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Abstract

Alzheimer’s disease (AD) is a neurodegenerative pathology characterized by 
the presence o f  extracellular plaques composed o f  amyloid-P (AP) protein 
and intracellular neurofibrillary tangles composed o f  tau protein. Ap, in 
particular APi_4 2 , has been shown to be neurotoxic and to induce functional 
and morphological changes in astrocytes and microglia. Despite the 
extensive research in AD, the precise cellular and molecular alterations 
associated with the development o f  the disease are unknown. The aims o f  
this study were to determine, in vivo, the effects chronic 
intracerebroventricular (icv) treatment with Ap has in the brains o f  aged and 
young Wistar rats and to explore age-related changes, and, in vitro, to 
examine the effects Ap treatment has on cytokine production and release and 
to investigate the signalling pathways and membrane receptors involved in 
this process, in rat isolated astrocytes.
The data showed that icv treatment with Ap induced the appearance o f  
immunoreactive structures accompanied by an increase in the astrocytic 
marker GFAP, and a decrease in the microglial marker CD 11b in the brains 
o f  aged, but not young rats; no changes were observed in other markers o f  
microglial activation, spatial learning or in pro-inflammatory cytokines. The 
data obtained in vitro  showed that Ap induced a time-related increase in pro- 
inflammatory cytokines paralleled with IkB q phosphorylation, which 
indicates activation o f  N F kB signalling pathway and this process was 
mediated by RAGE. Incubation o f  astrocytes with anti-CD36 or anti-CD47 
antibodies induced a pro-inflammatory response and augmented the AP- 
induced increase in pro-inflammatory cytokines.
The results obtained in this study provide further evidence o f  the association 
between astrocytes and Ap. Astrocytic interaction with Ap induces the 
activation o f  diverse signalling cascades but the pathophysiological meaning 
o f  these responses remains unknown. However, glial cells may also offer 
protective effects and a greater understanding o f  their function may identify 
potential therapeutic targets in the future.
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Chapter 1: Introduction



1.1. Overview

A lzheim er’s disease (AD) is the most frequent type o f  dem entia in hum ans and one o f the 

most devastating pathologies affecting the central nervous system (CNS). The prevalence 

o f AD  increases as the population ages and represents around tw o-thirds o f  all the cases 

o f progressive cognitive im pairm ent in adults. AD is clinically characterized by 

deterioration in m em ory and cognition and reduced ability to cope with daily living 

activities (Cum m ings, 2004). Brains o f  individuals affected by AD are characterized by 

two specific types o f pathological changes, the presence o f  extracellular plaques laden 

with am yloid-P (AP) peptide and intracellular neurofibrillary tangles m ainly com posed o f 

aggregated and hyperphosphorylated tau, a cytoskeletal protein. Currently, there is no 

treatm ent available to cure or stop the progression o f  the disease. A lthough many 

advances have increased our understanding o f the cause and risk factors associated with 

AD, the m echanism s that lead to the pathological changes, the selective pattern o f 

neurodegeneration and the precise cellular and m olecular alterations associated with the 

developm ent o f the disease are unknown.

1.2. Alzheimer’s Disease

Alois A lzheim er, in 1907, was the first to provide a clinical description o f  AD when he 

was studying the case o f  Auguste D., a 51 year old wom an who had suffered from 

progressive dem entia (A lzheim er et al., 1995). AD was originally named presenile 

dem entia but this was changed to AD in 1910 because Emil Kraepelin wanted to honour 

A lzheim er for his description o f  the pathology (Small and Cappai, 2006). A lthough the 

description o f  AD is ju st about a century old, historical docum entation about dem entia 

have been found in ancient Egypt, Greece and Rome (Boiler and Forbes, 1998).

It is estim ated that 35.6 m illion people around the world suffer from AD with prevalence 

for individuals aged 60 years or more ranging worldwide from 1.2% o f  western sub- 

Saharan A frica to 7.2% o f w estern Europe (W im o and Prince, 2010). The m edian annual 

incidence o f  AD in US was calculated at 1275 per 100,000 at 65 years o f  age and this 

doubles every 5 years after 65 years o f age (Hirtz et al., 2007). AD has no sex preference
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similarly affecting both women and men as opposed to vascular dementia which has a 

higher incidence in men (Ruitenberg et al., 2001). A higher educational level is 

associated with decreased risk o f both AD and non-AD dementia and it has been 

calculated that for each additional year o f education over 11 years, the relative risk for 

AD decreases by approximately 9% (Kukull et al., 2002). AD diagnosed at 65 years of 

age is associated with a mean survival time o f 8.3 years implying a 67% reduction in the 

prospective life expectancy (Brookmeyer et al., 2002). The total cost o f dementia 

worldwide has been calculated in US$ 604 billion, representing approximately 1% of the 

total world gross domestic product, including direct (medical and social care) as well as 

indirect (family and caregivers) costs (Wimo and Prince, 2010).

1.2.1. AD pathophysiology

The brains o f individuals with AD are characterized by the presence o f cortical atrophy, 

affecting principally the frontal, temporal and parietal lobes, with compensatory 

ventricular enlargement and subsequent reduced brain volume (Stark et al., 2005). 

Extracellular neuritic plaques containing AP protein and intracellular neurofibrillary 

tangles composed o f tau protein represent the principal histological findings o f AD. 

Progressive loss o f synapses and neurons accompanied by reactive gliosis and 

inflammation follow the appearance o f A|3 plaques and neurofibrillary tangles 

(Duyckaerts et al., 2009, Thompson et al., 2003).

Sporadic cases o f AD explain around 90-95% of the total cases while genetics account 

for the remaining 5-10% (Zawia et al., 2009). Mutations of the genes encoding for 

amyloid precursor protein (APP), presenilin I (PSENl), presenilin 2 (PSEN2) and 

sortilin-related receptor 1 (SORLl) are implicated in the development o f AD; 

noteworthy, all these genes are involved in production, clearance or uptake o f Ap 

(Ballard et al., 2011). AD is a human-specific disorder which means all animal models 

have to be induced mainly by genetic modification or through Ap injection. Mice 

carrying the human APP gene mutation were the first transgenic animal model for AD 

(Wirak et al., 1991). Now more than 18 different transgenic mouse models, as well as
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several non-transgenic models in different species, have been developed for the study of 

AD (Philipson et al., 2010).

