Marlow et al., 2003; Ehehalt et al., 2003; Tun et al., 2002). Therefore, APP processing 

can be manipulated by modulating membrane lipid composition (Sawamura et al., 

2004; Simons et al., 1998; Kojro et al., 2001). In fact, removing cholesterol can 

increase membrane fluidity and recruit more APP on plasma membrane (Kojro et al., 

2001) and APP is more likely to be processed by -secretase on plasma membrane 

(Small and Gandy, 2006). Membrane fluidity is an important parameter for 

characterizing the physiological state of the cells.  Understanding the mechanisms 

leading to changes of membranes biophysics and how they result in changes in cell 

functions should provide insights into new therapeutic strategies for prevention and 

treatment of AD. 

 

1.3 Phospholipase A2 in AD 

The activation of phospholipases A2 (PLA2s) is associated with Adeposits 

(1999; Stephenson et al., 1996; Moses et al., 2006).  These enzymes are ubiquitous 
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in mammalian cells catalyzing the cleavage of fatty acids from sn-2 position of 

phospholipids. PLA2s are classified into three major families: calcium-dependent 

cytosolic PLA2 (cPLA2), calcium-independent PLA2 (iPLA2) and secretory PLA2 

(sPLA2). These enzymes are responsible for the maintenance of phospholipid 

homeostasis in cell membranes.  They are also important in production of lipid 

mediators, such as arachidonic acid (AA), a precursor for synthesis of eicosanoids 

(Sun et al., 2004; Murakami and Kudo, 2002). Aberrant activation of PLA2s occurs in 

a number of neurodegenerative diseases, including Alzheimer’s disease, Parkinson 

disease, ischemia, spinal cord trauma, and head injury (Farooqui and Horrocks, 2006; 

Moses et al., 2006; Muralikrishna Adibhatla and Hatcher, 2006; Sun et al., 2004; Sun 

et al., 2007; Farooqui et al., 2006; Yagami, 2006; Yedgar et al., 2006; Dennis, 1994; 

Murakami and Kudo, 2002; Sun et al., 2005). For example, it has been reported that 

immunoreactivity of cPLA2 (group IVA) increased in reactive astrocytes in severe 

AD patient brains (1999; Stephenson et al., 1996).  Additionally, increases in 

immunoreactivity of secretory phospholipase A2-IIA (sPLA2-IIA) in astrocytes were 

found in postmortem inferior temporal gyrus and hippocampal dentate gyrus and CA3 

field of AD brains (Moses et al., 2006).  Up-regulation of sPLA2-IIA mRNA was 

reported in the hippocampus (confined mainly to dentate gyrus and CA3 field) of AD 

patients (Moses et al., 2006).  cPLA2 mRNA was also up-regulated in the 

hippocampal CA1 field of AD patients (Colangelo et al., 2002).  Furthermore, A 

has been shown to activate cPLA2 in primary rat or mouse cortical neurons and in 

PC12 cells (Bate and Williams, 2007; Kriem et al., 2005; Chalimoniuk et al., 2007; 
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Shelat et al., 2008).  

PLA2 plays key roles in modulation of membrane properties under pathological 

and physiological conditions. For instance, the treatment of immortalized astrocytes 

(DITNC) with Acauses increased reactive oxygen species (ROS) production from 

NADPH oxidase and activation of cPLA2, which in turn increased membrane 

molecular order (Hicks et al., 2008).   Methylarachidonyl fluorophosphonate 

(MAFP), the inhibitor of cPLA2 and iPLA2, suppressed the increase in membrane 

order; but bromoenol lactone (BEL), the specific inhibitor of iPLA2, did not.  These 

results suggest that cPLA2 but not iPLA2 mediated the A-induced membrane 

molecular order increase (Hicks et al., 2008).  In primary rat cortical astrocytes, ROS 

induced by menadione, a redox active agent, also alters astrocyte membrane 

molecular order through activation of cPLA2 (Zhu et al., 2009). In AD brains, there is 

evidence for reduced membrane fluidity together with decreased PLA2 activity 

(Eckert et al., 2000; Gattaz et al., 1995; Ross et al., 1998).  Other studies also show 

that inhibition of PLA2 reduces membrane fluidity (Forlenza et al., 2007; Schaeffer et 

al., 2005).  Injection of PLA2 inhibitor into the CA1 area of rat hippocampus resulted 

in reduced membrane fluidity as compared to control (Forlenza et al., 2007; Schaeffer 

et al., 2005).  Additionally, inhibition of PLA2 activity also impaired the formation 

of short- and long-term memory (Forlenza et al., 2007; Schaeffer et al., 2005).  

Among many types of secretory PLA2s, sPLA2-III has been found to express in 

human neuronal cells and contribute to neuronal differentiation and survival (Masuda 

et al., 2008). This protein has been reported to alter cellular membrane properties 

 5



 

(Best et al., 2002). These lead to a new hypothesis that the sPLA2-III and its 

hydrolyzed products induce change in membrane fluidity and subsequently alter APP 

processing in human neuroblastoma SH-SY5Y cells, which was tested in Chapter 2. 

In addition, our data showed that hydrolyzed products of PLA2, arachidonic acid (AA, 

20:4, unsaturated fatty acid), but not palmitic acid (PA, 16:0, saturated fatty acid), 

increased the membrane fluidity and sAPP secretion. These results lead to another 

new hypothesis that the effects of fatty acids (e.g. AA) on membrane fluidity and 

sAPP secretion are dependent on the number of double bonds (unsaturation) in the 

hydrocarbon chains of fatty acids. We tested this hypothesis in Chapter 3.  

As mentioned previously, up-regulation of sPLA2-IIA mRNA was found in the 

hippocampus of AD patients (Moses et al., 2006).  Increased sPLA2-IIA mRNA 

expression was also reported in DITNC cells with cytokine treatment (Li et al., 1999; 

Wang and Sun, 2000; Jensen et al., 2009).  Astrocytes are immune active cells and 

are responsive to cytokines. In Chapter 4, we tested the hypothesis that cytokines 

induce DITNC cells to secrete sPLA2-IIA which has similar effects on membrane 

fluidity and sAPP production in SH-SY5Y cells as sPLA2-III does. 

 

1.4 Oxidative Stress in AD 

Oxidative stress (OS) has been implicated in many neurodegenerative diseases 

including Alzheimer’s disease (Behl et al., 1994; Behl and Holsboer, 1998; Simonian 

and Coyle, 1996). Over-production of reactive oxygen species (ROS), including H2O2, 

O2
-• and OH•, leads to damage of basic components in cells, including lipids (Yan et 
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al., 1994), DNA (Mecocci et al., 1994) and proteins (Smith et al., 1991). These 

damages, in turn, disrupt normal cellular pathways and molecular organizations of 

membranes, receptors and cytoskeleton. A accumulation (Gouras et al., 2000), 

NADPH oxidase (Abramov et al., 2004) and mitochondrial abnormalities (Hirai et al., 

2001) are the important sources of ROS. NADPH oxidase is an enzyme complex 

consisting of six subunits (Mizrahi et al., 2006; Groemping and Rittinger, 2005). To 

be activated, the cytosolic subunits (p47phox, p67phox, p40phox and Rac) need to 

translocate to the membrane and combine with the membrane-associated subunits 

(gp91phox and p22phox) resulting in the formation of ROS which can be toxic to 

neighboring neurons in AD brains (Abramov et al., 2004; Qin et al., 2002; 

Shimohama et al., 2000). In turn, oxidative stress evokes many signaling pathways 

including extracellular signal-regulated kinase 1/2 (ERK1/2) (Houle et al., 2003; 

Rosenberger et al., 2001). Activation of kinase pathways can further trigger critical 

downstream pathways, such as activation of cPLA2 (Huber et al., 2006; You et al., 

2005). Consistent with this line of evidence, it has been reported that oligomeric A 

enhanced ROS production from cortical neurons through NADPH oxidase (Shelat et 

al., 2008). ROS derived from NADPH oxidase triggered the phosphorylation of 

ERK1/2 which are widely expressed and involved in various cellular functions, 

activated cPLA2, and induced AA release (Shelat et al., 2008). Our laboratory has 

reported that oligmeric A activated NADPH oxidase to induce ROS and to activate 

cPLA2 in primary rat astrocytes (Zhu et al., 2006). Activated cPLA2, in turn, targeted 

mitochondria leading to m loss and increase in ROS from mitochondria (Zhu et al., 
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2006). It is reasonable to suggest at least two major mechanisms for A to induce 

ROS production, initially from NADPH oxidase and subsequently from mitochondria. 

 

1.5 Photobiological Modulation on Oxidative Stress and Inflammation 

Low energy light has been reported to attenuate OS and inflammation (Fillipin 

et al., 2005; Aimbire et al., 2008; Boschi et al., 2008; Hammer et al., 2008; Lim et al., 

2007; Freitas et al., 2001; Sakurai et al., 2000) although the mechanism needs to be 

further understood. Low energy light therapy has also been used to protect neurons 

against neurotoxicity (Liang et al., 2006; Wong-Riley et al., 2005) and help wound 

healing and tissue repair in animal models (Reis et al., 2008; Aimbire et al., 2008; 

Correa et al., 2007; Albertini et al., 2007; Viegas et al., 2007; Whelan et al., 2001, 

2003), which implies various promising clinical applications.  Interestingly, low 

energy laser (=635nm) increases m and ATP synthesis (Bortoletto et al., 2004), 

suggesting that the light can attenuate OS through its ability to modulate 

mitochondrial activities. In fact, it has been shown that low energy laser therapy 

prevented OS, e.g., in traumatized Achilles tendon (Fillipin et al., 2005). In Chapter 5, 

we tested the hypothesis that the laser (=632.8nm) has the capability of suppressing 

A-induced NADPH oxidase activation and its downstream pathways including 

activation of cPLA2 and inflammatory responses.  
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2.1 Summary 

In the non-amyloidogenic pathway, amyloid precursor protein (APP) is cleaved 

by -secretases to produce -secretase-cleaved soluble APP (sAPP) with 

neuroprotective and neurotrophic properties; therefore, enhancing the 

non-amyloidogenic pathway has been suggested as a potential pharmacological 

approach for the treatment of Alzheimer’s disease (AD). Here we demonstrated the 

effects of type III secretory phospholipase A2 (sPLA2-III) on sAPP secretion. 

Exposing differentiated neuronal cells (SH-SY5Y cells and primary rat neurons) to 

sPLA2-III for 24 h increased sAPP secretion, decreased levels of A42 in SH-SY5Y 

cells and these changes were accompanied by increased membrane fluidity. We 

further tested whether sPLA2-III-enhanced sAPP release is due in part to the 

production of its hydrolyzed products, including arachidonic acid (AA), palmitic acid 

(PA), and lysophosphatidylcholine (LPC).  The addition of AA but neither PA nor 

LPC mimicked sPLA2-III-induced increases in sAPP secretion and membrane 

fluidity. Treatment with sPLA2-III and AA increased accumulation of APP at the cell 

surface but did not alter total expressions of APP, -secretases, and -site APP 

cleaving enzyme (BACE).  Taken together, these results support the hypothesis that 

sPLA2-III enhances sAPP secretion through its action to increase membrane fluidity 

and recruitment of APP at the cell surface.  
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2.2 Introduction 

The senile plaque composed of neurotoxic amyloid- peptide (Aβ) is a 

pathologic characteristic of Alzheimer's disease (AD) (Dickson, 1999; Frautschy et al., 

1998; McGeer et al., 1987; Perlmutter et al., 1990; Selkoe, 2000; Stalder et al., 1999).  

In the amyloidogenic pathway, A is derived from a proteolytic process of amyloid 

precursor protein (APP), in which APP is cleaved sequentially by - and -secretases 

(Vassar, 2004).  Alternatively, the non-amyloidogenic pathway is mediated by 

-secretase which cleaves between amino acids 16 and 17 within the A domain.  

This secretase is a member of the ADAMs (a disintegrin and metalloprotease) family 

and produces a soluble fragment of APP generally regarded as sAPP (Allinson et al., 

2003; Esch et al., 1990).  Due to the neurotrophic and neuroprotective properties of 

sAPP (Thornton et al., 2006), increasing the APP processing by -secretase has been 

suggested as a new strategy for the treatment of AD (Cheng et al., 2007).   

APP is a transmembrane protein and recent studies show that APP processing 

can be affected by the local membrane environment. The activity of -site APP 

cleaving enzyme (BACE) to produce neurotoxic A is favorable in lipid rafts, which 

are highly ordered membrane microdomains enriched in cholesterol, sphingolipids 

and saturated phospholipids (Cordy et al., 2003; Ehehalt et al., 2003; Kaether and 

Haass, 2004; Marlow et al., 2003; Tun et al., 2002; Vetrivel et al., 2004).  On the 

other hand, cleavage of APP by -secretases is known to occur mainly in non-raft 

domains (Reid et al., 2007).  Therefore, APP processing can be altered by 

manipulating membrane lipid composition, such as cholesterol and sphingolipids 
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removals (Kojro et al., 2001; Sawamura et al., 2004; Simons et al., 1998; von Arnim 

et al., 2008). 

Phospholipases A2 (PLA2s) are ubiquitous enzymes responsible for 

maintenance of phospholipid homeostasis in cell membranes. Aberrant PLA2 activity 

has been implicated in neurodegenerative diseases, including Alzheimer disease, 

Parkinson disease, ischemia, spinal cord trauma, and head injury (Farooqui and 

Horrocks, 2006; Moses et al., 2006; Muralikrishna Adibhatla and Hatcher, 2006; Sun 

et al., 2004). Among many types of secretory PLA2s, sPLA2-III has been found to 

express in human neuronal cells and contribute to neuronal differentiation (Masuda et 

al., 2008). sPLA2-III from bee venom is highly homologous to the enzymatic-active 

central s-domain of human sPLA2-IIIs (Valentin et al., 2000).  This protein has been 

reported to alter cellular membrane properties (Best et al., 2002).  In this study, we 

investigated whether sPLA2-III alters sAPP in differentiated neuronal cells including 

SH-SY5Y cells and primary rat neurons, and A secretion. In addition, we also 

examined the effects of its hydrolyzed products, i.e., arachidonic acid (AA), palmitic 

acid (PA) and lysophosphatidylcholine (LPC), on sAPP secretion, membrane fluidity, 

recruitment of APP to the cell surface, as well as expressions of -secretases and 

-site APP cleaving enzyme (BACE). 
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2.3 Materials and Methods 

Chemicals and Reagents 

Dulbecco’s modified Eagle’s medium (DMEM) with high glucose, DMEM/F12 

medium (1:1), Ham’s F-12 medium, fetal bovine serum (FBS), penicillin and 

streptomycin (pen/strep) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) were from Invitrogen (Carlsbad, CA). Neurobasal medium, B27 and 

trypsin-EDTA were obtained from Gibco (Carlsbad, CA). Bee venom sPLA2-III was 

from Cayman Chemical (Ann Arbor, MI).  Arachidonic Acid (AA), 

L-α-lysophosphatidylcholine (LPC), palmitic Acid (PA), phorbol 12-myristate 

13-acetate (PMA), dimethyl sulfoxide (DMSO), all-trans retinoic acid (RA) and 

poly-L-lysine were from Sigma-Aldrich (St. Louis, MO). 

Farnesyl-(2-carboxy-2-cyanovinyl)-julolidine (FCVJ) was from Dr. Haidekker’s 

Laboratory (Univerisity of Georgia) (Nipper et al., 2008). 

Cell Culture 

Human neuroblastoma SH-SY5Y cells (1.0x105 cells/well) were seeded into 

12-well plates or 1.0 x106 cells/dish into 60 mm dishes and were cultured in 

DMEM/F12 medium (1:1) containing 10% FBS.  For differentiation, SH-SY5Y cells 

were exposed to 10 μM RA for 6 days with change of fresh culture medium every 2 

days.  

Primary cortical neurons were prepared from embryonic day 17 (E17) 

Sprague–Dawley rats as described previously (Satoh et al., 2008) with a slight 

modification. In brief, cortical neurons were enzymatically dissociated (0.05% trypsin 
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with EDTA) and dispersed into a single-cell suspension with pasture pipette and 

seeded onto glass growth chambers and 6-well dishes coated with 50mg/L 

poly-L-lysine. The cells were maintained in neural basal medium with 2% B27, 2 mM 

glutamine, and 1% pen/strep for 7 days before experiments.  All cells were 

maintained at 37oC in a 5% CO2 humidified incubator. 

Cell Viability by MTT Test 

Cell viability was determined by MTT reduction.  Briefly, differentiated 

SH-SY5Y cells or primary neurons cultured in 12-well plates were treated with 

different compounds, e.g. sPLA2-III, AA, LPC, and PA.  After treatment, medium 

was removed and 1 ml of MTT reagent (0.5mg/ml) in DMEM was added into each 

well. Cells were incubated for 4 h at 37˚C and after dissolving formazan crystals with 

DMSO, absorption at 540 nm was measured. 

Characterization of Membrane Fluidity by Fluorescence Microscopy of 

FCVJ-Labeled Cells 

A fluorescent molecular rotor, farnesyl-(2-carboxy-2-cyanovinyl)-julolidine 

(FCVJ) was used to measure the relative membrane fluidity in SH-SY5Y cells.  

FCVJ was designed to be a more membrane-compatible fluorescent molecular rotor 

(Haidekker et al., 2001) with the quantum yield strongly dependent on the local free 

volume. A higher fluorescent intensity of FCVJ reflects the intramolecular-rotational 

motions being restricted by a smaller local free volume, indicating a more viscous 

membrane.  Previously, we have verified the application of FCVJ for measuring 

membrane viscosity by comparing the results obtained using FCVJ with those from 
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the technique of fluorescence recovery after photobleaching (FRAP) (Nipper et al., 

2008).  In this study, we adapted the protocol from Haidekker et al. (2001) to 

fluorescently label cells with FCVJ.  Briefly, after undergoing different treatment 

protocols, e.g. sPLA2-III, AA, PA, and LPC, SH-SY5Y cells or primary neurons were 

washed with PBS and incubated in DMEM containing 20% FBS and 1μM FCVJ for 

20 minutes.  Excess FCVJ was removed by washing cells with PBS three times.  