To date, 10 loci identified through genome-wide association studies have been found to 

increase the risk to develop AD. These include: clusterin (CLU), complement receptor 

gene 1 (CRl), encoding ATP-binding cassette, sub-family A, member 7 (ABCA7), 

cluster o f differentiation 33 (CD33) and encoding ephrin receptor A l (EPH A l) which 

have immune functions; phosphatidylinositol-binding clathrin assembly protein gene 

(PICALM), bridging integrator 1 gene (BINl), CD33 and CD2-associated protein 

(CD2AP) which are involved in cell membrane processes; apolipoprotein E (ApoE), CLU 

and ABCA7 which are involved in lipid processing; and encoding membrane spanning 

4A (MS4A) which is a member o f a family of cell-surface proteins with high affinity for 

IgE receptors (Hollingworth et al., 2011). The presence o f a single e4 ApoE allele 

increases the risk factor of developing AD by 4 and if the two s4 alleles are present, the 

risk increases by a factor of 19 (Strittmatter and Roses, 1996).

The precise cause o f the pathological changes observed in AD is not known but among 

the many theories proposed to explain the disease is the amyloid cascade hypothesis 

which has been the most studied. The amyloid cascade hypothesis suggests that APP is 

processed into Ap which accumulates intracellularly and extracellularly in amyloid 

plaques, forming toxic aggregates that cause neuronal dysfunction, and changes in tau 

resulting in formation o f neurofibrillary tangles and eventually cell death (Ballard et al., 

2011). Synaptic failure and disproportionate loss o f synapses relative to neurons is 

observed in individuals with AD and correlates with cognitive decline (Querfurth and 

LaFerla, 2010). Disruption in the expression of N-methyl-D-aspartate (NMDA) (Snyder 

et al., 2005) and a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) 

receptors (Hsieh et al., 2006), as well as reduced levels o f brain-derived neurotrophic 

factor (BDNF) (Garzon and Fahnestock, 2007) and a decreased number o f cholinergic 

projections has also been described in AD (Wang et al., 2000). Mitochondria have been 

proposed to play a role in the pathophysiology of AD. Ap has been observed to enter 

mitochondria and proteins from the PSEN complex were found in this organelle (Coskun 

et al., 2011). Described Ap effects on mitochondria include an increase in membrane 

viscosity, a decrease in A T P/0 ratio, reduction in the activity o f electron transport chain.
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increased reactive oxygen species (ROS) production and augmented cytochrome c 

release; these changes are considered to provide support for the proposal that 

mitochondrial dysfunction plays a role in the pathophysiology o f AD (Aleardi et a!., 

2005). Glucose levels and alterations in components o f the insulin-induced signalling 

pathway are reported to be altered in AD (Messier and Teutenberg, 2005).

1.2.2. AD clinical presentation

AD is the most common type o f  dementia accounting for up to 80% o f all cases (Abbott, 

2011). The most frequent symptoms patients with AD manifest are impaired memory, 

depression, poor judgem ent and confusion but several behavioural symptoms such as 

agitation, dysphoria, apathy, and aberrant motor behaviour have been correlated with 

cognitive impairment (Mega et al., 1996). Seizures, gait and severe motor abnormalities 

usually manifest only at late stages o f the disease (Cummings, 2004). The 

neurodegenerative nature o f AD progresses to a point where the patient is unresponsive 

and unaware o f its environment and incontinent. In the final stages o f the disease 

paraplegia in flexion becomes evident with sufferers adopting the foetal position and 

entering in a persistent vegetative state (Ropper et al., 2005). According to the 

progression o f the disease, AD can be classified as mild, moderate or severe. See Table 

1.1. for a summary o f clinical symptoms present in AD.

1.2.3. AD Diagnosis

Currently, confirmation of AD diagnosis can only be achieved by post-mortem 

examination o f the affected brain revealing the presence of amyloid plaques and 

neurofibrillary tangles. Differential diagnoses and the lack o f a characteristic biomarker 

make clinical diagnosis o f AD a challenge. Patients with mild cognitive impairment 

(MCI) are considered to be in a prodromic early stages o f AD, but not all individuals with 

MCI progress to AD (Emery, 2011). Recently, the National Institute on Aging- 

Alzheimer’s Association o f the US published a revised version o f diagnostic guidelines 

for AD which includes biomarkers (McKhann et al., 2011). Several biomarkers have

5



been investigated but only the following provided enough evidence to recom m end their 

use in the clinical setting: biom arkers o f  A p accumulation, which include abnormal tracer 

retention on amyloid positron em ission tom ography (PET) imaging and low A pi^a in 

cerebrospinal fluid (CSF), and biom arkers o f neuronal degeneration or injury, which 

include elevated tau in CSF, decreased fluorodeoxyglucose uptake on PET in 

tem poroparietal cortex and atrophy on structural magnetic resonance imaging (M Rl) 

involving medial, basal, and lateral temporal lobes and medial and lateral parietal cortices 

(Jack et al., 2011).

1.2.4. A D  Treatment

AD is currently an irreversible, non-preventable neurodegenerative condition. Efforts 

have been made to develop an effective therapeutic solution but, so far, the best 

m edications can offer only a slight delay in the progression o f the disease with limited 

cognitive im provement. The food and drug adm inistration (FDA) o f  US has approved 

several drugs to be used in AD. O f these, galantamine, rivastigm ine, donepezil and 

tacrine target mild to moderate AD while only m em antine is approved to treat moderate 

to severe AD. The first 4 are all cholinesterase inhibitors while m em antine is an NM DA 

receptor antagonist. All these m edications treat the symptoms rather than the disease. 

Several new drugs have com pleted or are being tested in phase III clinical trials with 

many designed to reduce the production o f Ap, prevent the aggregation or increase the 

clearance o f  Ap, although, anti-inflam m atory agents, serotonin agonists, anti-oxidants, 

GABA a agonists and inhibitors o f the HMG CoA-reductase are also under investigation. 

So far the results have not been encouraging with 13 out o f 16 phase III clinical trials 

showing no efficacy (Palmer, 2011). Drugs, such as dim ebon (latrepirdine), that 

generated great expectations in phase I and II trials have failed to provide significant 

evidence o f  benefit com pared to placebo in phase 111 clinical trials (Doody et al., 2008, 

Jones, 2010). Other, less conventional, treatm ent options still in experim ental phases 

include vaccination with amyloid species, adm inistration o f m onoclonal anti-amyloid 

antibodies or intravenous im munoglobulins, vitamin E therapy, oestrogen therapy or 

delivery o f  neurotrophic factors (Foster et al., 2009, Golde et al., 2011).
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1.3. Amyloid-P

Ap, a 4-5kDa polypeptide, is a normal product o f the metabolism o f APP with a length 

that can vary from 36 to 43 amino acids (Haass et al., 1992). The most frequent type of 

Ap found under normal conditions in the brain is APi.40 but in AD and in Down 

syndrome, APm 2 production is increased and the ratio A P 1.40/A P 1.42 is reduced (Selkoe, 

2001). Ap can also be found in other tissues and organs where differences in the 

concentration o f the different types o f Ap are present, in blood for example, APi^o 

constitutes approximately 90% of the total Ap in plasma (Gravina et al., 1995). See 

Figure 1.1. for AP1.40 and APi.42 amino-acid sequences.

1.3.1. Amyloid-P production and degradation

APP is a ~130kDa polypeptide (Autilio-Gambetti et al., 1988), member o f the Type 1 

family o f membrane proteins and involved in the production o f Ap. APP is expressed in 

many tissues and has been implicated in the regulation of synapse formation and neuronal 

plasticity but its main function remains unknown (Bekris et al., 2011). The APP gene is 

localized on chromosome 2 1 ; individuals with trisomy of chromosome 2 1  exhibit 

neuropathological changes similar to those observed in AD, and it has also been shown 

that inherited mutations in the APP gene alter A p production and may precipitate early- 

onset AD (Walsh and Selkoe, 2007). APP localized in the cellular surface o f neurons and 

astrocytes has been shown to colocalize with cell adhesion proteins such as pi integrins, 

clathrin and a-adaptin (Yamazaki et al., 1997).

The enzymatic action o f two secretases, a-secretase and P-secretase, dictates the 

metabolic pathway APP will follow. a-Secretase, which is a collection o f 

metalloproteases, constitutively cleaves 90% of the total cellular APP following the non- 

amyloidogenic pathway, while p-secretase processes the remaining 1 0 % through the 

amyloidogenic pathway (Murphy and LeVine, 2010). The non-amyloidogenic pathway 

starts when a-secretase cleaves APP into an amino-terminal fragment called soluble 

(sometimes also referred as secreted), APP alpha (sAPPa) and an 83 amino-acids long 

carboxy-terminal fragment (CTF) named CTF83 (Figure 1.2). CTF83 is subsequently
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cleaved by y-secretase releasing extracellular p3 and the amyloid intracellular domain 

(AICD) (Chow et al., 2010b). On the other hand, the amyloidogenic pathway occurs 

when APP is cleaved by the p-secretase beta-site amyloid precursor protein-cleaving 

enzyme 1 (BACEl) into the amino-terminal fragment soluble APP beta (sAPPP) and the 

99-residue carboxi-terminal fragment CTF99. CTF99 is subsequently cleaved by the 

enzymatic complex y-secretase into the different types of Ap and into AICD (Querfurth 

and LaFerla, 2010).

Stress factors such as hypoxia and ischemia increase the rate o f production o f BACEl 

both in vivo and in vitro (Guglielmotto et al., 2009). In addition to BA CEl, cathepsins 

have been shown to exert P-secretase activity and may be involved in the production of 

Ap (Hook et al., 2005). Increased BACEl activity in CSF was shown to be related to 

markers o f AD pathology in humans (Mulder et al., 2010).

A multiple protein complex composed of PSENl or PSEN2, nicastrin (Net), presenilin 

enhancer 2 (Pen2), and anterior pharynx defective 1 (Aph-1) is required for a functional 

y-secretase (Kimberly et al., 2003). PSEN forms the active site o f the aspartyl protease 

and, in the brain, PSEN l, not PSEN2, has been found to be the dominant protein (Li et 

al., 2000). The glycoprotein Net serves as the y-secretase substrate receptor as the 

ectodomain o f Net binds to the amino terminus of APP or Notch and recruits them into 

the y-secretase complex (Shah et al., 2005). Notch is a type I transmembrane protein 

involved in lymphoid cell differentiation and neural development, dysregulation o f Notch 

signal is related with developmental defects and cancer (Nakayama et al., 2011) (Figure 

1.3.). The y-secretase complex is unusual in that it cleaves within the lipid bilayer o f the 

cellular membrane and that it can only process substrates that were previously cleaved by 

another enzyme (Selkoe and Wolfe, 2007).

So far two proteases are known to degrade Ap, neprilysin and insulin degrading enzyme 

(IDE; also referred to as insulysin). Neprilysin, is a plasma membrane-anchored zinc 

endopeptidase, responsible for the extracellular degradation o f Ap monomers and 

oligomers (Kanemitsu et al., 2003). IDE is a thiol metalloendopeptidase with intracellular 

and extracellular activity that degrades mainly insulin but also AP monomers (Qiu and 

Folstein, 2006).
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1.3.2. Ap pathophysiology

The characteristic P-sheet structure o f Ap peptides facilitates self-assembly into different 

conformations including dimers, trimers, oligomers ( 2  to 6  peptides), protofibrils and the 

fibrillar forms observed in brains of individuals with AD (Reinke and Gestwicki, 2011). 

Neurotoxicity in AD is currently considered to be caused by the abnormal production and 

aggregation o f APi .4 2  peptide, which form amyloid fibrils more easily than other types o f 

Ap and are the main constituents o f Ap plaques (Luhrs et al., 2005). ApM 2 possess 

higher rigidity in the C-terminal part of its structure compared with APi.4 0 , this 

characteristic has been associated with increased propensity to fibrillar aggregation 

(Rezaei-Ghaleh et al., 2011). Moreover, synthetic AP peptides have been shown to be 

neurotoxic in different brain regions such as cortex and hippocampus, to impair long

term memory and to exhibit P-sheet mediated fibrillogenesis identified by Congo red 

staining in the same way as amyloid fibrils (Balducci et al., 2010).