Fluorescent intensity measurements were performed at room temperature using a 

Nikon TE-2000 U fluorescence microscope with an oil immersion 60X objective lens. 

Images were acquired using a CCD camera controlled by a computer running a 

MetaVue imaging software (Universal Imaging, PA).  The fluorescent intensities of 

FCVJ per cell were measured.  Background subtraction was done for all images prior 

to data analysis. 

Western Blot Analysis of sAPPReleased from SH-SY5Y Cells and Primary 

Neurons 

After treating cells with sPLA2-III or lipid metabolites for 24 h, culture medium 

was collected and the same volume of the cell lysate from each sample was used for 

Western blot analysis using β-actin as internal standard. The culture medium was 

centrifuged at 12,000 x g for 5 min to remove cell debris, and the same volume of 

medium from each sample (e.g., 40l) was diluted with Laemmli buffer, boiled for 5 

min, subjected to electrophoresis in 7.5% SDS-polyacrylamide gels, and transferred to 

nitrocellulose membranes. Membranes were blocked for 1 h with 5% (w/v) nonfat dry 

milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBST) and were 
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incubated overnight at 4˚C in 3% (w/v) bovine serum albumin (BSA) with 0.02% 

(w/v) sodium azide in TBST with a 6E10 monoclonal antibody (1:1000 dilution; 

Millipore, Billerica, MA) that recognizes residues 1–17 of the A domain of human 

sAPP or with a rodent specific polyclonal antibody (1:1000 dilution; Covance, 

Dedham, MA). Membranes were washed three times during a 15-min period with 

TBST and incubated with horseradish peroxidase-conjugated goat anti-mouse IgG 

antibody (1:2000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) in 5% (w/v) 

nonfat dry milk in TBST at room temperature for 1 h.  After washing with TBST for 

three times, the membrane was subjected to SuperSignal West Pico Chemiluminescent 

detection reagents from Pierce (Rockford, IL) to visualize bands. The protein bands 

detected on x-ray film were quantified using a computer-driven scanner and Quantity 

One software (Bio-Rad). 

Western Blot Analysis of APP, ADAM9, ADAM10, ADAM17 and BACE1 in 

SH-SY5Y Cells  

After treatments, the protein concentration of the cell lysate was determined by 

BCA protein assay kit (Pierce Biotechnology, Rockford, IL) according to the 

manufacturer’s instruction. Equivalent amounts of protein from each sample (e.g., 30 

g) was diluted with Laemmli buffer, boiled for 5 min, subjected to electrophoresis in 

7.5% SDS-polyacrylamide gels, and transferred to nitrocellulose membranes.  

Membranes were blocked for 1 h with 5% (w/v) nonfat dry milk in Tris-buffered 

saline containing 0.1% (v/v) Tween 20 (TBST) and were incubated overnight at 4˚C 

in 3% (w/v) BSA with 0.02% (w/v) sodium azide in TBST with 6E10 monoclonal 
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antibody, anti-ADAM9 antibody (1:1000 dilution; Abcam, Cambridge, MA), 

anti-ADAM10 antibody (1:1000 dilution; Millipore, Billerica, MA), anti-ADAM17 

antibody (1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) or 

anti-BACE1 antibody (1:1000 dilution; Sigma-Aldrich, St. Louis, MO).  Membranes 

were washed three times during a 15-min period with TBST and incubated with 

horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG antibody 

(1:2000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) in 5% (w/v) nonfat dry 

milk in TBST at room temperature for 1 h. After washing with TBST for three times, 

the membrane was subjected to SuperSignal West Pico Chemiluminescent detection 

reagents from Pierce (Rockford, IL) to visualize bands. The protein bands detected on 

x-ray film were quantified using a computer-driven scanner and Quantity One 

software (Bio-Rad). 

Immunofluorescent Staining and Assessment of APP at the Cell Surface of 

SH-SY5Y Cells 

SH-SY5Y cells were plated onto cover slips. After differentiation and 

treatments, cells were fixed in PBS containing 4% paraformaldehyde without prior 

permeablization with detergent.  After washing three times with PBS, nonspecific 

binding of antibodies was blocked by 5% goat serum for 1 h at room temperature.  

Cells were then incubated overnight at 4˚C in 3% goat serum with anti-APP mouse 

antibody (1:200 dilution; assay designs, Ann Arbor, MI) that recognizes the 

N-terminus of APP.  The cover slips were washed with PBS and incubated for 1 h at 

room temperature with fluorescein isothiocyanate (FITC)-labeled goat anti-mouse 
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secondary antibody (1:400, Santa Cruz, CA) and washed with PBS.  Cover slips 

were then mounted and fluorescent intensity measurements were performed at room 

temperature using the Nikon TE-2000 U fluorescence microscope and oil immersion 

60X objective lens.  Images were acquired using a CCD camera controlled by a 

computer running a MetaVue imaging software (Universal Imaging, PA).  The 

fluorescent intensities per cell area were measured. Background subtraction was done 

for all images prior to data analysis. 

FACS Analysis of APP at Cell Surface of SH-SY5Y Cells 

After differentiation and treatments, SH-SY5Y cells were detached with 

non-enzymatic cell dissociation solution (Gibco, Carlsbad, CA). The cells were fixed 

in PBS containing 4% paraformaldehyde without permeablization. After washing 

three times with PBS, nonspecific binding of antibodies was blocked by 5% goat 

serum for 1 h at room temperature. The cells were then incubated for 2 h at room 

temperature in 3% goat serum with anti-APP mouse antibody (1:200 dilution; Assay 

Designs, Ann Arbor, MI) that recognizes the N-terminus of APP. After washing with 

PBS, cells were then incubated for 1 h at room temperature with FITC-labeled goat 

anti-mouse secondary antibody (1:400, Santa Cruz, CA) and washed with PBS. 

Background fluorescence intensity was assessed in the absence of primary antibody. 

All measurements were performed on a FACScan flow cytometry system (BD 

Biosciences, San Jose, CA) equipped with an argon laser. The excitation wavelength 

was 488 nm and emission intensity was detected with a FITC 525/30 nm filter set. 

10,000 cells were analyzed from each sample. Curves were generated with CellQuest 
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software (BD Biosciences, San Jose, CA) and the median values of intensity were 

measured for data analysis. 

Quantification of Secreted A1-42  

After treatments, culture medium was collected, supplemented with protease 

inhibitor cocktail and centrifuged at 12,000 x g for 5 min at 4˚C to remove cell debris. 

An aliquot (100 l) of supernatant was used for A1-42 quantification using an ELISA 

kit (Invitrogen, Carlsbad, CA) following manufacturer’s recommendation. According 

to the instruction manual, substances including A, A, A, A, A, 

A, A and APP have no cross-reactivity. The minimum detectable dose of 

A1-42 is <1.0 pg/ml. The level of A1-42 in each sample was measured in duplicate 

and expressed in pg/ml. 

Statistical Analysis 

Data are presented as mean ± SD from at least three independent experiments. 

Comparison between two groups was made with a student’s t test. Comparisons of 

more than two groups were made with one-way ANOVA, followed by Bonferroni’s 

post hoc tests. Values of p< 0.05 are considered to be statistically significant. 

 

2.4 Results 

Exogenous sPLA2-III and AA Increased sAPP Secretion in Neuronal Cells 

sPLA2-III hydrolyzes sn-2 fatty acids of phospholipids in cell membranes, 

resulting in release of polyunsaturated fatty acids and lysophospholipids. To test 

whether fatty acids or lysophospholipids are responsible for the increase in sAPP 
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secretion and alteration of membrane fluidity, we used arachidonic acid (AA) and 

lysophosphatidylcholine (LPC) as representative polyunsaturated and 

lysophospholipids, respectively. For a negative control, palmitic acid (PA), a saturated 

fatty acid and not likely a hydrolyzed product of sPLA2-III, was also applied.   

Since sPLA2-III from bee venom is highly homologous to the sPLA2-III in 

human (Valentin et al., 2000), sPLA2-III from bee venom was used to investigate the 

effect of sPLA2-III on sAPP secretion in neuronal cells in relation to membrane 

fluidity. We first examined the viability of SH-SY5Y cells and primary rat neurons in 

response to different doses of sPLA2-III using the MTT test.  As shown in Fig. 1, 

there is a dose-dependent decrease in cell viability upon exposing SH-SY5Y cells and 

primary neurons to sPLA2-III for 24 h. Based on these results, subsequent studies 

used 100 and 500 ng/ml of sPLA2-III for treating SH-SY5Y cells, and 50 and 100 ng 

for treating primary neurons.  Similar approaches were applied to determine the 

concentrations of AA (Fig. 1B), PA and LPC (data not shown) for this study.  A 1 

M and 10 M of AA (Fig. 1B), 10 M and 100 M of PA, and 1 M and 10 M of 

LPC were used in this study. 

Western blot analysis showed that sPLA2-III and AA increased sAPPsecretion 

in SH-SY5Y cells in a dose-dependent manner (Fig. 2A).  Since it has been reported 

that PMA, a PKC agonist, increases sAPP secretion (Camden et al., 2005; Caporaso 

et al., 1992; Slack et al., 1993), treatment with PMA (10 nM) was used as a positive 

control.  However, PA and LPC did not alter sAPP secretion (Fig. 2A).  The 

increase in sAPP secretion induced by sPLA2-III and AA was not due to the change 
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of APP content in cells as shown in Figure 2B that exposing cells to sPLA2-III, AA, 

LPC and PA for 24 h did not alter total APP expression in SH-SY5Y cells (Fig. 2B).  

Consistent with the results from SH-SY5Y cells, sPLA2-III also increased sAPP 

secretion in primary rat neurons (Fig. 2C).  

sPLA2-III and AA Increased Membrane Fluidity 

To study the effects of sPLA2-III and its hydrolyzed products on membrane 

fluidity, we applied a fluorescent molecular rotor, FCVJ.  As explained in the 

Materials and Methods section, FCVJ integrated into a highly fluidized membrane 

exhibits lower quantum yield, as reflected by a lower fluorescent intensity. To validate 

the application of this technique for the measurement of membrane fluidity in 

neuronal cells, we exposed cells to ethanol (EtOH), a compound known to increase 

membrane fluidity, and measured the fluorescent intensity of FCVJ integrated in cell 

membranes.  Consistent with the notion that EtOH makes phospholipid bilayer 

membranes become more fluidized, EtOH caused a decrease in fluorescent intensity 

of FCVJ in SH-SY5Y cell and primary rat neuron membranes (data not shown).  

After treatment with sPLA2-III and AA, cells exhibited a lower fluorescent intensity 

of FCVJ as compared to control (Fig. 3A and B), indicating that sPLA2-III and AA 

increased membrane fluidity in SH-SY5Y cells. These results are in agreement with 

the ability for sPLA2-III to increase membrane fluidity. However, PA and LPC were 

not capable of increasing membrane fluidity (Fig. 3B).  Consistent with the results 

from SH-SY5Y cells, sPLA2-III was capable of increasing membrane fluidity in 

primary rat neurons.  Together with the results for sAPP secretion, these data 
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suggest that sPLA2-III and AA increased sAPP through their actions to increase 

membrane fluidity. 

sPLA2-III and AA Increased APP at the Cell Surface of SH-SY5Y cells  

There is strong evidence suggesting that the amyloidogenic pathway to generate 

A occurs preferentially in the intracellular compartments, whereas the 

non-amyloidogenic pathway for production of sAPP preferentially occurs at the 

plasma membranes (Cirrito et al., 2008; Haass et al., 1993; Kinoshita et al., 2003; Koo 

and Squazzo, 1994; Rajendran et al., 2008; Schobel et al., 2008; Small and Gandy, 

2006; von Arnim et al., 2008).  Based on results of our studies, it is reasonable to 

hypothesize that sPLA2-III and AA alter APP metabolism resulting in an increase of 

APP at the cell surface of SH-SY5Y cells.  To test this hypothesis, we fluorescently 

labeled the extracellular domain of APP without invoking the procedure for 

membrane permeabilization. Immunofluorescence microscopy of APP at the cell 

surface showed that sPLA2-III enhanced the labeling of APP at the cell surface (Fig 

4A).  Quantitative measurement of the fluorescent intensity indicated both sPLA2-III 

and AA increased APP at the membrane surface by ~ 50%, whereas LPC and PA did 

not cause any significant changes as compared to control (Fig. 4A). Consistent results 

were also obtained using the technique of fluorescence-activated cell sorting (FACS) 

(Fig. 4B).  

sPLA2-III, AA, PA, and LPC did not Alter Expressions of Total -secretases in 

SH-SY5Y Cells      

Since incubation of sPLA2-III and its hydrolytic products for 24 h may change 
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-secretase expression for release of sAPP Western blot analysis showed that 

exposure of sPLA2-III and its hydrolytic products to SH-SY5Y cells for 24 h did not 

alter the expressions of different isoforms of -secretases including ADAM 9, 

ADAM10, and ADAM17 (Fig. 5).  These results show that APP (Fig. 2B) and 

-secretases expressions were not factors in the increase in sAPP secretion in 

SH-SY5Y cells induced by sPLA2-III and AA.    

sPLA2-III Decreased Secretion of A1-42 in SH-SY5Y Cells 

Since sPLA2-III and AA increase the secretion of sAPP, they may decrease the 

secretion of A1-42 in SH-SY5Y cells and primary rat neurons.  Fig. 6 shows that 

ELISA measurement of A1-42 secreted from SH-SY5Y cells was decreased upon 

treatment of sPLA2-III for 24 h.  Consistent results were obtained from primary rat 

neurons (data not shown).  On the other hand, AA, LPC and PA did not induce a 

significant change in A1-42 (data not shown).  The reduction in secretion of A1-42 

was not due to the change in -site APP cleaving enzyme (BACE), since sPLA2-III 

and its hydrolyzed products did not alter the expression of BACE1 in SH-SY5Y cells 

(Fig.7).  

 

2.5 Discussion  

This study demonstrated, for the first time, the ability for exogenous sPLA2-III 

to cause the increase in sAPP release from differentiated SH-SY5Y cells and primary 

neurons. This study further unveiled a special sensitivity of low concentration of AA 

in mediating the non-amyloidogenic pathway of APP processing and attributed its 
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effect to an increase in membrane fluidity but not protein synthesis.  

There is strong evidence that PLA2, including the group IV cPLA2 and group 

IIA sPLA2, participate in the pathogenesis of AD. Previous studies demonstrated an 

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

Stephenson et al., 1996, 1999), and sPLA2-IIA (Moses et al., 2006) in AD brains. We 

have also reported that both cPLA2 and calcium-independent PLA2 (iPLA2) are key 

enzymes mediating A-induced mitochondrial dysfunction in primary rat astrocytes 

(Zhu et al., 2006).  The role of cPLA2 in ameliorating cognitive deficits in a AD 

mouse model was recently demonstrated using cPLA2 deficient mice cross with APP 

transgenic mice (Sanchez-Mejia et al., 2008). Most recently, sPLA2-III has been 

reported to express in neuronal cells such as peripheral neuronal fibres, spinal dorsal 

root ganglia neurons and cerebellar Pukinje cells, and the expression of sPLA2-III in 

these cells has been suggested to contribute to neuronal differentiation and neuronal 

outgrowth (Masuda et al., 2008).  Human sPLA2-III is comprised of unique N- and 

C-terminal domains and a central domain, the S domain. The mature form of human 

sPLA2-III contains only the S domain, which is sufficient for enzymatic function 

(Murakami et al., 2003, 2005; Valentin et al., 2000). Bee venom sPLA2-III has high 

homology with the S domain of human sPLA2-III (Valentin et al., 2000). In fact, 

neurotoxicity of sPLA2-III has been attributed to its binding to N-type receptors 

(Nicolas et al., 1997).  In earlier studies, sPLA2-III was shown to induce cell death in 

primary neuronal cultures through the ability for AA to modulate NMDA receptors 

and /or calcium channels and subsequently potentiate glutamate-induced calcium 
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influx (DeCoster, 2003; DeCoster et al., 2002; Kolko et al., 1996; Rodriguez De 

Turco et al., 2002).   

APP processing to generate A is known to depend on cholesterol-enriched 

lipid rafts (Ehehalt et al., 2003; Kaether and Haass, 2004).  A model of membrane 

compartmentation has been suggested for APP present in two cellular pools, one 

associated with the cholesterol-enriched lipid rafts where A is generated and another 

outside of rafts (i.e. non-raft domains) where -cleavage occurs (Ehehalt et al., 2003).  

Nevertheless, lowering cholesterol by treatment with statins, compounds that inhibit 

cholesterol synthesis pathway, was found to reduce (Ehehalt et al., 2003; Fassbender 

et al., 2001; Simons et al., 1998) or enhance A generation, depending on the 

condition of the study (Abad-Rodriguez et al., 2004). An epidemiological study 

indicated that lowering cholesterol is associated with reduced risk for AD (Simons et 

al., 2002; Wolozin et al., 2000).  One possible explanation for the controversial 

results is that moderate reduction in cholesterol is associated with a disorganization of 

detergent-resistant membranes (DRMs) or lipid rafts and allowing more -site APP 

cleaving enzyme (BACE) to contact APP and resulting in increased A generation, 

whereas a strong reduction of cholesterol inhibits the activities of BACE and 

-secretase resulting in a decrease in A generation (Kaether and Haass, 2004).  

Consistent with the membrane compartmentation model, treatment with either 

methyl--cyclodextrin (MCD) or lovastatin to reduce cellular cholesterol resulted in 

increase in membrane fluidity and an increase in non-amyloidogenic cleavage by 

-secretase to produce sAPP (Kojro et al., 2001).  Interestingly, substitution of 
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cholesterol by the steroid 4-cholesten-3-one induces minor change in membrane 

fluidity and reduces sAPP secretion, whereas substitution of cholesterol by lanosterol 

increases membrane fluidity and sAPP secretion (Kojro et al., 2001). These results 

suggest reversible effects of cholesterol on the -secretase activity depending on 

membrane fluidity (Kojro et al., 2001).  These results also suggest that other 

pharmacological agents capable of altering membrane fluidity can modulate sAPP 

secretion.  In this study, we demonstrated that sPLA2-III and its hydrolyzed product, 

AA increased sAPP secretion and membrane fluidity in SH-SY5Y cells.  Our data 

are consistent with those from others that sPLA2-III increased fluidity of hepatic 

membranes (Kameyama et al., 1982) and that AA resulted in increased fluidity of 

membranes in cultured human umbilical vein, cerebral endothelial cells (Beck et al., 

1998; Villacara et al., 1989), and hippocampal neurons in vivo (Fukaya et al., 2007).  

Another hydrolyzed product of PLA2, docosahexaenoic acid (DHA), has also been 

demonstrated to increase membrane fluidity and sAPP secretion in HEK cells and in 

neuronal SH-SY5Y overexpressing APP cells (Kogel et al., 2008).  In addition, it has 

been reported that non-specific PLA2 inhibitor partially suppressed muscarinic 

receptor-stimulated increase in sAPP secretion in SH-SY5Y (Cho et al., 2006).   

APP is a transmembrane protein and its internalization from the plasma 

membrane is regulated by key regulators of endocytosis, such as Rab5, and this 

process has been found to enhance APP cleavage by -secretase leading to increased 

A levels (Grbovic et al., 2003).  Many studies support the notion that A 

production occurs in endosomes (Cirrito et al., 2008; Kinoshita et al., 2003; Rajendran 
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et al., 2008; Schobel et al., 2008; Small and Gandy, 2006; von Arnim et al., 2008).  

APP lacking its cytoplasmic internalization motif can accumulate at the plasma 

membrane and undergo cleavage by -secretase (Haass et al., 1993; Koo and Squazzo, 

1994).  Alternatively, APP internalization can be reduced by lowering cholesterol, 

which leads to increase in membrane fluidity, APP accumulation at the cell surface, 

and increased sAPP secretion (Kojro et al., 2001). Increased sAPP secretion by 

benzyl alcohol (C6H5OH) has also been shown to be associated with increased 

membrane fluidity, reduced CTF C99 and elevated CTF C83 levels indicating 

enhanced -secretase cleavage of APP, while decreased sAPP secretion by Pluronic 

F68 (PF68) is associated with decreased membrane fluidity, elevated CTF C99 and 

reduced CTF C83 levels indicating enhanced -secretase cleavage of APP (Peters et 

al., 2009).  Similar to these studies, our studies show that sPLA2-III and AA increase 

in membrane fluidity, APP recruitment to the cell surface, and sAPP secretion. Taken 

together, our data as well as those from Kojro et al. (2001) and Peters et al. (2009)  

support the notion that increasing membrane fluidity, in general, leads to increased 

APP recruitment to the cell surface and favoring process by -secretase leading to 

sAPP secretion (Table 1). 

Numerous studies have been reported to provide evidence that sAPP possesses 

both neurotrophic and neuroprotective effects.  For example, sAPP was shown to 

induce neurite outgrowth in cultured fibroblasts (Bhasin et al., 1991; Saitoh et al., 

1989), PC cells (Milward et al., 1992), human neuroblastoma cells (Wang et al., 2004), 

and cortical and hippocampal neurons (Araki et al., 1991; Ohsawa et al., 1997; Qiu et 
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al., 1995).  Neuroprotective effects of sAPP have been shown to increase cortical 

synaptogenesis (Bell et al., 2008) and counteract oxidative impairment (Mattson et al., 

1999) and hypoglycemia-induced cytotoxicity (Mattson et al., 1993).  In addition to 

the neurotrophic and neuroprotective of sAPP, there is evidence that -secretase 

cleavage of APP compete and preclude the BACE cleavage, the primary step for 

production of neurotoxic A(Haass et al., 1993; Koo and Squazzo, 1994).  We also 

found that ~ 3-4 fold enhanced sAPP secretion in SH-SY5Y cells induced by 

sPLA2-III led to a decrease in A1-42 generation (Fig. 6).  However, ~ 2 fold 

enhanced sAPP secretion induced by AA did not lead to an observable decrease in 

A production.  In fact, other in-vitro studies also showed that reduced secretion of 

sAPP did not result in corresponding increase in A production, and decreased A 

production did not result in corresponding increase in secretion of sAPP (Kim et al., 

2008).  Certainly, more systematic studies will be required to further understand this 

discrepancy.  

Increasing production of sAPP has been suggested as a potential therapeutic 

strategy for AD treatment.  In this study, we provide evidence that sPLA2-III and its 

hydrolyzed product, AA, to increase sAPP secretion through their effects on 

membrane fluidity in SH-SY5Y cells.  More studies are needed to examine if sAPP 

plays a role in sPLA2-III-promoted neuronal outgrowth and differentiation. 
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Figure 1.  sPLA2-III and AA on the viability of neuronal cells.  MTT test was 
applied to examine the viability of cells. MTT reduction was determined by 
absorption at wavelength = 540 nm for differentiated SH-SY5Y cells in medium with 
1% FBS treated with sPLA2-III (A) and AA (B) for 24 h, and for primary rat neurons 
treated with sPLA2-III (C) for 24 h. Data are expressed as percentages of control and 
mean ± SD from at least three independent experiments (* p< 0.05, **p<0.01). 
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Figure 2. sPLA2-III, AA, PA, and LPC on sAPP secretion and total APP 
expression in neuronal cells. (A) Western blot analysis of sAPP shows that 
sPLA2-III and AA increased sAPP secretion to medium from SH-SY5Y cells, but PA 
and LPC did not. PMA treatment known to increase sAPP secretion in cells was used 
as a positive control. (B) Western blot analysis of total APP shows that sPLA2-III, AA, 
LPC and PA did not alter the total APP expressions in SH-SY5Y cells.  (C) 
sPLA2-III increased sAPP secretion to medium from primary neurons. Data are 
expressed as percentages of control and mean ± SD from at least three independent 
experiments (* p< 0.05, **p<0.01). 
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Figure 3. Effects of sPLA2-III, AA, PA, and LPC on neuronal cell membrane 
fluidity. (A) Representative images of SH-SY5Y cells fluorescently labeled with 
FCVJ. Scale bar, 20 m. (B) sPLA2-III and AA increased membrane fluidity in 
SH-SY5Y cells, as indicated by a decreased in the fluorescent intensity of 
FCVJ-labeled cells. Treatments with PA and LPC did not affect membrane fluidity of 
cells. (C, left) Representative images of primary neurons fluorescently labeled with 
FCVJ. Scale bar, 20 m. (C, right) sPLA2-III increased membrane fluidity in primary 
neurons, as indicated by a decreased in the fluorescent intensity of FCVJ-labeled cells. 
Data are expressed as mean ± SD from at least three independent experiments (* p< 
0.05, ** p<0.01). 
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Figure 4. Effects of sPLA2-III, AA, PA, and LPC on APP accumulation at the cell 
surface of SH-SY5Y cells.  Immunofluorescence microscopy of APP at the cell 
surface of SH-SY5Y cells was applied. Cells treated with sPLA2-III, AA, LPC and PA 
for 24 h were labeled with anti-APP antibody and FITC-conjugated secondary 
antibody without the cell permeabilization procedure. Representative images of 
fluorescently labeled SH-SY5Y cells without treatment (A, upper, left) and with 
sPLA2-III treatment (A, upper, middle and right) (Scale bar, 20 m).  sPLA2-III and 
AA increased the APP accumulation at the cell surface, but LPC and PA did not (A, 
lower). Representative curves of FACS after sPLA2-III treatment (B, upper). The 
median values of curves were used to do data analysis. sPLA2-III and AA increased 
the APP accumulation at the cell surface, but LPC and PA did not (B, lower). Data are 
expressed as percentages of control and mean ± SD from at least three independent 
experiments (* p< 0.05). 
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igure 5. Effects of sPLA2-III, AA, PA, and LPC on the expressions of 

s shows 
f 

, 

F
-secretases in SH-SY5Y cells.  Western blot analysis (A) of -secretase
that sPLA2-III, AA, PA and LPC did not alter the expressions of different isoforms o
-secretases including ADAM 9 (B, upper), ADAM 10 (B, middle) and ADAM 17 (B
lower).  Data are expressed as percentages of control and mean ± SD from at least 
three independent experiments. 
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igure 6. sPLA2-III decreases A1-42 release from SH-SY5Y cells.  Release of 

a 
F
A1-42 from SH-SY5Y cells was decreased with increasing dose of sPLA2-III.  Dat
are expressed as mean ± SD from three independent experiments (* p< 0.05). 
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igure 7. Effects of sPLA2-III, AA, PA, and LPC on the expressions of BACE1 in 

nts. 

 
F
SH-SY5Y cells.  Western blot analysis shows that sPLA2-III, AA, PA and LPC did 
not alter the expressions of BACE1 in SH-SY5Y cells.  Data are expressed as 
percentages of control and mean ± SD from at least three independent experime
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Table 1. Summary of the effects of sPLA2-III, AA, PA, LPC, MCD, benzyl 

ation 

Cell 

Treatment 

Membrane 

fluidity 

APP at cell 

surface 

Secretion of 

sAPP 

A 

 

alcohol (C6H5OH), and Pluronic F68 (PF68) on membrane fluidity, accumul
of APP at the cell surface and secretion of sAPP and A.   

 

sPLA2-III ↑ ↑ ↑ ↓ 

AA ↑ ↑ ↑ NC 

LPC NC NC NC NC 

PA NC NC NC NC 

MCD ↑* ↑* ↑* ↓*# 

C6H5OH ↑§ NA ↑§ ↓§ 

PF68 ↓§ NA ↓§ ↑§ 

 
 denotes increase, ↓ denotes decrease and NC denotes no change.  Data from ↑

*Kojro et al., 2001 and §Peters et al., 2009. #A1-40 
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3.1 Summary 

Fatty acids may integrate into cell membranes to change physical properties of 

cell membranes, and subsequently alter cell functions in an unsaturation 

number-dependent manner.  To address the roles of fatty acid unsaturation numbers 

in cellular pathways of Alzheimer’s disease (AD), we systematically investigated the 

effects of fatty acids on cell membrane fluidity and -secretase-cleaved soluble 

amyloid precursor protein (sAPP) secretion in relations to unsaturation numbers 

using stearic acid (SA, 18:0), oleic acid (OA, 18:1), linoleic acid (LA, 18:2), 

-linolenic acid (ALA, 18:3), arachidonic acid (AA, 20:4), eicosapentaenoic acid 

(EPA, 20:5), and docosahexaenoic acid (DHA, 22:6).  Treatments of differentiated 

human neuroblastoma (SH-SY5Y cells) with AA, EPA and DHA for 24 h increased 

sAPP secretion and membrane fluidity, whereas those treatments with SA, OA, LA 

and ALA did not. Treatments with AA and DHA did not alter the total expressions of 

amyloid precursor protein (APP) and -secretases in SH-SY5Y cells.  These results 

suggested that not all unsaturated fatty acids but only those with 4 or more double 

bonds, such as AA, EPA and DHA, are able to increase membrane fluidity and lead to 

increase in sAPP secretion.  This study provides insights into dietary strategies for 

the prevention of AD. 
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3.2 Introduction 

The accumulation of neurotoxic amyloid- peptide (A) is a pathologically 

profound characteristic of Alzheimer’s disease (AD) (Dickson, 1999; Frautschy et al., 

1998; McGeer et al., 1987; Perlmutter et al., 1990; Selkoe, 2000; Stalder et al., 1999).  

A is derived from amyloid precursor protein (APP) processing through the 

amyloidogenic pathway, in which APP is cleaved sequentially by - and -secretases 

(Vassar, 2004).  BACE1 is the major -secretase for generation of A by neurons 

(Cai et al., 2001). Alternatively, in the non-amyloidogenic pathway, APP is cleaved by 

-secretases between amino acids 16 and 17 within the A domain to produce sAPP.  

-secretases are members of ADAMs (a disintegrin and metalloprotease), including 

ADAM9, 10, 17 and 19. sAPP is neurotrophic and neuroprotective (Thornton et al., 

2006) and enhancing APP processing by -secretases has been suggested as a 

potential therapeutic strategy for AD (Cheng et al., 2007). Since APP, -, - and 

-secretases are membrane protein molecules, APP processing should be governed by 

the local membrane environment.  For example, the activity of -secretase takes 

place preferentially in highly molecularly-ordered lipid rafts which are cholesterol, 

saturated phospholipids and sphingolipids-enriched microdomains (Cordy et al., 2003; 

Ehehalt et al., 2003; Kaether and Haass, 2004; Marlow et al., 2003; Tun et al., 2002; 

Vetrivel et al., 2004), while the activity of -secretase is favorable in non-raft 

domains (Reid et al., 2007).  Therefore, APP processing can be manipulated by 

changing the contents of membrane components, such as cholesterol and 

sphingolipids (Kojro et al., 2001; Sawamura et al., 2004; Simons et al., 1998; von 
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Arnim et al., 2008).  

Since fatty acids are capable of modulating membrane organization and 

functions (Pepe, 2007; Shaikh and Edidin, 2006, 2008; Stillwell et al., 2005; Yehuda 

et al., 2002), we hypothesized that the effects of fatty acids (e.g. AA) on membrane 

fluidity and sAPP secretion are dependent on their unsaturation numbers (i.e. the 

number of double bonds in the hydrocarbon chains).  In this study, we systematically 

examined the effects of fatty acids with unsaturation numbers ranging from 0 to 6 

double bonds including stearic acid (SA, 18:0), oleic acid (OA, 18:1), linoleic acid 

(LA, 18:2), -linolenic acid (ALA, 18:3), arachidonic acid (AA, 20:4), 

eicosapentaenoic acid (EPA, 20:5) and docosahexaenoic acid (DHA, 22:6) on 

membrane fluidity and sAPP secretion in differentiated SH-SY5Y cells.  Since 

these fatty acids are ingredients in daily food, information derived from this study 

should provide potential dietary strategy for prevention of AD.  

 

3.3 Materials and Methods 

Chemicals and Reagents 

Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium (1:1) and fetal 

bovine serum (FBS) and 5-hexadecanoylaminofluorescein were from Invitrogen 

(Carlsbad, CA).  Stearic acid (SA, 18:0), oleic acid (OA, 18:1), linoleic acid (LA, 

18:2), -linolenic acid (ALA, 18:3), arachidonic acid (AA, 20:4), eicosapentaenoic 

acid (EPA, 20:5), docosahexaenoic acid (DHA, 22:6), cis-parinaric acid, Albumin 

from bovine serum (BSA), phorbol 12-myristate 13-acetate (PMA), dimethyl 

sulfoxide (DMSO) and all-trans retinoic acid (RA) were from Sigma-Aldrich (St. 
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Louis, MO).  Cis-2-eicosenoic acid and cis-5, 8, 11-eicosatrienoic acid were from 

Cayman (Ann Arbor, MI).  Farnesyl-(2-carboxy-2-cyanovinyl)-julolidine (FCVJ) 

was from Dr. Haidekker’s Laboratory (Univerisity of Georgia) (Nipper et al., 2008). 

Cell Culture 

Human neuroblastoma SH-SY5Y cells (1.0x106 cells/dish) were seeded into 60 

mm dishes and were cultured in DMEM/F12 medium (1:1) containing 10% FBS. For 

differentiation, SH-SY5Y cells were exposed to 10 μM RA for 6 days.  Culture 

medium was replaced by fresh culture medium every other day. Treatments of cells 

with different fatty acids including SA, OA, LA, ALA, AA, EPA, DHA, 

cis-2-eicosenoic acid and cis-5, 8, 11-eicosatrienoic acid were in DMEM/F12 medium 

(1:1) containing 1% BSA for 24 h. All cells were maintained at 37oC in a 5% CO2 

humidified incubator. 

Fluorescent Fatty Acids Labeled Differentiated SH-SY5Y Cells 

Cells were incubated with 1M 5-hexadecanoylaminofluorescein or 

cis-parinaric acid for 40 min and excess fluorescent fatty acids were then removed by 

washing cells with PBS three times.  Fluorescent images were obtained at room 

temperature using a Nikon TE-2000 U fluorescence microscope with an oil 

immersion 60X objective lens. Images were acquired using a CCD camera controlled 

by a computer running a MetaVue imaging software (Universal Imaging, PA). 
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Characterization of Membrane Fluidity by Fluorescence Microscopy of 

FCVJ-Labeled Cells 

A fluorescent molecular rotor, farnesyl-(2-carboxy-2-cyanovinyl)-julolidine 

(FCVJ), was used to measure the relative membrane fluidity in differentiated 

SH-SY5Y cells.  FCVJ was designed to be a more membrane-compatible fluorescent 

molecular rotor (Haidekker et al., 2001) with the quantum yield strongly dependent on 

the local free volume.  A higher fluorescent intensity of FCVJ reflects the 

intramolecular-rotational motions being restricted by a smaller local free volume, 

indicating a more viscous membrane.  The hydrocarbon chain of FCVJ has longer to 

help improve plasma membrane localization and reduce migration into the inner 

compartments of the cell, cytosolic staining and background fluorescence (Haidekker 

et al., 2001). Previously, we have verified the application of FCVJ for measuring 

membrane viscosity by comparing the results obtained using FCVJ with those from 

the technique of fluorescence recovery after photobleaching (FRAP) (Nipper et al., 

2008).  In this study, we adapted the protocol from Haidekker et al. (2001) to 

fluorescently label cells with FCVJ.  Briefly, after undergoing different treatments, 

e.g. SA, OA, LA, ALA, AA, EPA and DHA, SH-SY5Y cells were washed with PBS 

and incubated in DMEM containing 20% FBS and 1μM FCVJ for 20 minutes.  

Excess FCVJ was removed by washing cells with PBS three times.  Fluorescent 

intensity measurements were performed at room temperature using a Nikon TE-2000 

U fluorescence microscope with an oil immersion 60X objesctive lens.  Images were 

acquired using a CCD camera controlled by a computer running a MetaVue imaging 
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software (Universal Imaging, PA).  The fluorescent intensities of FCVJ per cell were 

measured.  Background subtraction was done for all images prior to data analysis. 