Soluble Ap, in particular oligomeric forms, has been proposed as the most toxic 

presentation o f all the configurations o f Ap (Cerpa et al., 2008). An increase in the 

concentration of soluble AP correlates with synaptic loss and is a good predictor of 

synaptic change in AD (Lue et al., 1999). Soluble oligomers have been reported to cause 

alterations in the cellular membrane. Kayed and colleagues (2004) reported that amyloid 

oligomers and protofibrils increase membrane conductivity by means of a non-channel 

mechanism (Kayed et al., 2004). Furthermore, it has been shown that soluble oligomers 

increase the area per molecule of the lipids involved in membrane formation, thus 

thinning, lowering the dielectric barrier and increasing the conductance o f the membrane 

(Sokolov et al., 2006). In addition, AP soluble dimers obtained from the brains of 

individuals with AD alter glutamatergic synaptic transmission (Shankar et al., 2008). Ap 

soluble oligomers have been shown to disrupt axonal transport by causing dysregulation 

o f intracellular signalling cascades via an NMDA receptor mechanism mediated by 

glycogen synthase kinase-3p (GSK-3P) in primary hippocampal neurons (Decker et al., 

2 0 1 0 ). Ap fibrils have also been shown to be toxic though they are less toxic than 

oligomers. Neuronal dystrophy and loss o f synaptic connections without cell death have
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been described in cultured rat neurons incubated with fibrillar AP (Grace et al., 2002). 

Deposition o f  fibrillar AP caused dendritic spine loss and shaft atrophy which led to 

perm anent disruption o f  neuronal connections in transgenic m ice (Tsai et al., 2004). 

Picone and colleagues (2009) showed that both oligomers and fibrils are toxic to LAN5 

neuroblastom a cells inducing apoptosis through different m echanism s, as oligom ers 

induce activation o f  the intrinsic pathway principally through activation o f caspase 9 

while fibrils induce activation o f  the extrinsic pathway mainly through caspase 8 (Picone 

et al., 2009). Despite these findings, the precise cytotoxic m echanism  o f A p in AD 

remains to be determined.

1.4. Tau

Tau is a m icrotubule-associated protein expressed mainly in neurons and required for the 

stabilization o f  neuronal cytoskeleton (M artin et al., 2011). A lternative splicing o f  tau 

pre-m RNA results in 6 tau isoforms in the human brain (Iqbal et al., 2010) ranging from 

352-441 am ino acids and possessing a m olecular w eight between 60 and 74 kDa (Buee et 

al., 2000). Tau is com posed by a N-term inal region (exons 1-5), a proiine-rich domain 

(exon 7), a m icrotubule-binding dom ain with four repeats R l, R2, R3 and R4 (exons 9- 

12) and a C-term inal region (exon 13) (M andelkow et al., 1996). Tau has 85 

phosphorylatable amino acid residues which include 45 serines, 35 threonines and 5 

tyrosines, phosphorylation o f  these am ino acids by diverse kinases regulates tau functions 

(Hernandez et a!., 2010) (Figure 1.4.). Abnorm al hyperphosphorylation o f  tau induces the 

appearance o f  neurofibrillary tangles which is one o f  the main pathological 

characteristics o f  AD. Hyperphosphorylated tau sequesters norm al m icrotubule- 

associated proteins, disrupts m icrotubules and self-assem bles into paired helical filam ents 

(Iqbal et al., 2010), also, it induces neuroinflam m ation and activation o f  m icroglia and 

astrocytes (M etcalfe and Figueiredo-Pereira, 2010). In a recent study in humans, Desikan 

and colleagues (2011) found that increased entorhinal cortex atrophy was significantly 

related to decreased CSF A Pi.42 only when CSF phosphorylated tau was elevated, 

suggesting that A p-associated volum e loss occurs only in the presence o f  phosphorylated- 

tau in hum ans at risk for dem entia (Desikan et al., 2011).
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In addition to AD, other tauopathies include frontotem poral lobar degeneration with tau 

inclusions such as P ick’s disease, progressive supranuclear palsy, and corticobasal 

degeneration; agyrophillic grain disease; some forms o f  prion diseases; am yotrophic 

lateral sclerosis/parkinsonism -dem entia com plex; chronic traum atic encephalopathy; and 

some genetic forms o f  Parkinson’s disease (M orris et al., 2011).

1.5. Astrocytes

Astrocytes are m em bers o f the family o f  glial cells, specific non-neuronal cells in the 

nervous system, which also include the oligodendrocytes, Schwann cells, m icroglia and 

ependym al cells. The astrocytes are o f  ectoderm ic em bryologic origin and it has been 

shown that neural stem /progenitor cells during adult neurogenesis can differentiate into 

astrocytes, neurons or oligodendrocytes (Y oneyam a et al., 2011). N euroglia were thought 

to serve a role only as supporting cells for the neurons; the name, given by Rudolph 

Virchow in 1856, is directly derived from the word glue. This point o f  view has been 

challenged, in particular in the past two decades due to technical advances that have 

identified im portant physiological activities that these cells exert in the organism 

(Somjen, 1988).

Although M ichael von Lenhossek coined the term astrocyte in 1893, it was the Spanish 

neuropathologist Santiago Ramon y Cajal who, optimizing a silver carbonate staining 

technique developed by Camilo Golgi, accurately described their characteristic star-like 

appearance and classified these cells according to their anatom ical localization as fibrous 

astrocytes, residing in the white matter, and protoplasm ic astrocytes, residing in the gray 

m atter (G arcia-M arin et al., 2007).

Although astrocytes are com m only considered as the most num erous cell type in the 

CNS, a recent study in human brains by Acevedo and colleagues (2009), showed that 

non-neuronal to neuronal cells ratios change across the different regions o f  the nervous 

system. The cerebral cortex, including gray and w hite matter, showed a 3.76:1 ratio o f  

non-neuronal to neuronal cells, the cerebellum  a 0.23:1 ratio and the rest o f  the brain 

(basal ganglia, diencephalon, mesencephalon and pons) an 11.35:1 ratio, for an overall
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ratio o f 0.99:1, differing from the previous studies based usually on only one brain region 

that calculated a 10; 1 ratio in the whole brain (Azevedo et al., 2009).

Until relatively recently, astrocytes were considered as cells which provided only 

nutritional and structural support for neurons, largely due to the lack o f recordable 

electrical excitability. They were also thought to lack the mechanisms to communicate 

with astrocytes or any other cells or to be directly involved with synapses until it was 

shown that they possess different biochemical messengers, called “gliotransmitters” to do 

so (Volterra and Meldolesi, 2005). Since then, numerous investigations have led to a 

series of discoveries revealing the increasing range o f functions and the roles astrocytes 

play in physiology and pathology.