Western Blot Analysis of sAPPReleased from Differentiated SH-SY5Y Cells 

After different treatments, e.g. SA, OA, LA, ALA, AA, EPA and DHA, culture 

medium was collected and the same volume of the cell lysate from each sample was 

used for Western blot analysis using β-actin as internal standard.  Medium was 

centrifuged at 12,000 x g for 5 min to remove cell debris, and the same volume of 

medium from each sample (e.g., 40l) was diluted with Laemmli buffer, boiled for 5 

min, subjected to electrophoresis in 7.5% SDS-polyacrylamide gels, and transferred to 

nitrocellulose membranes.  Membranes were blocked for 1 h with 5% (w/v) nonfat 

dry milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBST) and were 

incubated overnight at 4˚C in 3% (w/v) bovine serum albumin (BSA) with 0.02% 

(w/v) sodium azide in TBST with a 6E10 monoclonal antibody (1:1000 dilution; 

Covance, Princeton, NJ) that recognizes residues 1–16 of the A domain of sAPP.  

Membranes were washed three times during a 15-min period with TBST and 

incubated with horseradish peroxidase-conjugated goat anti-mouse IgG antibody 

(1:2000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) in 5% (w/v) nonfat dry 

milk in TBST at room temperature for 1 h.  After washing with TBST for three times, 

the membrane was subjected to SuperSignal West Pico Chemiluminescent detection 

reagents from Pierce (Rockford, IL) to visualize bands.  The protein bands detected 

on x-ray film were quantified using a computer-driven scanner and Quantity One 

software (Bio-Rad). 
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Western Blot Analysis of APP, ADAM9, ADAM10, ADAM17, ADAM19 and 

BACE1 in Differentiated SH-SY5Y Cells 

After treatments, the protein concentration of the cell lysate was determined by 

BCA protein assay kit (Pierce Biotechnology, Rockford, IL) according to 

manufacture’s instruction. Equivalent amounts of protein from each sample (e.g., 30 

g) was diluted with Laemmli buffer, boiled for 5 min, subjected to electrophoresis in 

7.5% SDS-polyacrylamide gels, and transferred to nitrocellulose membranes.  

Membranes were blocked for 1 h with 5% (w/v) nonfat dry milk in Tris-buffered 

saline containing 0.1% (v/v) Tween 20 (TBST) and were incubated overnight at 4˚C 

in 3% (w/v) BSA with 0.02% (w/v) sodium azide in TBST with 6E10 monoclonal 

antibody, anti-ADAM9 antibody or anti-ADAM19 antibody (1:1000 dilution; Abcam, 

Cambridge, MA), anti-ADAM10 antibody (1:1000 dilution; Millipore, Billerica, MA) 

or anti-ADAM17 antibody (1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, 

CA), anti-BACE1 antibody (1:1000 dilution; Sigma-Aldrich, St. Louis, MO).  

Membranes were washed three times during a 15-min period with TBST and 

incubated with horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG 

antibody (1:2000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) in 5% (w/v) 

nonfat dry milk in TBST at room temperature for 1 h.  After washing with TBST for 

three times, the membrane was subjected to SuperSignal West Pico Chemiluminescent 

detection reagents from Pierce (Rockford, IL) to visualize bands.  The protein bands 

detected on x-ray film were quantified using a computer-driven scanner and Quantity 

One software (Bio-Rad). 
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Quantification of A1-42 

After treatments, culture medium and cell lysates were collected, supplemented 

with protease inhibitor cocktail and centrifuged at 12,000 x g for 5 min at 4˚C to 

remove cell debris. An aliquot (100 l) of supernatant was used for A1-42 

quantification using an ELISA kit (Invitrogen, Carlsbad, CA) following 

manufacturer’s recommendation. According to the instruction manual, substances 

including A, A, A, A, A, A, A and APP have no 

cross-reactivity. The minimum detectable dose of A1-42 is <1.0 pg/ml which is 

similar to a previous study (Prasanthi et al., 2009). The level of A1-42 in each sample 

was measured in duplicates and expressed in pg/ml. 

Statistical Analysis 

Data are presented as mean ± SD from at least three independent experiments.  

There are three trials in each experiment. Comparison between two groups was made 

with student’s t test.  Comparisons of more than two groups were made with 

one-way ANOVA, followed by Bonferroni’s post hoc tests.  Values of p< 0.05 are 

considered to be statistically significant. 

 

3.4 Results 

Exogenous Fatty Acids Integrated into Cellular Membranes 

In order to study the effects of fatty acids with different unsaturations on 

cellular membrane fluidity and sAPP secretion, we first confirmed if fatty acids were 

able to integrate into membranes of SH-SY5Y cells.  Therefore, we incubated 
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differentiated SH-SY5Y cells for 40 min with 5-hexadecanoylaminofluorescein and 

cis-parinaric acid.  Both 5-hexadecanoylaminofluorescein and cis-parinaric acid are 

fluorescent fatty acids representing saturated and unsaturated fatty acids, respectively.  

Fig. 1 showed that 5-hexadecanoylaminofluorescein and cis-parinaric acid were 

incorporated into cellular membranes of SH-SY5Y cells, suggesting that exogenous 

fatty acids used in this study are capable of integrating into cellular membranes in 

SH-SY5Y cells. 

Fatty Acids with 3 or Less Double Bonds did not Alter Membrane Fluidity and 

sAPP Secretion 

To study the effects of fatty acids on membrane fluidity, we applied a 

fluorescent molecular rotor, FCVJ.  As explained in the Materials and Methods 

section, FCVJ integrated into a highly fluidized membrane exhibits a lower quantum 

yield, as reflected by a lower fluorescent intensity.  The application of this technique 

for the measurement of membrane fluidity has been validated (Nipper et al., 2008; 

Yang et al., 2010).  FCVJ-labeled differentiated SH-SY5Y cells were exposed to SA, 

OA, LA and ALA for 24 h.  Interestingly, cells did not exhibit a significant change in 

membrane fluidity as indicated by the unchanged fluorescent intensity of FCVJ as 

compared to control (Fig. 2A, B, C, D, right).  These results suggest that SA, OA, 

LA and ALA do not alter membrane fluidity in SH-SY5Y cells.  

To study the effects of SA, OA, LA and ALA on sAPP secretion, cell culture 

medium was subjected to western blot analysis of sAPP after the treatments of cells 

with SA, OA, LA and ALA.  SA, OA, LA and ALA did not alter sAPP secretion in 
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SH-SY5Y cells (Fig. 2A, B, C, D, left).  Since it has been reported that PMA, a PKC 

agonist, increases sAPP secretion (Camden et al., 2005; Caporaso et al., 1992; Slack 

et al., 1993), treatment with PMA (10nM) was used as a positive control. 

To test whether positions of double bonds plays a role in membrane fluidity and 

sAPP secretion, differentiated SH-SY5Y cells were exposed to cis-2-eicosenoic acid 

and cis-5, 8, 11-eicosatrienoic acid, which have the same numbers of double bonds as 

OA and ALA, respectively, but the double bonds are closer to the carboxylic groups of 

fatty acids.  Results showed that these two fatty acids also had no effect on 

membrane fluidity and sAPP secretion in SH-SY5Y cells, like OA and ALA (Fig. 3), 

suggesting that the positions of double bonds in fatty acids do not play a role in their 

effects on membrane fluidity and APP processing. 

Fatty Acids with 4 or More Double Bonds Increased Membrane Fluidity and 

sAPP Secretion  

We then tested the effects of fatty acids with 4 or more double bonds including 

AA, EPA and DHA on membrane fluidity and sAPP secretion.  After treatment with 

AA, EPA and DHA, cells exhibited more fluidized membranes as indicated by lower 

fluorescent intensities of FCVJ compared to control (Fig. 4A, B, C, right).  Western 

blot analysis showed that AA, EPA and DHA increased sAPP secretion in 

differentiated SH-SY5Y cells (Fig. 4A, B, C, left).  

Together with results from SA, OA, LA and ALA treatments, these data showed 

that unsaturation numbers of fatty acids, but not the positions of double bonds, 

determined their effects on membrane fluidity and sAPP secretion, as summarized in 
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Fig. 5.  These results suggested that fatty acids with 4 or more double bonds 

increased sAPP secretion through increasing membrane fluidity in differentiated 

SH-SY5Y cells. 

AA and DHA did not Alter the Expressions of Total APP and -secretases in 

SH-SY5Y Cells 

To rule out the changes of sAPP secretion possibly due to the changes in the 

expressions of total APP and -secretases in cells, western blot analyses of APP and 

-secretases were performed after the treatments of cells with AA and DHA for 24 h.  

Fig. 6 shows that AA and DHA did not alter the expressions of total APP and different 

isoforms of -secretases including ADAM9, ADAM10, ADAM17 and ADAM19.  

Mature APP blots were shown in this study. These results suggested that AA, DHA 

and EPA do not alter -secretases and APP expressions to contribute to the increase in 

sAPP secretion. 

AA, EPA and DHA did not Alter BACE1 Expression, A1-42 Secretion and 

Expression in SH-SY5Y Cells 

Since AA, EPA and DHA increase sAPPsecretion, they may alter expression 

of BACE1, the major -secretase, and A1-42 in SH-SY5Y cells.  Western blot 

analysis showed that AA, EPA and DHA did not change BACE1 expression (Fig. 7A). 

ELISA measurement was used to quantify A1-42 in culture medium.  Fig. 7B 

showed that AA, EPA and DHA did not change the A1-42 secretion and expression 

level in SH-SY5Y cells. 
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3.5 Discussion 

In this study, we have systematically examined how unsaturation numbers of 

fatty acids affected membrane fluidity and sAPP secretion in differentiated 

SH-SY5Y cells.  We found that not all unsaturated fatty acids, but only fatty acids 

with at least 4 or more double bonds increased membrane fluidity and sAPP 

secretion (Fig. 5).  The effects on membrane fluidity and sAPP secretion were not 

dependent on the positions of double bonds in fatty acids.  In addition, treatments of 

cells with fatty acids did not alter the expressions of APP and -secretases in 

differentiated SH-SY5Y cells, which ruled out the effects of fatty acids on sAPP 

secretion possibly due to the changes in APP and -secretases expressions. 

Studies have shown the roles of fatty acids on health and diseases (Bazan, 2007; 

Das, 2008; Hooijmans and Kiliaan, 2008).  Fatty acids are important ingredients in 

various dietary sources (Chow, 2007; Connor, 2000).  For example, ALA, an 

essential fatty acid, can be found in many vegetable oils (Mozaffarian, 2005), which 

has been reported to be neuroprotective in in vivo model of global ischemia (Lauritzen 

et al., 2000).  SA is common in animal fats, and cocoa butter (Beare-Rogers et al., 

2001).  OA is a mono-unsaturated -9 fatty acid, which can be found in peanut oil 

and poppy seed oil (Untoro et al., 2006).  DHA, mainly found in fishes, is also 

abundant in neuronal cell membranes, especially in synaptic membranes (Bazan and 

Scott, 1990) and myelin sheaths (Ansari and Shoeman, 1990).  DHA is also essential 

for prenatal brain development and normal brain functions.  Its levels in serum and 

brains are lower in AD patients compared with those in age-matched controls (Tully et 
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al., 2003).  Furthermore, greater consumption of DHA significantly reduced the 

likelihood of developing AD (Schaefer et al., 2006).  AA is another abundant fatty 

acid in the brain.  It is a second messenger (Khan et al., 1995) and a precursor for 

synthesis of eicosanoids (Zhou and Nilsson, 2001).  It also helps maintain cell 

membrane fluidity (Fukaya et al., 2007).  The disturbed metabolism of AA is 

associated with neurological disorder such as AD (Rapoport, 2008). 

APP processing depends on the local membrane environment (Cordy et al., 

2003; Ehehalt et al., 2003; Kaether and Haass, 2004; Marlow et al., 2003; Reid et al., 

2007; Tun et al., 2002; Vetrivel et al., 2004) and can be altered by manipulating the 

membrane lipid composition (Kojro et al., 2001; Sawamura et al., 2004; Simons et al., 

1998; von Arnim et al., 2008).  Since fatty acids modulate membrane organization 

and functions (Pepe, 2007; Shaikh and Edidin, 2006, 2008; Stillwell et al., 2005; 

Yehuda et al., 2002), they may affect APP processing. Therefore, we tested the 

hypothesis that the effects of fatty acids on membrane fluidity and sAPP secretion 

depend on the number of double bonds (i.e. the unsaturation number) in the 

hydrocarbon chains of fatty acids. 

To test the hypothesis, we investigated the effects of fatty acids with different 

unsaturation (from 0 to 6 double bonds) on membrane fluidity and sAPP secretion in 

differentiated SH-SY5Y cells.  Our data showed that fatty acids with 3 or less double 

bonds including SA, OA, LA and ALA had no effects on membrane fluidity and 

sAPP secretion (Fig. 2).  We also exposed SH-SY5Y cells to cis-2-eicosenoic acid 

and cis-5, 8, 11-eicosatrienoic acid, which has 1 or 3 double bonds as OA and ALA, 
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respectively, but their double bonds are closer to the carboxylic group of fatty acids.  

Results showed that these two acids had no effect on membrane fluidity and sAPP 

secretion in differentiated SH-SY5Y cells either, suggesting that the position of the 

double bonds may not play a role in altering membrane fluidity and APP processing 

(Fig. 3).  On the other hand, fatty acids with 4 or more double bonds including AA, 

EPA and DHA increased membrane fluidity and sAPP secretion (Fig. 4).  Our data 

are consistent with other studies that AA increased membrane fluidity in hippocampal 

neurons in vivo (Fukaya et al., 2007) and cultured human umbilical vein, cerebral 

endothelial cells (Beck et al., 1998; Villacara et al., 1989).  In addition, DHA has 

been shown to increase membrane fluidity and sAPP secretion in HEK cells and 

SH-SY5Y cells overexpressing APP (Kogel et al., 2008).  Our study demonstrated 

that not all the unsaturated fatty acids, but only fatty acids of unsaturation number ≥ 4, 

are able to increase membrane fluidity, and subsequently promote sAPP secretion.  

To explore if AA, EPA, DHA effects on membrane fluidity and secretion of 

sAPP have dose dependency, we exposed SH-SY5Y cells to AA, EPA and DHA with 

lower doses at 10nM and 100nM. At lower doses, AA, EPA and DHA have no effect 

on membrane fluidity and sAPP secretion (data not shown). Taken together, our data 

show that polyunsaturated fatty acids (PUFAs) only begin to have effects on 

membrane fluidity and APP processing at certain threshold value between 100 nM 

and 1 M. 

Membrane fluidity plays important roles in pathogenesis of AD. Hippocampal 

membranes of AD patients showed a significant lower fluidity compared with 
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membranes from elderly non-demented controls (Eckert et al., 1999). Membrane 

fluidity in AD patients was correlated with abnormal APP processing and cognitive 

decline (Zainaghi et al., 2007). The clinical study by Croisile et al. (1993) indicated 

that long-term and high-dose treatment with piracetam may slow down the 

progression of AD and increased membrane fluidity (Eckert et al., 1999). DHA 

protection effect in A-infused rats was associated with increased membrane fluidity 

(Hashimoto et al., 2006) which also provided oxidative stress resistance in 

hippocampal cells (Clement et al., 2010). In vivo, increased membrane fluidity in rat 

hippocampus improved memory formation (Muller et al., 1997; Scheuer et al., 1999), 

whereas reduced fluidity impaired memory (Schaeffer et al., 2005; Schaeffer and 

Gattaz, 2007). Furthermore, membrane fluidity affected not only APP processing 

(Kojro et al., 2001), but also A aggregation size and hydrophobicity (Kremer et al., 

2000), which is critical for the formation of A plaques and downstream cellular 

pathways.  

PUFAs play a central role in the normal development and functioning of brain 

(Schuchardt et al., 2010). Diets enriched in -3 PUFA increased membrane fluidity, 

affect signal transduction and modulate gene expression for brain function (Horrocks 

and Farooqui, 2004). Preclinical studies suggested that DHA maintains membrane 

fluidity, improved synaptic and neurotransmitter functioning, enhanced learning and 

memory performances and displayed neuroprotective properties (Carrie et al., 2009). 

Meanwhile, DHA decreased the amount of vascular A deposition (Hooijmans et al., 

2007) and reduced A burden (Lim et al., 2005) in aged Alzheimer mouse model. In 
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AD mouse model, DHA modulated APP processing by decreasing both - and -APP 

C-terminal fragment products and full-length APP (Lim et al., 2005), which is 

contradictory to the idea that higher membrane fluidity increased sAPP production. 

More works are warranty to resolve this discrepancy.  Despite favorable effects of 

DHA, it should be noted that DHA has a potential to increase oxidative stress 

(Meydani et al., 1991), resulting in lipid peroxidation (Song and Miyazawa, 2001), 

especially with long-term and high dose treatments (Grundt et al., 2003; Wang et al., 

2003). Peroxidation of lipids and lipoproteins, especially low-density lipoprotein 

(LDL), was thought to lead to the development of atherosclerotic plaques (Wiklund et 

al., 1991).  As such, although the impact of PUFAs on lipid peroxidation is 

controversial (Nenseter and Drevon, 1996), considerations should be taken when 

PUFAs are used for dietary supplementation.  

Although we report that AA promoted sAPP secretion, it is important to note 

that AA exerts both neurotrophic and neurotoxic effects (Farooqui and Horrocks, 

2006).  The concentration of AA (<10 mol/kg) in the brain tissue is very low under 

normal conditions.  AA performs a variety of functions, such as regulating activity of 

protein kinase A, protein kinase C, NADPH oxidase, choline acetyltransferase, and 

caspase-3 (Farooqui and Horrocks, 2006).  A 1 μM of AA also significantly 

potentiates the elongation of neurites in hippocampal cultures (Katsuki and Okuda, 

1995).  Here we report that 1 μM of AA increased membrane fluidity and promoted 

the secretion of sAPP which is neurotrophic and neuroprotective.  However, under 

pathological conditions, higher concentrations (~ 0.5 mmol/kg) of AA are present in 
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the brains (Farooqui and Horrocks, 2006).  Higher concentrations of AA result in 

mitochondrial dysfunction (Schapira, 1996).  AA also triggers nuclear factor-κB 

(NF-κB) and increases neuronal death (Toborek et al., 1999).  AA can be converted 

to inflammatory mediators, prostaglandins and leukotrienes, by prostaglandin 

synthetases and lipoxygenases, respectively (Farooqui and Horrocks, 2006).  

Therefore, whether AA is beneficial to brains is highly concentration-dependent. 