1.5.1. Characterization o f  astrocytes

Astrocytes represent a diverse population o f cells with regional and physiological 

variability in function and morphology. Astrocytes are commonly characterized by the 

expression of the glial fibrillary acidic protein (GFAP). Although this definition is 

practical it may not be sufficient, as the family o f astrocytes is large and some cells that 

possess the morphological characteristics o f astrocytes, do not always express GFAP 

(Walz and Lang, 1998). For example, astrocytic end-feet around larger blood vessels (> 

8|im in diameter) are predominantly GFAP-positive while end-feet around smaller blood 

vessels (< 8|im in diameter) are uniformly GFAP-negative, suggesting a relationship of 

GFAP with the dynamics o f vessels and blood-brain barrier (Simard et al., 2003). 

Furthermore, other types o f glial cells such as ependymal glia and radial glia, because of 

their close embryological origin with astrocytes, have the capacity to express GFAP (Liu 

et al., 2006).

Other markers can be used to help facilitate the identification o f astrocytes from a 

functional and structural point of view but none is without limitations. SIOOP is a 

calcium-binding protein considered to be glial-specific although it seems to be mainly 

expressed by a subtype o f mature astrocytes ensheathing blood vessels, the 

oligodendrocytes-precursor cells or neuron-glial antigen 2 (NG2)-expressing cells as well 

as by some endothelial cells (Steiner et al., 2007). The glutamate transporter 1 (GLT-1),
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also known as excitatory amino acid transporter 2 (EAAT2) in humans, is also expressed 

in astrocytes but it has a regional-specific localization so it is not useful to identify the 

totality o f the cells (Wang and Bordey, 2008). Glutamine synthase has also been used as 

a marker o f astrogliosis; this is the enzyme responsible for the conversion o f glutamate to 

glutamine, but this enzyme is not astrocyte-specific, as it has also been identified in grey 

and white matter oligodendrocytes. Inward-rectifying potassium channels like the Kir4.1 

are only expressed in some subtypes o f astrocytes and the aquaeporin channel 4 is 

localized specifically in the processes of the astrocytes. In addition, the enzyme aldehyde 

dehydrogenase 1 family, member LI (A ldh lL l), also known as 10- 

formyltetrahydrofolate dehydrogenase (FDH), has been shown to be a more specific 

marker o f astrocytes than GFAP, identifying both the cell body and the processes and it is 

more widely expressed on the brain (Cahoy et al., 2008). Another marker is the protein 

bystin which has been proposed as a marker o f astrogliosis and has been shown to be a 

more sensitive marker in activated astrocytes induced by ischemia and hypoxia compared 

with GFAP (Fang et al., 2008). Finally, glycogen granules have also been used as 

markers o f astrocytic function. Despite the alternative markers, GFAP continues to be 

used as the primary astrocytic indicator in vivo and in vitro.

1.5.2. Astrocyte functions

Astrocytes carry out numerous important functions in the nervous system (Cotrina and 

Nedergaard, 2002). They regulate the ionic environment, especially extracellular 

concentration. Their end-feet make contact with capillaries and arterioles contributing to 

the maintenance o f the blood-brain barrier and modulating transport o f substances from 

the blood to the astrocyte and vice versa. Astrocytes respond to the metabolic needs of 

neurons by activating glycogen metabolism and releasing lactate, and are responsible for 

the uptake o f glutamate in the synaptic cleft. They also respond directly to calcium and 

adenosine signals from neurons as well as from other glial cells (Ni et al., 2007). 

Astrocytes are in physical contact with adjacent cells through gap junctions and 

hemichannels, creating an extensive syncitium of cells which facilitates communication 

and signalling. A recent finding in adult mouse hippocampus confirmed that astrocytes
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are intimately integrated into synaptic signalling as they detect and modulate synaptic 

calcium release (Di Castro et al., 2011).

An indication of their wide-ranging reactivity is highlighted by the fact that astrocytes 

express numerous receptors including G protein-coupled receptors and ionotropic 

receptors, receptors for growth factors, chemokines, steroids and receptors which are 

involved in innate immunity like toll-like receptors; interestingly, astroglia display 

heterogeneity in their pattern o f receptor expression and adjust the pattern according to 

their microenvironment (Wang and Bordey, 2008). Recent evidence indicates that they 

may be involved in processes such as learning and memory (Gibbs et al., 2008).

1.5.3. Astrocytes pathophysiology

Whenever the CNS sustains an insult, for example physical trauma, chemical injury or 

exposure to pathogens, astrocytes become reactive. This astrogliosis characterized by 

cellular hypertrophy and proliferation, is identified by rapid GFAP synthesis (Eng et al., 

2000). Reactive astrocytes surround and isolate dying neurons, impeding their regrowth 

or contact with fully functional cells (Ridet et al., 1997). As such, astrogliosis has been 

classified in two forms, anisomorphic, when the hypertrophic astrocytes surrounding a 

lesion form a permanent glial scar and isomorphic, when astrocytes distal to an injury site 

promote the growth of neurites and synaptogenesis facilitating the recovery o f neuronal 

networks instead o f replacing the tissue with a scar (Rodriguez et al., 2009). Although the 

main role o f astrogliosis is protective, a failure or disruption in any o f its related 

processes such as attenuation o f neurotoxicity due to excess glutamate or regulation of 

inflammatory reactions induced by trauma or infection can increase the negative impact 

o f a disease in the CNS. It has been shown that under specific circumstances astrogliosis 

can exert detrimental effects such as impeding axon regrowth while it can also exacerbate 

inflammation through cytokine production, increasing the production o f ROS, releasing 

glutamate, altering blood brain barrier (BBB) or causing cytotoxic edema during trauma 

and stroke (Sofroniew and Vinters, 2010).

There is evidence that altered astrocytic function occurs in certain types o f epilepsy. In 

mesial temporal lobe epilepsy, a decrease in the aquaporin 4 channels and in dystrophin
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leads to altered water flux and impaired buffering reducing the threshold for 

developing seizures (Eid et al., 2005). Connexin 43 is considered to be the main gap 

junction protein o f  astrocytes, and its expression is altered under pathological conditions; 

for example, it is downregulated by inflammatory reactions in multiple sclerosis (Brand- 

Schieber et al., 2005).

Alexander disease is a potentially lethal neurodegenerative type o f  leukodystrophy o f  

genetic origin characterized by seizures, spasticity and developmental delays, in which 

the regulation o f  GFAP expression is compromised leading to the apparition o f  excessive 

accumulations o f  toxic GFAP, called Rosenthal fibres (Sawaishi, 2009).