Other compounds capable of altering membrane fluidity can also modulate 

sAPP secretion.  For example, treatment with methyl--cyclodextrin (MCD) or 

lovastatin to reduce cellular cholesterol resulted in increase in membrane fluidity and 

sAPP secretion (Kojro et al., 2001). In addition, decreased sAPP secretion by 

Pluronic F68 (PF68) is associated with decreased membrane fluidity, while increased 

sAPP by benzyl alcohol (C6H5OH) is associated with increased membrane fluidity 

(Peters et al., 2009).  These data suggested that sAPP secretion can be altered by 

manipulating membrane fluidity (Wolozin, 2001).  Taken together, our data and 

those from Kojro et al. (2001) and Peters et al. (2009) provide the explanation that 

fatty acids with 4 or more double bonds promote sAPP secretion through increasing 

membrane fluidity in differentiated SH-SY5Y cells. 

sAPP has been shown to be neurotrophic. sAPP enhanced neuronal survival 

and neurite extension in a dose-dependent manner with a maximum effect at 

approximately 100 nM in rat primary cerebral cortical neurons (Araki et al., 1991) 

and significantly increased neurite length and branching in pheochromocytoma PC12 

cells (Milward et al., 1992) and stimulated neurite outgrowth of hippocampal neurons 
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in an isoform-dependent manner (Qiu et al., 1995). ADAM10 over-expression, which 

led to increased sAPP production, increased cortical synaptogenesis (Bell et al., 

2008).  sAPP is also neuroprotective, although mechanisms are yet to be fully 

understood. For example, sAPP enhanced basal glucose and glutamate transport and 

protected against oxidative impairment of glucose and glutamate transport in 

synaptosomes by a cyclic GMP-mediated mechanism (Mattson et al., 1999); sAPP 

exerted neuroprotective effects through regulating intraneuronal calcium (Mattson et 

al., 1993); sAPP antagonized dendritic degeneration and neuron death triggered by 

proteasomal stress (Copanaki et al., 2010), and this anti-apoptotic effect of sAPP was 

associated with inhibition of the stress-triggered c-Jun N-terminal kinase 

(JNK)-signalling pathway; Statins, widely used cholesterol-lowering drugs, exerted 

neuroprotective effects through stimulating -secretase cleavage of APP (Ma et al., 

2009). Obviously, more efforts are needed to further understand the neurotrophic and 

neuroprotective mechanisms of sAPP.  

Information derived from this study should provide potential dietary strategies 

for the prevention of AD. 
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Figure 1. Fluorescently labeled fatty acids incorporated into membranes in 
differentiated SH-SY5Y cells. 5-hexadecanoylaminofluorescein (A) and 
cis-parinaric acid (B) represent saturated and unsaturated fatty acids, respectively. 
After incubation for 40 min, fluorescent images were acquired with an oil immersion 
60X objective lens. Scale bar, 20 m. 
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Figure 2. SA, OA, LA and ALA on sAPP secretion and membrane fluidity in 
differentiated SH-SY5Y cells. Western blot analysis of sAPP shows that treatments 
of cells with SA (A, left), OA (B, left), LA (C, left) and ALA (D, left) did not affect 
sAPP secretion to medium from SH-SY5Y cells. PMA treatment known to increase 
sAPP secretion in cells was used as a positive control. SA (A, right), OA (B, right), 
LA (C, right) and ALA (D, right) did not affect membrane fluidity of cells, as the 
fluorescent intensity of FCVJ-labeled cells remained unchanged after treatments. Data 
are expressed as mean ± SD from at least three independent experiments (* p< 0.05, 
** p< 0.01 compared with control). 
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Figure 3. cis-2-Eicosenoic acid (20:1) and cis-5, 8, 11-Eicosatrienoic acid (20:3) 
on sAPP secretion and membrane fluidity in differentiated SH-SY5Y cells. 
Western blot analysis of sAPP shows that treatments of cells with cis-2-Eicosenoic 
acid (20:1) (A, left) and cis-5, 8, 11-Eicosatrienoic acid (20:3) (B, left) did not affect 
sAPP secretion to medium from SH-SY5Y cells. PMA treatment was used as a 
positive control. cis-2-Eicosenoic acid (20:1) (A, right) and cis-5, 8, 11-Eicosatrienoic 
acid (20:3) (B, right) did not affect membrane fluidity of cells, as the fluorescent 
intensity of FCVJ-labeled cells remained unchanged after treatments. Data are 
expressed as mean ± SD from at least three independent experiments (** p< 0.01 
compared with control). 
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Figure 4. AA, EPA and DHA increased the sAPP secretion and membrane 
fluidity in differentiated SH-SY5Y cells. Western blot analysis of sAPP shows that 
AA (A, left), EPA (B, left) and DHA (C, left) increased sAPP secretion to medium 
from SH-SY5Y cells. PMA was used as a positive control. AA (A, right), EPA (B, 
right) and DHA (C, right) increased membrane fluidity in cells, as indicated by 
decreased fluorescent intensity of FCVJ-labeled cells. Data are expressed as mean ± 
SD from at least three independent experiments (* p< 0.05, ** p< 0.01 compared with 
control). 
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Figure 5. The effects of the number of double bonds in fatty acids on sAPP 
secretion and membrane fluidity in differentiated SH-SY5Y cells. Our data shows 
that not all unsaturated fatty acids, but only those with four or more double bonds, 
including AA, EPA and DHA, promoted sAPP secretion and increased membrane 
fluidity. Data are expressed as percentages of control and mean ± SD from at least 
three independent experiments. 
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Figure 6. Effects of AA and DHA on total APP and -secretases expression in 
differentiated SH-SY5Y cells. Western blot analysis of total APP and-secretases 
shows that AA and DHA did not alter the expressions of total APP and different 
isoforms of -secretases including ADAM9, ADAM 10, ADAM17 and ADAM 19. 
Data are representative blots from at least three independent experiments. 
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Figure 7. Effects of AA, EPA and DHA on BACE1 expression and A1-42 from 
differentiated SH-SY5Y cells. Treatments of AA, EPA and DHA did not change 
BACE1 expression in SH-SY5Y cells (A), A1-42 secretion from SH-SY5Y cells (B, 
upper) and A1-42 expression in SH-SY5Y cells (B, lower). Data are expressed as 
mean ± SD from at least three independent experiments. 
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4.1 Summary 

Pro-inflammatory cytokines, including tumor necrosis factor  (TNF) and 

interleukin-1 (IL-1), are involved in inflammatory process in Alzheimer’s disease 

(AD). TNF and IL-1 stimulate astrocytes and trigger downstream signaling 

pathways, including increasing mRNA expression of secretory phospholipase A2-IIA 

(sPLA2-IIA).  Phospholipases A2 (PLA2s) are enzymes responsible for maintenance 

of phospholipid homeostasis. They modulate amyloid precursor protein (APP) 

processing through altering membrane fluidity.  In the non-amyloidogenic pathway, 

APP is cleaved by -secretases to produce -secretase-cleaved soluble APP (sAPP) 

with neurotrophic and neuroprotective properties.  In this study, we demonstrated 

that cytokine-stimulated immortalized astrocytes (DITNC cells) secreted sPLA2-IIA 

into culture medium. When human neuroblastoma (SH-SY5Y cells) were exposed to 

the conditioned medium from DITNC cells, membrane fluidity and sAPP secretion 

in SH-SY5Y cells increased, which was counteracted by sPLA2-IIA inhibitor.  To 

further exclude the possibility that other components in the conditioned medium may 

contribute to these effects, we used recombinant human sPLA2-IIA to investigate the 

effect of sPLA2-IIA on sAPP secretion in SH-SY5Y cells in relation to membrane 

fluidity. Treatment with sPLA2-IIA increased membrane fluidity, sAPP secretion and 

accumulation of APP at cell surface but did not alter total expressions of APP, 

-secretases and -site APP cleaving enzyme (BACE1).  Taken together, our results 

suggest that cytokine-stimulated DITNC cells secrete sPLA2-IIA which enhances 

sAPP secretion through increasing membrane fluidity in SH-SY5Y cells. This study 
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should provide insights into not only the roles of pro-inflammatory cytokines and 

sPLA2-IIA, but also the effects of cytokine-stimulated astrocytes on APP processing 

in AD.  
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4.2 Introduction 

Pro-inflammatory cytokines have been implicated in Alzheimer’s disease (AD) 

(Beloosesky et al., 2002; Cacquevel et al., 2004; Couturier et al., 2010; Lahiri et al., 

2003; Patel et al., 2005; Pellicano et al., 2010).  Cytokines including tumor necrosis 

factor  (TNF) and interleukin-1 (IL-1) are involved in the inflammatory response 

at the proximity of amyloid- (A) plaques (Cacquevel et al., 2004), one of 

pathological characteristics of AD (Dickson, 1999; Frautschy et al., 1998; McGeer et 

al., 1987; Perlmutter et al., 1990; Selkoe, 2000; Stalder et al., 1999).  Astrocytes are 

immune active cells and are responsive to cytokines, which stimulate downstream 

signaling pathway including transcriptional activation of genes. For example, TNF 

and IL-1 increase secretory phospholipase A2-IIA (sPLA2-IIA) mRNA expression in 

immortalized astrocytes (DITNC cells) (Jensen et al., 2009; Li et al., 1999; Wang and 

Sun, 2000).   

Phospholipases A2 (PLA2s) are ubiquitous enzymes responsible for 

maintenance of phospholipid homeostasis in cell membranes. Aberrant PLA2 activity 

is involved in the pathogenesis of AD (Colangelo et al., 2002; Farooqui and Horrocks, 

2006; Moses et al., 2006; Muralikrishna Adibhatla and Hatcher, 2006; Stephenson et 

al., 1996, 1999; Sun et al., 2004). Among many types of secretory PLA2s, mRNA 

expression and immunoreactivity of sPLA2-IIA have been found to increase in AD 

brains (Moses et al., 2006).  PLA2s affect the proteolytic process of amyloid 

precursor protein (APP) (Cho et al., 2006) which produces either neurotoxic Aβ 

(Vassar, 2004) or neurotrophic and neuroprotective -secretase-cleaved soluble APP 
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(sAPP) (Allinson et al., 2003; Esch et al., 1990; Thornton et al., 2006).  APP is a 

transmembrane protein and APP processing is highly dependent on local membrane 

environment. In a previous study, we showed that secretory phospholipase A2-III 

(sPLA2-III) increased sAPP production through altering membrane fluidity (Yang et 

al., 2010). Due to the beneficial properties of sAPP (Thornton et al., 2006), 

increasing sAPP production has been suggested as a potential pharmacological 

approach for the treatment of AD (Cheng et al., 2007).   

In this study, we explored the effect of cytokines on the protein synthesis of 

sPLA2-IIA in astrocytes and mimicked the effect of cytokine-stimulated astrocytes on 

membrane fluidity and APP processing in neurons.  Specifically, we investigated 

whether cytokines, including TNF and IL-1, induced sPLA2-IIA secretion from 

DITNC cells and whether the conditioned medium from DITNC cells altered 

membrane fluidity and sAPP secretion in differentiated human neuroblastoma 

(SH-SY5Y cells).  In addition, we also examined if recombinant human sPLA2-IIA 

altered sAPP secretion in SH-SY5Y cells, membrane fluidity, recruitment of APP to 

the cell surface, as well as expressions of -secretases and -site APP cleaving 

enzyme (BACE1). This study should provide novel information and insights into the 

role of cytokines in stimulating astrocytes and their subsequent effects on APP 

processing in AD.  
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4.3 Materials and Methods 

Chemicals and Reagents 

Dulbecco’s modified Eagle’s medium (DMEM) with high glucose, DMEM/F12 

medium (1:1), Ham’s F-12 medium, fetal bovine serum (FBS) and 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were from 

Invitrogen (Carlsbad, CA). Recombinant human sPLA2-IIA was from BioVendor 

(Candler, NC). sPLA2-IIA inhibitor was from EMD Biosciences (San Diego, CA). 

Cytokines including TNF and IL-1 were from R&D Systems (Minneapolis, MN). 

Phorbol 12-myristate 13-acetate (PMA), dimethyl sulfoxide (DMSO) and all-trans 

retinoic acid (RA) were from Sigma-Aldrich (St. Louis, MO). 

Farnesyl-(2-carboxy-2-cyanovinyl)-julolidine (FCVJ) was from Dr. Haidekker’s 

Laboratory (Univerisity of Georgia) (Nipper et al., 2008). 

Cell Culture 

SH-SY5Y cells (1.0x105 cells/well) were seeded into 12-well plates or 1.0 x106 

cells/dish into 60 mm dishes and were cultured in DMEM/F12 medium (1:1) 

containing 10% FBS.  For differentiation, SH-SY5Y cells were exposed to 10 μM 

RA for 6 d with change of fresh culture medium every 2 d. DITNC cells were cultured 

in DMEM medium supplemented with 10% FBS. All cells were maintained at 37˚C in 

a 5% CO2 humidified incubator. 

Cell Viability by MTT Test 

Cell viability was determined by MTT reduction.  Briefly, differentiated 

SH-SY5Y cells cultured in 12-well plates were treated with different concentrations 
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of sPLA2-IIA.  After treatment, medium was removed and 1 ml of MTT reagent 

(0.5mg/ml) in DMEM was added into each well. Cells were incubated for 4 h at 37˚C 

and after dissolving formazan crystals with DMSO, absorption at 540 nm was 

measured. 

Characterization of Membrane Fluidity by Fluorescence Microscopy of 

FCVJ-Labeled Cells 

A fluorescent molecular rotor, farnesyl-(2-carboxy-2-cyanovinyl)-julolidine 

(FCVJ) was used to measure the relative membrane fluidity in SH-SY5Y cells.  

FCVJ was designed to be a more membrane-compatible fluorescent molecular rotor 

(Haidekker et al., 2001) with the quantum yield strongly dependent on the local free 

volume. A higher fluorescent intensity of FCVJ reflects the intramolecular-rotational 

motions being restricted by a smaller local free volume, indicating a more viscous 

membrane.  Previously, we have verified the application of FCVJ for measuring 

membrane viscosity by comparing the results obtained using FCVJ with those from 

the technique of fluorescence recovery after photobleaching (FRAP) (Nipper et al., 

2008).  In this study, we adapted the protocol from Haidekker et al. (2001) to 

fluorescently label cells with FCVJ.  Briefly, after treatment with sPLA2-IIA or 

conditioned medium from DITNC cells, SH-SY5Y cells were washed with PBS and 

incubated in DMEM containing 20% FBS and 1μM FCVJ for 20 min.  Excess FCVJ 

was removed by washing cells with PBS three times.  Fluorescent intensity 

measurements were performed at room temperature using a Nikon TE-2000 U 

fluorescence microscope with an oil immersion 60X objective lens. Images were 
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acquired using a CCD camera controlled by a computer running a MetaVue imaging 

software (Universal Imaging, PA).  The fluorescent intensities of FCVJ per cell area 

were measured.  Background subtraction was done for all images prior to data 

analysis. 

Treatment of SH-SY5Y Cells with Conditioned Medium from DITNC 

DITNC cells were exposed to cytokines (TNF and IL-1, 10ng/ml) for 8 h, 

followed by removing cytokines and incubating in serum-free medium for another 40 

h. The same volume of conditioned medium from DITNC cells was used for Western 

blot analysis of sPLA2-IIA released from DITNC cells.  SH-SY5Y cells were then 

treated with the conditioned medium from control and cytokine-stimulated DITNC 

cells for 24 h. Furthermore, to verify the effects of sPLA2-IIA on sAPP secretion and 

membrane fluidity, sPLA2-IIA inhibitor (1M) was added to the conditioned medium 

from control and cytokine-stimulated DITNC cells to treat SH-SY5Y cells. 

Western Blot Analysis of sAPPReleased from SH-SY5Y Cells and sPLA2-IIA 

Released from DITNC Cells 

After treatments, culture medium was collected and the same volume of the cell 

lysate from each sample was used for Western blot analysis using β-actin as internal 

standard. The culture medium was centrifuged at 12,000 x g for 5 min to remove cell 

debris, and the same volume of medium from each sample (e.g., 40l) was diluted 

with Laemmli buffer, boiled for 5 min, subjected to electrophoresis in 7.5% 

SDS-polyacrylamide gels, and transferred to nitrocellulose membranes. Membranes 

were blocked for 1 h with 5% (w/v) nonfat dry milk in Tris-buffered saline containing 
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0.1% (v/v) Tween 20 (TBST) and were incubated overnight at 4˚C in 3% (w/v) bovine 

serum albumin (BSA) with 0.02% (w/v) sodium azide in TBST with a 6E10 

monoclonal antibody (1:1000 dilution; Millipore, Billerica, MA) that recognizes 

residues 1-17 of the A domain of human sAPP or with anti-sPLA2-IIA rabbit 

polyclonal antibody (1:1000; BioVendor, Candler, NC). Membranes were washed 

three times during a 15-min period with TBST and incubated with horseradish 

peroxidase-conjugated goat anti-mouse IgG antibody or goat anti-rabbit IgG antibody 

(1:2000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) in 5% (w/v) nonfat dry 

milk in TBST at room temperature for 1 h.  After washing with TBST for three times, 

the membrane was subjected to SuperSignal West Pico Chemiluminescent detection 

reagents from Pierce (Rockford, IL) to visualize bands. The protein bands detected on 

X-ray film were quantified using a computer-driven scanner and Quantity One 

software (Bio-Rad). 

Western Blot Analysis of APP, ADAM9, ADAM10, ADAM17 and BACE1 in 

SH-SY5Y Cells  

After treatments, the protein concentration of the cell lysate was determined by 

BCA protein assay kit (Pierce Biotechnology, Rockford, IL) according to 

manufacture’s instruction. Equivalent amounts of protein from each sample (e.g., 30 

g) was diluted with Laemmli buffer, boiled for 5 min, subjected to electrophoresis in 

7.5% SDS-polyacrylamide gels, and transferred to nitrocellulose membranes.  

Membranes were blocked for 1 h with 5% (w/v) nonfat dry milk in Tris-buffered 

saline containing 0.1% (v/v) Tween 20 (TBST) and were incubated overnight at 4˚C 
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in 3% (w/v) BSA with 0.02% (w/v) sodium azide in TBST with 6E10 monoclonal 

antibody, anti-ADAM9 antibody (1:1000 dilution; Abcam, Cambridge, MA), 

anti-ADAM10 antibody (1:1000 dilution; Millipore, Billerica, MA), anti-ADAM17 

antibody (1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) or 

anti-BACE1 antibody (1:1000 dilution; Sigma-Aldrich, St. Louis, MO).  Membranes 

were washed three times during a 15-min period with TBST and incubated with 

horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG antibody 

(1:2000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) in 5% (w/v) nonfat dry 

milk in TBST at room temperature for 1 h. After washing with TBST for three times, 

the membrane was subjected to SuperSignal West Pico Chemiluminescent detection 

reagents from Pierce (Rockford, IL) to visualize bands. The protein bands detected on 

X-ray film were quantified using a computer-driven scanner and Quantity One 

software (Bio-Rad). 

Immunofluorescent Staining and Assessment of APP at the Cell Surface of 

SH-SY5Y Cells 

SH-SY5Y cells were plated onto cover slips. After differentiation and 

treatments, cells were fixed in PBS containing 4% paraformaldehyde without prior 

permeabilization with detergent.  After washing three times with PBS, nonspecific 

binding of antibodies was blocked by 5% goat serum for 1 h at room temperature.  

Cells were then incubated overnight at 4˚C in 3% goat serum with anti-APP mouse 

antibody (1:200 dilution; assay designs, Ann Arbor, MI) that recognizes the 

N-terminus of APP.  The cover slips were washed with PBS and incubated for 1 h at 
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room temperature with fluorescein isothiocyanate (FITC)-labeled goat anti-mouse 

secondary antibody (1:400, Santa Cruz, CA) and washed with PBS.  Cover slips 

were then mounted and fluorescent intensity measurements were performed at room 

temperature using the Nikon TE-2000 U fluorescence microscope and oil immersion 

60X objective lens.  Images were acquired using a CCD camera controlled by a 

computer running a MetaVue imaging software (Universal Imaging, PA).  The 

fluorescent intensities per cell area were measured. Background subtraction was done 

for all images prior to data analysis. 

Quantification of A1-42  

After treatments, culture medium and cell lysates were collected, supplemented 

with protease inhibitor cocktail and centrifuged at 12,000 x g for 5 min at 4˚C to 

remove cell debris. An aliquot (100 l) of supernatant was used for A1-42 

quantification using an ELISA kit (Invitrogen, Carlsbad, CA) following 

manufacturer’s recommendation. According to the instruction manual, substances 

including A, A, A, A, A, A, A and APP have no 

cross-reactivity. The minimum detectable dose of A1-42 is <1.0 pg/ml. The level of 

A1-42 in each sample was measured in duplicates and expressed in pg/ml. 

Statistical Analysis 

Data are presented as mean ± SD from at least three independent experiments. 

Comparison between two groups was made with student’s t test. Comparisons of more 

than two groups were made with one-way ANOVA, followed by Bonferroni’s post hoc 

tests. Values of p< 0.05 are considered to be statistically significant. 
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4.4 Results 

Cytokine-stimulated DITNC Cells Secreted sPLA2-IIA 

It has been shown that when stimulated by cytokines including TNF and IL-1, 

astrocytes increases mRNA expression of sPLA2-IIA (Jensen et al., 2009; Li et al., 

1999; Wang and Sun, 2000). Since sPLA2-IIA is involved in inflammatory process in 

AD (Jia et al., 2005; Sun et al., 2004, 2007), in this study, we determined if 

stimulation by TNF and IL-1 induced the protein synthesis of sPLA2-IIA in DITNC 

cells.  Western blot analysis showed that cytokine-stimulated DITNC cells secreted 

sPLA2-IIA into culture medium (Fig. 1).  

Conditioned Medium from Cytokine-stimulated DITNC Cells Increase 

Membrane Fluidity and sAPP Secretion in SH-SY5Y Cells 

Since PLA2s have been shown to increase sAPP secretion (Cho et al., 2006; 

Yang et al., 2010), it is reasonable to hypothesis that the conditioned medium 

containing sPLA2-IIA may have the similar effects on SH-SY5Y cells. To test this 

hypothesis and to mimic the effects of cytokine-stimulated astrocytes on APP 

processing in neurons, we applied the conditioned medium from cytokine-stimulated 

DITNC cells to SH-SY5Y cells. Interestingly, the conditioned medium containing 

sPLA2-IIA increased membrane fluidity and sAPP secretion in SH-SY5Y cells (Fig. 

2).  Furthermore, to verify that these effects are due to sPLA2-IIA, its inhibitor was 

added to the conditioned medium from control and cytokine-stimulated DITNC cells 

to treat SH-SY5Y cells. The result showed that sPLA2-IIA inhibitor counteracted the 

effects of condition medium on membrane fluidity and sAPP secretion, but did not 
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alter those parameters by itself (Fig. 2).  Our results suggested that secreted 

sPLA2-IIA from cytokine-stimulated DITNC cells contributed to the increase in 

membrane fluidity and sAPP secretion in SH-SY5Y cells.  

Exogenous sPLA2-IIA Increased sAPP Secretion in SH-SY5Y Cells 

To further exclude the possibility that other components in conditioned medium 

may cause the effects mentioned above, we used recombinant human sPLA2-IIA to 

investigate the effect of sPLA2-IIA on sAPP secretion in SH-SY5Y cells in relation 

to membrane fluidity. We first examined the viability of SH-SY5Y cells in response to 

different doses of sPLA2-IIA using the MTT test.  As shown in Fig. 3, there was a 

dose-dependent decrease in cell viability upon exposing SH-SY5Y cells to sPLA2-IIA 

for 24 h. Based on these results, in the following studies, we used 50 and 100 ng/ml of 

sPLA2-IIA for treating SH-SY5Y cells. Western blot analysis showed that sPLA2-IIA 

at both doses increased sAPPsecretion in SH-SY5Y cells (Fig. 4).  Since it has been 

reported that PMA, a PKC agonist, increases sAPP secretion (Camden et al., 2005; 

Caporaso et al., 1992; Slack et al., 1993), treatment with PMA (10 nM) was used as a 

positive control.   

Exogenous sPLA2-IIA Increased Membrane Fluidity in SH-SY5Y Cells 

To study the effects of sPLA2-IIA on membrane fluidity, we applied a 

fluorescent molecular rotor, FCVJ.  As explained in the Materials and Methods 

section, FCVJ integrated into a highly fluidized membrane exhibits lower quantum 

yield, as reflected by a lower fluorescent intensity.  After treatment with sPLA2-IIA, 

cells exhibited a lower fluorescent intensity of FCVJ as compared to control (Fig. 5), 
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indicating that sPLA2-IIA increased membrane fluidity in SH-SY5Y cells. Together 

with the results for sAPP secretion, these data suggest that sPLA2-IIA increased 

sAPP through its actions to increase membrane fluidity. 

Exogenous sPLA2-IIA Increased APP at the Cell Surface of SH-SY5Y Cells  

There is strong evidence suggesting that the amyloidogenic pathway to generate 

A occurs preferentially in the intracellular compartments, whereas the 

non-amyloidogenic pathway for production of sAPP preferentially occurs at the 

plasma membranes (Cirrito et al., 2008; Haass et al., 1993; Kinoshita et al., 2003; Koo 

and Squazzo, 1994; Rajendran et al., 2008; Schobel et al., 2008; Small and Gandy, 

2006; von Arnim et al., 2008).  Based on the results of our studies, it is reasonable to 

hypothesize that sPLA2-IIA alter APP internalization resulting in an increase of APP 

at the cell surface of SH-SY5Y cells.  To test this hypothesis, we fluorescently 

labeled the extracellular domain of APP without the procedure of membrane 

permeabilization. Immunofluorescence microscopy of APP at the cell surface showed 

that sPLA2-IIA enhanced the labeling of APP at the cell surface (Fig. 6).  

Quantitative measurement of the fluorescent intensity indicated sPLA2-IIA increased 

APP at the membrane surface by ~ 40%.  

Exogenous sPLA2-IIA did not Alter Expressions of Total APP and -secretases in 

SH-SY5Y Cells      

Incubation of sPLA2-IIA for 24 h may change total APP and -secretase 

expressions for release of sAPP Western blot analysis showed that exposure of 

sPLA2-IIA to SH-SY5Y cells for 24 h did not alter the expressions of APP and 
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different isoforms of -secretases including ADAM9, ADAM10 and ADAM17 (Fig. 

7).  These results showed that expressions of APP and -secretases were not factors 

in the increased sAPP secretion in SH-SY5Y cells induced by sPLA2-IIA. 

Exogenous sPLA2-IIA did not Alter Secretion of A1-42 in SH-SY5Y Cells 

Since sPLA2-IIA increased the secretion of sAPP, they may decrease the 

secretion of A1-42 in SH-SY5Y cells. Fig. 8 showed that ELISA measurement of 

A1-42 secretion and production from SH-SY5Y cells were not changed upon 

treatment of sPLA2-IIA for 24 h.  Furthermore, Western blot analysis showed that 

exposure of sPLA2-IIA to SH-SY5Y cells for 24 h did not alter the expressions of 

BACE1 (Fig. 7). 

 

4.5 Discussion 

In this study, we provided evidence showing that cytokines including TNF and 

IL-1 stimulated DITNC cells to secrete sPLA2-IIA into the culture medium; and the 

conditioned medium containing sPLA2-IIA from cytokine-stimulated DITNC cells, in 

turn, increased membrane fluidity and sAPP secretion in SH-SY5Y cells, which were 

suppressed by sPLA2-IIA inhibitor.  

Cytokines have been shown to involve in pathogenesis of AD (Baranowska-Bik 

et al., 2008; Beloosesky et al., 2002; Cacquevel et al., 2004; Couturier et al., 2010; 

Deniz-Naranjo et al., 2008; Lahiri et al., 2003; Patel et al., 2005; Pellicano et al., 2010; 

Zuliani et al., 2007).  For example, A promotes the expression of pro-inflammatory 

cytokines including TNF and IL-1 in cell models of AD (Pellicano et al., 2010).  
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In transgenic mouse models, inflammatory cytokine levels correlate with A levels 

and locations (Apelt and Schliebs, 2001; Mehlhorn et al., 2000; Patel et al., 2005). 

Clinically, high levels of TNF and IL-1 are associated AD (Jia et al., 2005; Zuliani 

et al., 2007) and these cytokines are involved in inflammatory response which is 

mainly located to the vicinity of A plaques (Cacquevel et al., 2004). In turn, these 

cytokines modulate the promoter activity of APP gene (Ge and Lahiri, 2002) and 

affect A production and accumulation (Blasko et al., 2001; Cacquevel et al., 2004).  

Astrocytes are immune active cells and are responsive to cytokines. Cytokines 

regulate NF-B activation, calcium oscillation, protein tyrosine nitration and 

chemokine production in astrocytes (Choi et al., 2001; Gorg et al., 2006; Katayama et 

al., 2009; Liu et al., 2005; Morita et al., 2003; Thompson and Van Eldik, 2009). 

Exposure of astrocytes to cytokines also results in protein synthesis including nerve 

growth factor, inducible nitric oxide synthase, prostaglandin E2 and P2X7 receptor 

(Juric and Carman-Krzan, 2000; Narcisse et al., 2005; Trajkovic et al., 2000; Xu et al., 

2003). In addition, cytokines lead to transcriptional activation of genes, such as 

increase of sPLA2-IIA mRNA (Jensen et al., 2009; Li et al., 1999; Wang and Sun, 

2000).  In this study, our data further confirmed that pro-inflammatory cytokines 

including TNF and IL-1 induced the protein synthesis of sPLA2-IIA in DITNC cells 

(Fig. 1).  

We have reported that both cytosolic PLA2 (cPLA2) and calcium-independent 

PLA2 (iPLA2) are key enzymes mediating A-induced mitochondrial dysfunction in 

primary rat astrocytes (Zhu et al., 2006). There is also an increase in mRNA 
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expression and immunoreactivity of cPLA2 (Colangelo et al., 2002; Stephenson et al., 

1996, 1999), and sPLA2-IIA (Moses et al., 2006) in AD brains.  In this study, the 

conditioned medium containing sPLA2-IIA from cytokine-stimulated DITNC cells 

increased membrane fluidity and sAPP secretion in SH-SY5Y cells (Fig. 2).  To 

verify that these effects are due to sPLA2-IIA, its inhibitor was added to the 

conditioned medium from control and cytokine-stimulated DITNC cells to treat 

SH-SY5Y cells. These effects of conditioned medium on membrane fluidity and 

sAPP secretion were suppressed by sPLA2-IIA inhibitor (Fig. 2). By applying the 

conditioned medium to SH-SY5Y cells, we mimicked the effects of 

cytokine-stimulated astrocytes on membrane fluidity and APP processing in neurons.   

As mentioned above, cytokines induce an array of protein synthesis and 

chemical production in astorcytes. To rule out the possibility that other components in 

the conditioned medium may contribute to the changes in membrane fluidity and 

sAPP secretion, we used recombinant human sPLA2-IIA to treat SH-SY5Y cells.  

The results showed that sPLA2-IIA increased membrane fluidity (Fig. 5) and sAPP 

secretion (Fig. 4), supporting that sPLA2-IIA in conditioned medium from 

cytokine-stimulated DITNC cells contributed to the changes in SH-SY5Y cells.  

APP internalization is a key factor for A production which mainly occurs in 

endosomes (Cirrito et al., 2008; Kinoshita et al., 2003; Rajendran et al., 2008; Schobel 

et al., 2008; Small and Gandy, 2006; von Arnim et al., 2008).  APP internalization 

can be reduced by lowering cholesterol, which leads to increase in membrane fluidity, 

APP accumulation at the cell surface and sAPP secretion (Kojro et al., 2001). 
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Consistently, our study showed that sPLA2-IIA increased APP recruitment to the cell 

surface (Fig. 6).  On the other hand, there is evidence that endogenous A may 

decrease membrane fluidity and stimulate its own production, which is a vicious 

circle (Peters et al., 2009).  Our data as well as those from Kojro et al. (2001) and 

Peters et al. (2009) support the notion that increasing membrane fluidity leads to 

increased accumulation of APP at cell surface and sAPP production. 

There is evidence that -secretase cleavage of APP competes and precludes the 

BACE cleavage, the primary step for production of harmful A(Haass et al., 1993; 

Koo and Squazzo, 1994). However, enhanced sAPP secretion (~ 2 fold) induced by 

sPLA2-IIA did not result in a detectable decrease in A secretion and production (Fig. 

8).  In fact, other studies also showed that reduced secretion of sAPP did not lead to 

corresponding increase in A production (Kim et al., 2008).  This may be attributed 

to the abundance of APP.  Certainly, more systematic studies will be warranty to 

further understand underlying mechanism. 

In summary, our results showed that cytokine-stimulated DITNC cells secreted 

sPLA2-IIA which enhanced sAPP secretion through increasing membrane fluidity in 

SH-SY5Y cells. This study should provide insights into not only the roles of 

pro-inflammatory cytokines and sPLA2-IIA, but also the effects of 

cytokine-stimulated astrocytes on APP processing in AD.  
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Figure 1. Cytokine-enhanced sPLA2-IIA secretion in DITNC cells.  Exposing 
DITNC cells to cytokines (TNF and IL-1, 10 ng/ml) for 8 h, followed by removing 
cytokines and incubating in serum-free medium for another 40 h, promoted 
sPLA2-IIA secretion. Data are expressed as percentages of control and mean ± SD 
from at least three independent experiments (***p<0.001). 
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Figure 2. Conditioned medium containing sPLA2-IIA from DITNC cells 
increased membrane fluidity and sAPP secretion in SH-SY5Y cells.  a: the 
control conditioned medium from DITNC cells. b: the conditioned medium from 
cytokine-stimulated DITNC cells. c: the conditioned medium from 
cytokine-stimulated DITNC cells with the sPLA2-IIA inhibitor. d: sPLA2-IIA inhibitor 
with the control conditional medium from DITNC without stimulation by cytokines. 
Representative images of SH-SY5Y cells fluorescently labeled with FCVJ with 
conditioned medium treatment (A, upper). Scale bar, 20 m. The conditioned medium 
from cytokine-stimulated DITNC cells increased membrane fluidity in SH-SY5Y 
cells, as indicated by a decrease in the fluorescent intensity of FCVJ-labeled cells (A, 
lower), and increased sAPP secretion (B). sPLA2-IIA inhibitor suppressed increase in 
membrane fluidity (A) and sAPP secretion (B) induced by the conditioned medium 
from cytokine-stimulated DITNC cells.  Data are expressed as percentages of control 
and mean ± SD from at least three independent experiments (* p< 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 

 113



 

 
 
 
 
 
 
 

 

 
Figure 3. sPLA2-IIA on the viability of SH-SY5Y cells.  MTT test was applied to 
examine the viability of SH-SY5Y cells. Data are expressed as percentages of control 
and mean ± SD from at least three independent experiments (**p<0.01). 
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Figure 4. sPLA2-IIA on sAPP secretion in SH-SY5Y cells.  Western blot analysis 
of sAPP showed that sPLA2-IIA increased sAPP secretion to medium from 
SH-SY5Y cells. PMA treatment known to increase sAPP secretion in cells was used 
as a positive control. Data are expressed as percentages of control and mean ± SD 
from at least three independent experiments (* p< 0.05, **p<0.01). 
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Figure 5. sPLA2-IIA on SH-SY5Y cell membrane fluidity.  Representative images 
of SH-SY5Y cells fluorescently labeled with FCVJ without treatment (upper, left) and 
with sPLA2-IIA treatment (upper, middle and right). Scale bar, 20 m. sPLA2-IIA 
increased membrane fluidity in SH-SY5Y cells, as indicated by a decrease in the 
fluorescent intensity of FCVJ-labeled cells (lower). Data are expressed as mean ± SD 
from at least three independent experiments (* p< 0.05). 
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Figure 6. sPLA2-IIA on APP accumulation at the cell surface of SH-SY5Y cells.  
Immunofluorescence microscopy of APP at the cell surface of SH-SY5Y cells was 
applied. Cells treated with sPLA2-IIA for 24 h were labeled with anti-APP antibody 
and FITC-conjugated secondary antibody without the cell permeabilization procedure. 
Representative images of fluorescently labeled SH-SY5Y cells without treatment 
(upper, left) and with sPLA2-IIA treatment (upper, middle and right). Scale bar, 20 
m.  sPLA2-IIA increased the APP accumulation at the cell surface (lower). Data are 
expressed as percentages of control and mean ± SD from at least three independent 
experiments (* p< 0.05). 
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Figure 7. sPLA2-IIA on the expressions of APP, -secretases and BACE1 in 
SH-SY5Y cells.  Western blot analysis of APP, -secretases and BACE1 showed 
that sPLA2-IIA did not alter the expressions of APP, different isoforms of -secretases 
including ADAM 9, ADAM 10 and ADAM 17, and BACE1.  
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Figure 8. sPLA2-IIA on A1-42 from SH-SY5Y cells. (A) sPLA2-IIA did not alter 
A1-42 secretion from SH-SY5Y cells to culture medium. (B) sPLA2-IIA did not alter 
the expression of A1-42 in SH-SY5Y cells. Data are expressed as mean ± SD from 
three independent experiments. 
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5.1 Summary 