1.5.4. Astrocytes, Afi and AD

The observed functional and structural changes present in astrocytes during aging pointed 

to a possible link between astroglia and AD (Duffy et al., 1980). More recent discoveries 

involving the numerous physiological properties o f  astrocytes, together with the 

development o f animal models, have offered new perspectives on the participation o f  

astrocytes in the development o f AD (Rodriguez et al., 2009). A complex 

neuroinflammatory reaction has been related to the development o f  AD and astrocytes 

seem to be involved in this process being part o f a pro-inflammatory reaction shared with 

microglia and neurons, characterised by the secretion o f  cytokines, chemokines, 

neurotoxic molecules, and complement activation (Sastre et al., 2006).

Astrocytes are directly associated with amyloid plaques and neurofibrillary tangles. 

Abundant activated astrocytes have been observed in the cortical molecular layer and 

near amyloid plaques in pyramidal cell layers in brains from individuals with AD; those 

close to the molecular layer show a gradient o f  GFAP immunoreactivity labelling that 

increases in intensity the closer it is to the subpial cortical surface and this appears to be 

proportional to the stage o f the disease (Nagele et al., 2003). In vitro  studies with rodent 

brains have also shown a close interaction between astrocytes and Ap peptides. Cultured 

rat cortical astrocytes become reactive when in contact with A p i .4 2  peptide and have the 

ability to degrade it; moreover, when microglia were added to the culture, astrocytes, 

through the release o f  glycosaminonglycase-sensitive molecules, impeded the removal o f
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A pi-42 by microglia (Shaffer et a!., 1995). It seems that microglia adopt a position within 

and adjacent to the central amyloid core o f the neuritic plaque, whereas the astrocytes 

often surround the outside o f the plaque with some of the processes directed to the 

amyloid core (Farfara et al., 2008).

Astrocytes have the capacity to bind and degrade A Pm 2 - Wyss-Coray and colleagues 

(2003) used astrocytes from adult mice brains and incubated them with APi^ 2  to 

quantitate the degradation o f Ap. The AP content o f the cell fraction and cell-culture 

supernatant was determined by western blot and ELISA analysis. Within 3 hours, APi^ 2  

levels decreased in the supernatant and increased in the cell-associated fraction. After 3 

hours, the levels o f Ap in the cell fraction began to decrease, and by 24-48 hours there 

was no A p detectable in the supernatant or in the cell fraction (Wyss-Coray et al., 2003). 

This was corroborated by the finding that transplanted astrocytes from adult, but not 

neonate mouse brain, were able to degrade and internalize Ap from slices of human AD 

brains, although cells from both adult and neonates were able to internalize Ap in vivo 

(Pihlaja et al., 2008).

Activated astrocytes, like neurons, accumulate AP in the brains o f individuals with AD, 

although the predominant type o f Ap varies depending on the anatomical localization; 

astrocytes within the cortical molecular layer contain the highest amount of A P 1.42 with a 

lower immunoreactivity for A P 1.40 and APm 3 (Nagele et al., 2003).

The same researchers reported that death and lysis o f APM 2 -overburdened astrocytes 

may give rise to GFAP-positive plaques in the molecular layer. Additionally, it was 

reported that astrocytes are recruited to the sites o f AP deposition by localized release of 

the chemoattractant, monocyte chemoattractant protein 1 (M CP-I). As soon as the 

astrocytes contact the Ap in the extracellular matrix, they become immobilized. This 

adhesion mechanism is calcium- and magnesium-independent, suggesting possible 

involvement o f molecules which share characteristics with scavenger receptors such as 

receptor for advanced glycation end products (RAGE), low-density lipoprotein receptor- 

related protein (LRP) or membrane-associated proteoglycans (Wyss-Coray et al., 2003).

In this context is important to note that astrocytes express numerous receptors that 

interact with AP in addition to RAGE, these include Toll-like receptors (TLR), TLR2,
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TLR3, TLR4 and TLR9, scavenger receptors SRA, S R B I, SR -M A C R O  and C D 36, 

glycoprotein receptor lactadherin and C D 47, lipoprotein receptors A poE, LRP and C D  14, 

com plem ent C lq  receptor, chem okine receptors CCR2, CCR3, CCR5, CXCR2 and 

C X C R 3, T -cell receptors C D 40L  and major histocom patibility com plex class II (M H C- 

II), and m anose receptor (Farfara et al., 2008). Table 1.2. g ives a detailed list o f  proposed  

astrocytic A p  receptors.

Som e types o f  A P-containing plaques represent a transient deposit o f  A p  w hich contain  

the N-term inal truncated Ap; these have been observed in the internal layers o f  human 

entorhinal cortex, where they are considered to be associated with astrocytes as 

intracytoplasmic inclusions (Thai et al., 2000). The N-truncated A P, as opposed to the 

full length APi-4 2 , can be easily  internalized and cleared by astrocytes suggesting a 

potential therapeutic role in A D .

ApoE4, an isoform  o f  the major lipid carrier in the brain apolipoprotein E, is synthesized  

mainly in astrocytes and mutations in its gene have been considered as a risk factor for 

the developm ent o f  A D  (Fagan and Holtzman, 2000). Cultured astrocytes prepared from  

A poE -deficient m ice, compared with w ild-type m ice, failed to clear AP; astrocyte 

viability w as not m odified  and this suggested that A poE expressed and secreted by 

astrocytes was essential for the response. It is believed that a receptor-m ediated  

m echanism  involving a m em ber o f  the LDL receptor fam ily is responsible (K oistinaho et 

al., 2004). A p  induces an increase in endogenous levels o f  A poE and ApoJ in activated 

astrocytes and treatment with an A poE receptor inhibitor abolishes the AP-induced  

changes and reduces the ApoE levels but fails to alter the ApoJ levels; this suggests that 

the extracellular stim uli generated by A P induces an im m unom odulatory response in the 

ApoE receptor (LaDu et al., 2000). In the same study it w as proposed LRP m ediates A P- 

induced astrocyte activation w hile low -density lipoprotein receptor (LD LR ) m ediates the 

AP-induced changes in ApoE.

Post mortem tissue prepared from individuals with A D  demonstrated elevated  

im m unolabeling for connexin 43 in A p  plaques suggesting an infiltration o f  astrocytic 

processes into plaques and an increase in the expression o f  gap junctions proteins (N agy  

et al., 1996). A ctivated astrocytes in A D  exhibit elevated levels o f  the lysosom e-specific
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protein cathepsin D, suggesting an increase in the activity o f  this cellular compartment 

(N agele et al., 2003). In the presence o f  untreated astrocytes, synapses w ere protected 

from A P 2 5-3 5 , with synaptophysin im m unolabeling regaining the classical dot-like  

appearance characteristic o f  normal synapses; this pattern o f  im m unostaining w as lost 

when the neurons were co-cultured with AP-treated astrocytes (Paradisi et al., 2004). 