Oxidative stress and inflammation are important processes in the progression of 

Alzheimer’s disease (AD). Recent studies have implicated the role of 

amyloid-peptides (A) in mediating these processes.  In astrocytes, oligomeric A 

induces the assembly of NADPH oxidase complexes resulting in its activation to 

produce anionic superoxide.  A also promotes production of pro-inflammatory 

factors in astrocytes.  Since low energy laser has previously been reported to 

attenuate oxidative stress and inflammation in biological systems, the objective of this 

study was to examine whether this type of laser light was able to abrogate the 

oxidative and inflammatory responses induced by A. Primary rat astrocytes were 

exposed to Helium-Neon laser (= 632.8 nm), followed by the treatment with 

oligomeric A.  Primary rat astrocytes were used to measure A-induced production 

of superoxide anions using fluorescence microscopy of dihydroethidium (DHE), 

assembly of NADPH oxidase subunits by the colocalization between the cytosolic 

p47phox subunit and the membrane gp91phox subunit using fluorescent confocal 

microscopy, phosphorylation of cytosolic phospholipase A2 (cPLA2), and expressions 

of pro-inflammatory factors including interleukin-1 (IL-1) and inducible 

nitric-oxide synthase (iNOS) using Western blot analysis. Our data showed that laser 

light at 632.8 nm suppressed A-induced superoxide production, colocalization 

between NADPH oxidase gp91phox and p47phox subunits, phosphorylation of cPLA2, 

and the expressions of IL-1 and iNOS in primary astrocytes.  We demonstrated for 

the first time that 632.8 nm laser was capable of suppressing cellular pathways of 
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oxidative stress and inflammatory responses critical in the pathogenesis in AD.  This 

study should prove to provide the groundwork for further investigations for the 

potential use of laser therapy as a treatment for AD.  
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5.2 Introduction 

Oxidative stress and inflammation have been implicated in many 

neurodegenerative diseases including AD (Behl et al., 1994; Behl and Holsboer, 1998; 

Heneka and O'Banion, 2007; Simonian and Coyle, 1996). Oxidative stress induced by 

overproduction of reactive oxygen species (ROS) causes damage of basic components 

in cells, such as lipids (Cini and Moretti, 1995), DNA (Mecocci et al., 1994) and 

proteins (Smith et al., 1991).  In most cell systems, NADPH oxidase (Abramov et al., 

2004) and mitochondrial abnormalities (Hirai et al., 2001) are two important sources 

of ROS.  NADPH oxidase is comprised of six subunits (Groemping and Rittinger, 

2005; Mizrahi et al., 2006) and its activation is mediated by translocation of the 

cytosolic subunits (p47phox, p67phox, p40phox and the GTPase Rac) to the plasma 

membrane subunits (gp91phox and p22phox) (Groemping and Rittinger, 2005; Mizrahi et 

al., 2006). Activation of NADPH oxidase in astrocytes and microglia results in 

increased production of superoxide anions, which are toxic to neighboring neurons in 

AD brains (Abramov et al., 2004; Qin et al., 2002; Shimohama et al., 2000).  

Oxidative stress also triggers critical downstream pathways including activation of 

cPLA2, an enzyme responsible for membrane integrity (Huber et al., 2006; Shelat et 

al., 2008; Sun et al., 2007; You et al., 2005).  Consistent with this line of evidence, 

we have reported that A activates NADPH oxidase to induce ROS and activation of 

cPLA2 in primary rat astrocytes (Zhu et al., 2006). Activated cPLA2, in turn, targets 

mitochondria, resulting in mitochondrial dysfunction and further overproduction of 

ROS (Zhu et al., 2006). Based on these previous studies, it is reasonable to suggest 
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two major mechanisms for A to induce ROS production, initially from NADPH 

oxidase and subsequently from mitochondria through cPLA2 activation. 

There is compelling evidence that inflammation plays a vital role in the 

pathogenesis of AD (Heneka and O'Banion, 2007).  A triggers expressions of 

inflammatory factors including IL-1 and iNOS in glial cells (Akama and Van Eldik, 

2000; White et al., 2005). IL-1 is a critical inflammatory cytokine in AD (Griffin and 

Mrak, 2002) since it can stimulate production of iNOS and other inflammatory 

cytokines (Blom et al., 1997; Lee et al., 1993).  

Low-level laser has been reported to attenuate oxidative stress and 

inflammation (Abdel et al., 2007; Aimbire et al., 2008; Boschi et al., 2008; Fillipin et 

al., 2005; Freitas et al., 2001; Giuliani et al., 2009; Hammer et al., 2008; Karageuzyan 

et al., 1998; Lim et al., 2007; Sakurai et al., 2000). Although the mechanism is yet to 

be fully understood, this type of light therapy has been used to help tissue repair and 

wound healing in in vivo models (Aimbire et al., 2008; Albertini et al., 2007; Correa 

et al., 2007; Reis et al., 2008; Viegas et al., 2007; Whelan et al., 2001, 2003) and 

rescue neurons from neurotoxic injuries (Liang et al., 2006; Wong-Riley et al., 2005), 

implying a variety of promising clinical applications.  In this study, we hypothesize 

that laser has the capability of suppressing A-induced oxidative stress and 

inflammation in astrocytes, the most abundant cell type in the brain. We tested the 

effects of low-level laser light at 632.8 nm on A-induced ROS production through 

the activation of NADPH oxidase, and its downstream pathways involving 

phosphorylation of cPLA2 and expression of inflammatory factors including IL-1 
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and iNOS.  Information derived from this study should prove to provide groundwork 

for further investigations on the potential application of laser therapy as a treatment 

for AD. 

 

5.3 Material and Methods 

Chemicals and Reagents 

Dulbecco’s modified Eagle’s medium (DMEM) with high glucose, Ham’s F-12 

medium, fetal bovine serum (FBS), dihydroethidium (DHE) and 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were from 

Invitrogen (Carlsbad, CA). Bovine serum albumin (BSA), dimethyl sulfoxide 

(DMSO), hexafluoro-2-propanol (HFIP) and poly-D-lysine were from Sigma-Aldrich 

(St. Louis, MO). A1-42 was from American Peptide (Sunnyvale, CA). gp91 ds-tat 

Peptide 2, a peptide inhibitor of NADPH oxidase, was from anaSpec (Fremont, CA). 

Goat polyclonal anti- gp91phox and rabbit polyclonal anti-p47phox were from Santa 

Cruz Biotechnology (Santa Cruz, CA). Fluorescein-donkey anti-goat antibody, and 

Texas Red-sheep anti-rabbit antibody were from Abcam (Cambridge, MA).  

Cell Culture 

Primary cortical astrocytes were obtained using a standard 

stratification/cell-shaking procedure from newborn rat brains.  Following the 

procedure from our previous studies yielded confluent mixed glial cultures within 7–9 

days, after which the flasks were shaken at 180 rev./min at room temperature (25˚C) 

for 3 h to remove microglial cells (Zhu et al., 2005, 2006). The purity of these primary 
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rat astrocyte cultures was >95%, verified by anti-glial fibrillary acidic protein labeling 

(data not shown).  Astrocytes were cultured onto 35mm dishes or coverslips coated 

with poly-D-lysine (0.4mg/ml) and fed every 48 h with fresh DMEM culture medium 

supplemented with 10% FBS. Cells were maintained at 37˚C in a 5% CO2 humidified 

incubator. 

Preparation of A1-42 

A1-42 (1mg) in the powder form was dissolved in 200l of HFIP, and the 

solution was aliquoted into Eppendorf tubes, and after removing HFIP using a speed 

vacuum apparatus, samples were stored at -20˚C until use. The A film left in the tube 

was resuspended in 2l DMSO and further diluted in 98 l Ham’s F-12 medium to 

make a 100M A1-42 solution. The solution was then sonicated for 1 min and further 

diluted in DMEM to the final concentration of 5M for treatments. 

Laser Irradiation Protocol and A Treatment 

The source of light for irradiation was a helium-neon laser (=632.8 nm) with 

an output power of 15mW. The light source was placed outside of incubator and an 

optical fiber was used to guide the laser from above onto a 35 mm dish covered with a 

plastic lid inside the incubator (Fig. 1A).  Coverslips coated with poly-D-lysine were 

in 35 mm dishes if immunostaining was needed for confocal microscopy.  The spot 

size was adjusted to cover the whole dish with area of 10 cm2. The irradiation power 

density was 1.5mW/cm2.  In this study, the irradiation time was 3 h.  The total 

energy was 162 J and energy density was 16.2 J/cm2.  Both cell morphology and 

trypan blue exclusion assay showed that laser irradiation did not cause any ill-effect to 
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cell viability (data not shown).  In addition, no detectable change in culture medium 

temperature was observed during laser irradiation. 

Fig. 1B describes the laser irradiation protocol.  Briefly, for the group with 

laser pretreatment and A treatment, astrocytes in 35mm dishes and DMEM with 

phenol red and 10% FBS were pretreated with laser for 3 h.  After allowing cells to 

rest for another 4 h, cells were serum starved for 4 h by replacing DMEM containing 

10% FBS with serum-free DMEM.  Cells were then incubated with A (5M) for 2 

h for measuring phosphorylation of cPLA2, superoxide anion production, and 

colocalization between p47phox and gp91phox, and for 16 h for measuring IL-1 and 

iNOS.  For control group, astrocytes were starved for 4 h and incubated in 

serum-free DMEM.  For the group with A treatment alone, astrocytes were starved 

for 4 h and then incubated with Ain a CO2-incubator without laser installed.  For 

the group with treatment with NADPH oxidase inhibitor (gp91 ds-tat Peptide 2), the 

inhibitor (1M) was added into culture medium 1 h before A treatment.  

Reactive Oxygen Species Measurement 

To quantify superoxide anion production induced by A in astrocytes, cells 

were starved for 4 h, followed by incubation of cells with both A (5M) and DHE 

(20M) for 2 h. DHE is a cell permeable fluorescent probe.  Upon oxidation by 

superoxide anion, it binds to DNA in nuclei and becomes highly fluorescent 

(Chapman et al., 2005).  Fluorescent intensity measurement of DHE was performed 

at room temperature using a Nikon TE-2000 U fluorescence microscope with a 20X 

objective lens.  Images were acquired using a CCD camera controlled by a computer 
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running MetaVue imaging software (Universal Imaging, PA).  The fluorescent 

intensity of DHE per cell was measured.  Background subtraction was done for all 

images prior to data analysis. 

Confocal Immunofluorescence Microscopy 

After treatments, cells were fixed with 4% paraformaldehyde at 37˚C for 30 

min.  PBS containing 5% BSA was then applied to cells for 1 h to block nonspecific 

bindings. To label gp91phox at the cell surface, goat polyclonal anti-gp91phox (1:200 

dilution) was added and incubated at 4˚C without permeabilization.  To label p47phox, 

cells were then permeabilized with 0.1% Triton X-100 in PBS for 5 min.  Rabbit 

polyclonal anti-p47phox (1:200 dilution) in PBS with 1% BSA was then added and 

incubated at 4˚C overnight.  This was followed by fluorescent labeling with 

secondary antibodies (1:500 dilution) at room temperature for 1 h. The secondary 

antibodies for gp91phox and p47phox were fluorescein-donkey anti-goat antibody, and 

Texas Red-sheep anti-rabbit antibody, respectively. Secondary antibodies did not 

show immunostaining in the absence of the primary antibody (data not shown).  

Confocal immunofluorescence microscopy was performed with an Olympus FV1000 

confocal inverted microscope (Tokyo, Japan).  Confocal images were acquired with 

a 60X, numerical aperture 1.2 oil immersion objective lens for colocalization studies 

between NADPH oxidase subunits, gp91phox and p47phox.  Background subtraction 

was done for all images before analysis.  Colocalization images were obtained by 

suppressing all colors, except yellow, in superimposed images using Adobe Photoshop 

(Adobe Systems, San Jose, CA). The colocalization of p47phox with gp91phox was 
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quantified by normalizing the intensity of yellow by the intensity of gp91phox. 

Western Blot Analysis 

After treatments, the total protein concentration of cell lysate was determined 

by BCA (bicinchoninic acid) protein assay kit (Pierce Biotechnology, Rockford, IL) 

according to manufacture’s instruction.  Equivalent amounts of protein from each 

sample (e.g., 40 g) were diluted with Laemmli buffer, boiled for 5 min, subjected to 

electrophoresis in 7.5% SDS-polyacrylamide gels, and transferred to nitrocellulose 

membranes. Membranes were blocked for 1 h with 5% (w/v) nonfat dry milk in 

Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBST) and were incubated 

overnight at 4˚C in 3% (w/v) BSA with 0.02% (w/v) sodium azide in TBST with 

p-cPLA2 or cPLA2 antibodies (1:1000 dilution; Cell Signaling Technology, Beverly, 

MA), anti-IL-1 antibody (1:1000 dilution; R&D Systems, Minneapolis, MN), 

anti-iNOS antibody (1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) and 

-actin antibody (Sigma, St. Louis, MO). Membranes were washed three times during 

a 15-min period with TBST and incubated with horseradish peroxidase-conjugated 

goat anti-mouse or anti-rabbit IgG antibody (1: 5000 dilution; Santa Cruz 

Biotechnology, Santa Cruz, CA) in 5% (w/v) nonfat dry milk in TBST at room 

temperature for 1 h. After washing with TBST three times, the membrane was 

subjected to SuperSignal West Pico Chemiluminescent detection reagents from Pierce 

(Rockford, IL) to visualize bands. The protein bands detected on x-ray film were 

quantified using a computer-driven scanner and Quantity One software (Bio-Rad, 

Hercules, CA).  
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Statistical Analysis 

Data were presented as mean ± SD from at least three independent experiments. 

Analysis was carried out with one-way ANOVA, followed by Bonferroni’s post hoc 

tests. Values of p< 0.05 are considered to be statistically significant. 

 

5.4 Results 

Laser Light Suppressed A-induced Superoxide Production in Primary 

Astrocytes 

In order to investigate the effects of laser light on A-induced superoxide 

production, primary rat cortical astrocytes were fluorescently labeled with DHE. We 

found that stimulation of astrocytes by A for 2 h led to an increase in superoxide 

anions, as indicated by a significant increase in DHE fluorescent intensity, whereas 

pretreatment of cells with laser abrogated an A-mediated increase in superoxide 

anions (Fig. 2). Astrocytes exposed to laser without A treatment showed no effect on 

DHE intensity (Fig. 2).  To verify this technique of measurement for superoxide 

anions, we demonstrated that NADPH oxidase inhibitor (gp91 ds-tat Peptide 2) 

suppressed A-mediated increase in DHE intensity. The inhibitor alone had no effect 

on DHE intensity. In sum, A-induced ROS production in astrocytes through NADPH 

oxidase activation was suppressed by laser irradiation.  

Laser Light Suppressed A-induced Assembly of NADPH Oxidase Subunits in 

Primary Astrocytes 

Since ROS production through NADPH oxidase is preceded by translocation of 

cytosolic subunits to bind with membrane subunits, we tested the effects of laser on 
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colocalization between cytosolic p47phox and membrane-associated gp91phox after 

treating astrocytes with A.  Confocal immunofluorescence microscopy of gp91phox 

and p47phox subunits showed that stimulation of astrocytes by A for 2 h led to a 

significant increase in colocalization between these two subunits, while laser 

pretreatment suppressed the colocalization to the control level (Fig. 3). These results 

suggest that laser attenuates A-induced NADPH oxidase activation by inhibiting the 

assembly of its subunits. Astrocytes exposed to laser without A treatment showed no 

effect on colocalization (Fig. 3).  To validate the fluorescent confocal microscopy 

method for measurement of the colocalization between these two subunits, we 

demonstrated that NADPH oxidase inhibitor (gp91 ds-tat Peptide 2) suppressed 

A-mediated increase in colocalization (Fig. 3).  The inhibitor alone had no effect on 

the colocalization.  These data suggest that laser attenuates A-induced ROS 

production through inhibiting NADPH oxidase activation.  

To rule out the possibility that laser and A might have affected the expressions 

of p47phox and gp91phox, which may also cause changes in the colocalization between 

p47phox and gp91phox, Western blot analysis showed that laser and A treatments did 

not change the total expressions of p47phox and gp91phox in astrocytes (Fig. 4).  

Laser Suppressed A-induced Phosphorylation of cPLA2 in Primary Astrocytes 

ROS from NADPH oxidase can stimulate downstream signaling pathways 

including activation of MAPK which further leads to phosphorylation of cPLA2 

(Shelat et al., 2008).  p-cPLA2 targets mitochondria and triggers further ROS 

production from mitochondria (Zhu et al., 2006).  Since our data suggested that laser 
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suppressed A-induced ROS production through inhibiting NADPH oxidase 

activation, we hypothesized that laser also suppresses A-induced phosphorylation of 

cPLA2.  In support of our hypothesis, Western blot analysis of p-cPLA2 and cPLA2 

showed that stimulation of astrocytes by A for 30 min led to a significant increase in 

phosphorylation of cPLA2, while laser pretreatment suppressed the phosphorylation to 

the control level (Fig. 5).  Astrocytes exposed to laser without A treatment exerted 

no effect on phosphorylation of cPLA2 (Fig. 5). 

Laser Suppressed A-induced Expression of Pro-inflammatory Factors in 

Primary Astrocytes 

AD is associated with increased inflammatory responses (Griffin et al., 1998), 

such as increase in IL-1Zhu and Qian, 2006. Since there is evidence that low-level 

light can offer anti-inflammatory effects (Aimbire et al., 2008; Boschi et al., 2008; 

Freitas et al., 2001; Hammer et al., 2008; Lim et al., 2007; Sakurai et al., 2000), we 

tested whether laser was capable of suppressing A-induced inflammation in 

astrocytes. Western blot analyses of IL-1 and iNOS showed that stimulation of 

astrocytes by A for 16 h led to a significant increase in the expressions of IL-1 and 

iNOS, while the laser pretreatment suppressed the expressions to the control level 

(Fig. 6).  Astrocytes exposed to the laser without A treatment showed that the laser 

itself had no effect on expressions of these inflammatory factors (Fig. 6). 
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5.5 Discussion 

The present study demonstrated, for the first time, the ability of laser light at  

= 632.8 nm to suppress A-induced ROS production and inflammatory response in 

primary rat astrocytes.  Specifically, we demonstrated the ability of this laser to 

suppress A-induced ROS production, colocalization between NADPH oxidase 

subunits gp91phox and p47phox, phosphorylation of cPLA2, and expression of 

pro-inflammatory factors including IL-1 and iNOS.      

AD is a prominent neurodegenerative disease affecting a large proportion of the 

aging population (Hebert et al., 2003). Although oxidative stress has been implicated 

in the progression of this disease, the mechanism for production of ROS has not been 

clearly elucidated (Behl et al., 1994; Behl and Holsboer, 1998; Cini and Moretti, 1995; 

Forster et al., 1996; Gupta et al., 1991; Hamilton et al., 2001; Lovell and Markesbery, 

2007; Mecocci et al., 1994, 1997; Schippling et al., 2000; Simonian and Coyle, 1996; 

Smith et al., 1991; Smith et al., 1996; Yan et al., 1994). Our previous studies have 

shown that A triggered NADPH oxidase activation to induce ROS and subsequently 

phosphorylated cPLA2 in primary astrocytes (Zhu et al., 2006). Furthermore, cPLA2 

was shown to cause a decrease in mitochondrial membrane potential (m) and result 

in more ROS production (Zhu et al., 2006). Interestingly, low-level laser (= 635nm) 

has been reported to increase m and ATP synthesis (Bortoletto et al., 2004). 

Another study showed that low-level infrared laser protected PC12 cells against 

oxidative stress through its ability to modulate m (Giuliani et al., 2009).  In fact, 

low-level laser therapy has been reported to prevent oxidative stress in rat traumatized 
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Achilles tendon (Fillipin et al., 2005) and Duchenne muscular dystrophy patients 

(Abdel et al., 2007).  Our data showed that 632.8 nm laser suppressed A-induced 

ROS production (Fig. 1) through inhibiting colocalization of NADPH oxidase 

subunits, gp91phox and p47phox (Fig. 2).  It is known that the interactions of gp91phox 

with the cytosolic components result in a conformational change in gp91phox, which 

enables the electron flow from NADPH to oxygen and the generation of superoxide 

anions (Diebold and Bokoch, 2001; Han et al., 1998).  In this study, our results lead 

to a new hypothesis that low-energy laser light may be capable of causing a 

conformation change in gp91phox, which inhibits the interaction of gp91phox with the 

cytosolic components and the generation of superoxide anions.  More investigations 

are needed to further our understanding in the mechanism of inhibiting the assembling 

of gp91phox with the cytosolic components by low-energy laser light.  Consistent 

with previous studies reporting that phosphorylation of cPLA2 is one of the 

downstream pathways of NADPH oxidase (Shelat et al., 2008; Zhu et al., 2006), our 

data also showed that A-induced p-cPLA2 was suppressed by laser pretreatment (Fig. 

3). Since cPLA2 is associated with perturbation of mitochondria m, results from 

this study suggested that laser pretreatment reduced ROS from NADPH oxidase and 

subsequently ROS-induced mitochondrial dysfunction through cPLA2. 

Inflammation is an early event of AD and plays critical roles in disease 

development (Cameron and Landreth, 2010; McNaull et al., 2010; Tuppo and Arias, 

2005; Wyss-Coray, 2006). The major players involved in the inflammatory process in 

AD are microglia and astrocytes (Combs, 2009; McGeer and McGeer, 1995, 2001). In 
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AD, A plaques are surrounded by activated microglia and astrocytes (Bolmont et al., 

2008; Koenigsknecht-Talboo et al., 2008; Wallace et al., 1997; Yan et al., 2009; Yin et 

al., 2006) which have been shown to secrete many pro-inflammatory molecules, such 

as cytokines, chemokines, prostaglandins, complement proteins and complement 

inhibitors (McGeer and McGeer, 1995, 2001; Zhang et al., 2009). Among these 

pro-inflammatory molecules, IL-1 is an important regulator of inflammatory 

cascades and plays a key role in AD pathogenesis (Griffin and Mrak, 2002).  IL-1 is 

capable of stimulating astrocytes to produce additional pro-inflammatory cytokines 

such as IL-6, another inflammation marker associated with neurodegeneration (Blom 

et al., 1997; Fiebich et al., 1998; Griffin et al., 1998). Furthermore, IL-1 triggers 

activation of NFB (Baeuerle, 1998; Cao et al., 1996; Song et al., 1997) which is 

necessary for A-stimulated iNOS induction in astrocytes (Akama et al., 1998; 

Akama and Van Eldik, 2000). iNOS is responsible for production of nitric oxide (Lee 

et al., 1993; Weldon et al., 1997) which may be detrimental to neurons (Hu et al., 

1997).  Low-level laser attenuates inflammation (Aimbire et al., 2008; Boschi et al., 

2008; Freitas et al., 2001; Hammer et al., 2008; Lim et al., 2007; Sakurai et al., 2000) 

and helps tissue repair and wound healing (Albertini et al., 2007; Correa et al., 2007; 

Reis et al., 2008; Viegas et al., 2007; Whelan et al., 2001, 2003). However, the effects 

of laser on A-induced inflammation in astrocytes have not been studied.  Here we 

showed that laser pretreatment suppressed A-induced the expression of IL-1in 

astrocytes (Fig. 4A). Consistent with the notion that A stimulation of iNOS in 

astrocytes is IL-1 dependent (Akama and Van Eldik, 2000), laser also attenuated 
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iNOS induction in astrocytes (Fig. 4B). Since IL-1 is a key player in AD 

pathogenesis and iNOS activity has detrimental effects on neurons, 632.8 nm laser 

may also protect neurons against inflammation in AD brain. 

Previous studies suggest that low-energy light exerts beneficial effects through 

modulating gene expressions (Eells et al., 2004; Shefer et al., 2002).  Brief treatment 

with 670 nm light-emitting diode (LED) regulates expression of genes encoding DNA 

repair protein, antioxidant enzymes and molecular chaperons in retinas of methanol 

intoxicated rats (Eells et al., 2004).  Low-energy laser irradiation (632.8nm, 4.5mW, 

3 s) also increases the expression of anti-apoptotic protein Bcl-2 and reduces the 

expression of pro-apoptotic protein Bax in muscle cell cultures (Shefer et al., 2002).     

There has been a large body of compelling evidence suggesting that biological 

effects of lights could be used to treat neurodegenerative conditions, although the 

mechanism has yet to be fully understood.  In vitro, LED attenuates apoptosis in 

PC12 cells after exposure to A (Duan et al., 2003).  LED also increases 

survival and ATP content of neurons and decreases oxidative stress after 

rotenone-induced toxicity (Liang et al., 2008).  In fact, LED also promotes neurite 

outgrowth of rat cortex in tissue culture (Wollman and Rochkind, 1998).  In vivo, 

near-infrared light exerts neuroprotective effects against rotenone-induced 

neurotoxicity in rats (Rojas et al., 2008), and these effects was supported by assessing 

behavioral, morphological and neurochemical changes (Rojas et al., 2008).  LED has 

been shown to induce central and peripheral nerve regeneration after trauma (Anders 

et al., 1993; Byrnes et al., 2005) and reduce neuroinflammation in rats (Byrnes et al., 
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2005).  In this study, we demonstrated that 632.8 nm laser suppressed A-induced 

ROS production and inflammation in primary astrocytes.  Although we did not 

investigate the dose response by varying irradiance (W/cm2) and energy density 

(J/cm2), it is important to note that a biphasic dose response has been demonstrated 

many times in low level laser therapy research (Huang et al., 2009).  These dose 

dependence studies applied irradiance ranging from 0.7 to 40 mW/cm2 and energy 

density ranging from 0.18 to 9 J/cm2.  While the irradiance (1.5 mW/cm2) was 

applied in this study, the energy density (16.2 J/cm2) was outside the range of those in 

previous studies from others.  Therefore, one might consider optimizing the use of 

light by applying various irradiance, and exposure time.  Another parameter for 

optimization is the wavelength, because a longer wavelength is known for a deeper 

tissue penetration.  For example, 810 nm LED light enhances mitochondrial 

metabolism (Trimmer et al., 2009), and transcranial infrared laser (805 nm) therapy 

has been reported to improve clinical rating scores after embolic strokes in rabbits 

(Lapchak et al., 2004).  This study serves as a proof-of-principle to provide insights 

into potential applications of laser therapy for attenuating oxidative and inflammatory 

responses in AD.  
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Figure. 1. Laser irradiation set-up and protocol. (A) Laser irradiation set-up. 
Helium-Neon laser (=632.8 nm) light source with the power 15mW was placed 
outside of incubator (A, left). Optical fiber was used to guide laser irradiation onto a 
35 mm dish in the incubator (A, right). (B) Laser irradiation protocol. For the group 
with laser pretreatment and A treatment, astrocytes in 35mm dishes and DMEM with 
10% FBS were pretreated with laser for 3 h (red). After allowing cells to rest for 
another 4 h (black), cells were serum starved for 4 h by replacing the DMEM 
containing 10% FBS with serum-free DMEM (green). Cells were then incubated with 
A (5M) (blue). For control group, astrocytes were starved for 4 h and incubated 
with serum-free DMEM. For the group with A treatment alone, astrocytes were 
starved for 4 h and then incubated with A in DMEM. 
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Figure. 2. Laser (632.8nm) suppressed A-induced ROS production in astrocytes. 
(A) Representative images of astrocytes labeled with dihydroethidium (DHE). 
Compared to control (A, upper, left), A increased superoxide production (A, upper, 
middle). Pretreatment with laser suppressed superoxide production induced by A  (A, 
upper, right), but laser alone did not induce superoxide production (A, lower, left). 
gp91 ds-tat Peptide 2 (NADPH oxidase inhibitor) suppressed A-induced superoxide 
production in astrocytes (A, lower, middle), but the inhibitor alone did not induce 
superoxide production (A, lower, right). Scale bar: 40 m. (B) Quantitative analysis 
of DHE intensity shows that laser (632.8 nm) suppressed A-induced superoxide 
production in astrocytes.  Pretreatment with laser without A treatment did not affect 
DHE intensity. gp91 ds-tat Peptide 2 suppressed A-induced increase in DHE 
intensity, but the inhibitor alone did not affect DHE intensity. Data are expressed as 
percentages of control and mean ± SD from four independent experiments with three 
replicates per experiment (* p< 0.05). 
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Figure. 3. Laser (632.8nm) suppressed A-induced colocalization between 
NADPH oxidase subunits gp91phox and p47phox in astrocytes. (A) Representative 
confocal images of gp91phox (green) and p47phox (red) in astrocytes. The images of 
colocalization (yellow) were obtained by superimposing confocal images of 
corresponding p47phox (red) and gp91phox (green) followed by suppressing all colors 
except yellow. Scale bar: 10 m. (B) Quantitative analysis of colocalization between 
gp91phox and p47phox shows that laser (632.8 nm) suppressed A-induced 
colocalization. Pretreatment with laser without A treatment did not affect 
colocalization. gp91 ds-tat Peptide 2 (NADPH oxidase inhibitor) suppressed 
A-induced colocalization, but the inhibitor alone did not affect colocalization. 
Around 120 cells were used to do quantification for each group. Data are expressed as 
percentages of control and mean ± SD from four independent experiments with three 
replicates per experiment (* p< 0.05). 
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Figure. 4. Laser (632.8nm) and A did not alter the expression of p47phox and 
gp91phox in astrocytes. (A) Western blot analysis shows that laser (632.8 nm) and A 
did not alter the expression of p47phox in astrocytes . (B) Western blot analysis shows 
that laser (632.8 nm) and A did not alter the expression of gp91phox in astrocytes. 
Data are expressed as percentages of control and mean ± SD from three independent 
experiments with three replicates per experiment. 
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Figure. 5. Laser (632.8nm) suppressed A-induced phosphorylation of cPLA2 in 
astrocytes. Western blot analysis shows that laser (632.8 nm) suppressed A-induced 
phosphorylation of cPLA2 in astrocytes. Data are expressed as percentages of control 
and mean ± SD from four independent experiments with three replicates per 
experiment (* p< 0.05). 
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Figure. 6. Laser (632.8nm) suppressed A-induced expressions of IL-1 and 
iNOS in astrocytes.  (A) Western blot analysis shows that laser (632.8 nm) 
suppressed A-induced expression of IL-1 in astrocytes.  (B) Western blot analysis 
shows that laser (632.8 nm) suppressed A-induced expression of iNOS in astrocytes. 
Data are expressed as percentages of control and mean ± SD from four independent 
experiments with three replicates per experiment (* p< 0.05). 
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Chapter 6 

 

Summary 

 

Alzheimer’s disease (AD) is characterized by accumulating senile plaque 

composed of A which is derived from the amyloidogenic pathway of APP processing 

sequentially by - and -secretases cleavage. Alternatively, in the non-amyloidogenic 

pathway APP can be cleaved between amino acids 16 and 17 within the A domain by 

-secretase, a member of the ADAMs family of enzymes, to eventually produce 

neuroprotective and neurotrophicsAPP.  APP, -, - and -secretases are 

transmembrane proteins and APP processing is intimately related to membrane 

biophysical properties. PLA2s are responsible for maintenance of phospholipid 

homeostasis in cell membranes and affect membrane properties. It is reasonable to 

hypothesize that PLA2s are able to modulate APP processing through altering 

membrane properties. 

In Chapter 2, we investigated the effects of sPLA2-III on membrane fluidity and 

sAPP secretion in differentiated neuronal cells. Our data showed that sPLA2-III 

increased membrane fluidity and sAPP secretion, decreased levels of A42 in 

SH-SY5Y cells and these changes were accompanied by increased APP accumulation 

at cell surface. We further showed that its hydrolyzed products, AA (20:4, unsaturated 

fatty acid), but not PA (16:0, saturated fatty acid), increased the membrane fluidity 

and sAPP secretion. This result led to another hypothesis that the effects of fatty 
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acids on membrane fluidity and sAPP secretion are dependent on the number of 

double bonds in the hydrocarbon chains. To test this hypothesis, in Chapter 3, we 

used fatty acids with different unsaturations (with number of double bonds from 0 to 6) 

to do more systematic study and showed that only unsaturated fatty acids with 4 or 

more double bonds are able to increase membrane fluidity and lead to increase in 

sAPP secretion.  

Pro-inflammatory cytokines are involved in inflammatory process in AD. 

Cytokines stimulate astrocytes and trigger downstream signaling pathways.  In 

Chapter 4, we demonstrated that cytokine-stimulated DITNC cells secreted sPLA2-IIA 

into culture medium. When SH-SY5Y cells were exposed to the conditioned medium 

from DITNC cells, membrane fluidity and sAPP secretion in SH-SY5Y cells 

increased, which was counteracted by sPLA2-IIA inhibitor.  Furthermore, 

recombinant human sPLA2-IIA increased membrane fluidity, sAPP secretion and 

accumulation of APP at cell surface.  Taken together, the results from Chapters 2, 3 

and 4, support the hypothesis that sPLA2-IIA, sPLA2-III and fatty acids with 4 or 

more double bonds enhance sAPP secretion through their actions to increase 

membrane fluidity. The first part of this thesis work provides insights not only into 

therapeutic approaches for AD treatment through modulating PLA2s activities, but 

also into dietary strategies for prevention of AD. 

Since sPLA2s and fatty acids with 4 or more double bonds increase membrane 

fluidity and APP accumulation on cell surface, it is reasonable to hypothesize that 

they affect endocytosis of APP through altering membrane fluidity. Future study may 
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investigate the effects of membrane fluidity on clathrin- or caveolin-mediated 

endocytosis. Furthermore, cytosolic position of APP plays important role in 

determining APP processing. APP in endosomes is more likely to be processed in 

amyloidogenic pathway. Future work may also explore the interactions between APP 

and endosomes. These studies will deepen our understanding of the effects of 

membrane fluidity on APP processing. 

Oxidative stress and inflammation are important factors in the pathogenesis of 

AD.  In astrocytes, A induces the assembly of NADPH oxidase complexes resulting 

in its activation to produce anionic superoxide, and promotes pro-inflammatory 

factors production.  Since low energy laser has been reported to attenuate oxidative 

stress and inflammation in biological systems, the objective of Chapter 5 was to 

examine whether this type of laser light was able to abrogate the oxidative and 

inflammatory responses induced by A. Our data showed that laser light at 632.8 nm 

suppressed A-induced superoxide production, colocalization between NADPH 

oxidase gp91phox and p47phox subunits, phosphorylation of cPLA2, and the expressions 

of pro-inflammatory factors including IL-1 and iNOS in primary astrocytes. We 

demonstrated for the first time that 632.8 nm laser was capable of suppressing 

A-induced cellular pathways of oxidative stress and inflammatory responses in 

primary astrocytes. The second part of this thesis work provides the groundwork for 

further investigations of laser therapy as a potential treatment for AD.  

As mentioned in Chapter 5, mitochondrion is one of the major sources of ROS.  

To further understand the mechanism of low energy laser therapy, we will study the 
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effects of low energy laser on cPLA2 translocation to mitochondria, mitochondrial 

membrane potential and ROS production. Furthermore, since light with longer 

wavelength has better penetration into brain tissue, we will test the effects of infrared 

laser on A-induced oxidative and inflammatory responses in future studies. These 

studies will provide more detailed information about the mechanisms of laser therapy 

and suitable wavelengths in animal models even in clinical applications.  
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