M oreover, glucocorticoids have been shown to reduce the expression o f  AP-degrading  

proteases decreasing astrocytic A p degradation (W ang et al., 201 lb).

Astrocytes have also been related to neurofibrillary tangles with a significant association  

between S100P+ overexpressing cells and free tangles in the neuropil in A D  (Sheng et 

al., 1997). Another study quantified the relationship between neurofibrillary tangles, 

astrocytes and am yloid plaques in different regions o f  post-mortem human brains; 

neurofibrillary tangle density was significantly correlated w'ith G FA P-positive cells in the 

entorhinal cortex, and am yloid plaques w ere significantly correlated with GFAP  

expressed in the cornu am m onis (C A ), the subiculum  and the entorhinal cortex 

(Muramori et al., 1998). Tau protein, which aggregates abnormally in A D  generating 

neurofibrillary' tangles, p ossesses a tyrosine residue (Tyr 18) w hich is the m ost vulnerable 

place for disassem bly. Nitration in this region prevents or slow s tau filam ent self- 

assem bly; it has been proposed that, in A D , this m echanism  is impaired. Reyes and 

colleagues (2008) show ed that in A D  brains, nitration at Tyr 18 occurs in G FA P-positive  

astrocytes which are in contact with A p  plaques; this was observed before the appearance 

o f  neurofibrillary tangles so it is unclear if  it represents a protective or an early toxic  

mechanism  (R eyes et al., 2008). In a recent study it w as show n that tau significantly  

increased astrocytic expression o f  GFAP and SIOOP and that this was enhanced by c o 

treatment with A p  (Lu et al., 2009).

1.5.5. GFAP

GFAP is member o f  a fam ily o f  intermediate filam ent proteins, w hich also include 

vim entin and nestin, and serves principally cyto-architectural functions (Pekny and 

Pekna, 2004). G FAP, ranging from 8-9 nm in size, is considered the m ost important 

intermediate filam ent in astrocytes and contributes to the modulation o f  astrocyte m otility
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and shape by providing structural stability to astrocytic processes (Eng et al., 2000). 

Human GFAP is located in the chrom osom e 17 but no relation has been identified with 

other pathologies encoded in the same region such as frontotem poral dem entia with 

parkinsonism  (Isaacs et al., 1998). GFAP knockout mice exhibit subtle effects on diverse 

functions like long- and short-term depression and potentiation as well as BBB integrity 

(Tanaka et al., 2002); the evidence suggests that other interm ediate filam ents like 

vim entin can functionally replace the m issing GFAP (Eng et al., 2000). On the other 

hand, an overexpression o f  GFAP in transgenic m ice leads to a fatal encephalopathy and 

is directly related to the rare leukodystrophy o f A lexander disease (M essing et al., 1998, 

Hagem ann et al., 2006). As mentioned previously, astrogliosis is correlated with 

redistribution and increase in the expression o f GFAP and this process is observed in 

brains o f individuals with AD (Li et al., 201 la).

\ .5.6. RAGE

RAGE was first cloned and described in 1992 (Neeper et al., 1992). RAGE is a 45kDa 

m ultifunctional cell surface protein with immunoglobulin characteristics that binds to 

different structures such as advanced glycation end products (AGE), S I 00 proteins, 

amyloid P and High M obility Group Box Protein 1 (H M G B l) (Park and Boyington, 

2010). The structure o f  RAGE consists o f  an extracellular variable V-dom ain (residues 

24-127), two extracellular constant C type dom ains (C l residues 132-230 and C2 

residues 239-320), a single transm em brane region (residues 321-360) and a short C- 

term inal cytoplasm ic tail (residues 361-404) (Leclerc et al., 2010). So far, 20 RAGE 

isoforms have been identified in a diverse range o f  tissues and organs including rat liver 

and kidney and hum an lung, aortic smooth muscle cells, vascular endothelial cells, 

pericytes and w idespread in the brain (Leclerc et al., 2009). The m ost prevalent isoform 

in the brain is endogenous secretory RAGE (esRAGE), which lacks both the 

transm em branal and intracellular dom ains (Park et al., 2004).

RAGE is a m ultifunctional receptor as its effects are dependent on the ligand but is 

known to induce pro-inflam m atory signals in a diverse range o f  cells and to induce 

activation o f  N F kB pathway (Li and Schmidt, 1997). RAGE has been shown to interact
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with SlOOp activating the NFkB pathway (Hofmann et al., 1999). Different pathologies 

such as diabetes, cancer, rheumatoid arthritis, stroke, multiple sclerosis (MS), 

amyotrophic lateral sclerosis and AD are associated with an increase in the presence o f 

ligands for RAGE, such as AGE’s, HMGBl or A(3, which activate RAGE leading to 

inflammatory signalling (Lue et al., 2009). RAGE was shown to specifically bind to Ap 

and mediate AP-induced oxidative stress more than a decade ago and since then it has 

been suspected to play a role in the pathophysiology of AD (Yan et al., 1996). Recently, a 

study by Li and colleagues (2011) in rats showed that blocking RAGE with an antibody 

attenuated the AGE-induced glycogen synthase kinase-3 (GSK-3) activation, tau 

hyperphosphorylation, and memory deficits with restoration o f synaptic functions (Li et 

al., 2011b).

1.5.7. swop

Sl OOp  is a 21kDa protein, member of the SlOO calcium-binding family o f proteins 

mainly expressed in the CNS (Vives et al., 2003). SlO O p  consists o f a pair of distinct EF- 

hand motifs connected by a hinge region, a C-terminal calcium-binding site and an N- 

terminal calcium-binding site (Ostendorp et al., 2005). SIOOP can adopt different 

configurations forming dimers, tetramers, hexamers or octamers (Ostendorp et al., 2007). 

Human S l O O p  gene is the only member o f the SlOO family to be localized on 

chromosome 21q (Reston et al., 1995). The precise role o f SIOOP is still not clear as this 

protein interacts with many targets including microtubules and other cytoskeleton 

components, enzymes from the glycolytic pathway, tumour suppressor p53, zinc and 

copper (Donato et al., 2009, Ostendorp et al., 2011). It is also involved in cell growth, 

cell cycle control and cell differentiation (Scotto et al., 1998). SlO O p  is considered a 

biomarker of brain damage as its expression is increased after traumatic brain injury, 

encephalitis or in neurodegenerative pathologies such as AD (Ostendorp et al., 2007). 

Furthermore, Roltsch and colleagues (2010) reported that ablation o f SIOOP decreases 

amyloid plaque load in the cortex, reduces gliosis and attenuates neuronal dysfunction in 

PSEN-APP double transgenic mice (Roltsch et al., 2010). Activated astrocytes present in 

AD amyloid plaques have been shown to overexpress SIOOP protein (Mrak and
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Griffinbc, 2001). S100A6 is another member o f the S I00 protein family present in 

astrocytes which shows upregulation in both animal models and patients with AD (Boom 

et al., 2004).

\.5.S.EAAT2

EAAT2, also referred to as GLT-1 in rodents, is the major glutamate transporter in 

human astroglia (Lauriat and Mclnnes, 2007). Its molecular weight is 6 6 kDa and the 

structural model reported consists of 8  transmembrane domains in addition to a pair of 

less well-defined re-entrant loops near the C-terminal region, the N-terminal domain and 

the C-terminal domain (Ye et al., 2010). The principal function of EAAT2 is to transport 

glutamate from the extracellular fluid into astrocytes thus preventing the possibility of 

excitotoxicity and it is responsible for more than 90% of the glutamate clearance 

(Haugeto et al., 1996). Amyotrophic lateral sclerosis and AD have been linked with 

altered expression and function o f EAAT2 (Li et al., 1997). Rat astrocytes incubated with 

a subtoxic concentration of APi.4 2  showed an increase in glutamate uptake and expression 

o f GLT-1 mediated in part by activation of the NFkB signalling pathway (Rodriguez- 

Kern et al., 2003).

\ .5.9. A ldh lL l

A ldh lL l, also referred to as FDH, is a member o f the family o f aldehyde dehydrogenases 

present in many organs but primarily in cortical astrocytes in the brain (Yang et a!., 

2011). This enzyme is formed by a tetramer composed o f four identical units o f lOOkDa 

(Tsybovsky and Krupenko, 2011). A ldhlL l structure includes an N-terminal folate- 

binding domain (residues 1-310), an intermediate domain o f unknown nature (residues 

3 1 1 ^ 1 9 ) and an aldehyde dehydrogenase-like C-terminal domain (residues 420-902) 

(Cook et al., 1991). The main function o f A ldhlL l is to convert 10- 

formyltetrahydrofolate to tetrahydrofolate (THF) and CO 2 in a NADP’̂ -dependent 

reaction, serving a major role in de novo nucleotide biosynthesis and regeneration of 

methionine which involves cell division and growth (Krupenko, 2009). There is no
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reported link between changes in A ldhlL l and AD or any other neurodegenerative 

condition, although it has been suggested that overexpression o f A ldhlL l may reduce 

cellular proliferation in the embryonic dorsal midline causing neural tube defects 

(Anthony and Heintz, 2007).

1.6. Microglia

The word microglia was first used by the Spanish neuropathologist Pio del Rio-Hortega, 

a student of Ramon y Cajal. Ri'o-Hortega described the morphology o f microglia using 

the silver carbonate staining technique (Kaur et al., 2001). Microglia are unique among 

glial cells in that they have a different embryological origin. All cells in the CNS are 

derived from the neuroectoderm with the exception o f microglial cells which are 

stemmed from the mesoderm, sharing the same embryological origin as immune cells. It 

is considered that microglia migrate and localize within the CNS during development 

although the specific cell precursor is still a matter o f debate; the hypothesis that 

microglia are derived from circulating blood monocytes before migrating to the CNS has 

been challenged by evidence that points to a non-monocytic original cell that colonises 

the nervous system through extravascular routes (Chan et al., 2007). This embryological 

difference makes microglial cells functionally distinct from all the other nervous system 

cells as it is accepted that microglia work as the main immunological regulators within 

the nervous system.

1.6.1. Characterization o f  microglia

Many markers have been found to help study microglial activation; among them are, 

clusters o f differentiation proteins such as CDl lb and CD68, MHC II, TLR2 and TLR4, 

Ibal, lectin and nestin (Graeber and Streit, 2010). Expression o f MHC II, a cell-surface 

marker that interacts with CD4 Th cells, is increased when microglial cells become 

activated (Vidyadaran et al., 2009). CD40 is a member o f the tumor necrosis factor-alpha 

(TNFa) receptor superfamily that mediates immune reactions including T-cells and is 

expressed by microglia among other cells; it has been found that the expression o f CD40
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is increased in microglia in the presence o f harmful stimuli (Qin et al., 2005). CD68 is 

frequently used as an indicator of phagocytosis and related to microglia as microglial 

cells are the main phagocytic cells in the nervous system. Despite the large number of 

microglial markers none o f them is specific for microglia as all of them are shared either 

with macrophages or with other cells of the nervous system (Schmid et al., 2009).

1.6.2. Microglial functions

Many functions have been attributed to microglia during and after development o f the 

nervous system. Microglia phagocytose and remove cellular debris and apoptotic cells, 

sense damaged synapses and maintain CNS circuitry, combat infectious agents, perform 

neuroimmunological regulation, are involved in pain mechanisms and in the re- 

e.stablishment o f physiological conditions in the brain and spinal cord after injury 

(Graeber and Streit, 2010). Microglial cells possesses numerous types o f receptors; some, 

like AMPA and metabotropic glutamate receptors, are considered to mediate chemotaxis 

(Liu et al., 2009). Microglia act as initial sensors o f potentially dangerous signals which 

are recognized by TLR4 and, in response, secrete pro-inflammatory mediators such as 

TNFa and IL-ip that can act on astrocytes inducing secondary inflammatory responses 

(Saijo et al., 2009). Microglia can detect astrocytic calcium-waves and they express K"̂ , 

C r  and channels (Farber and Kettenmann, 2005). It has been suggested that microglial 

cells are not a homogeneous population o f cells representing a diverse range o f functions 

(Parkhurst and Gan, 2010).

1.6.3. M icroglial pathophysiology

Microglial cells modify their morphology according to environmental conditions with 

two major characteristic shapes, amoeboid, which exists transiently in the developing 

brain and later when the cell is phagocytic or motile and, ramified, which is the 

predominant form in the aduh form; ramified cells are involved in the surveillance of the 

brain and the spinal cord (Kaur et al., 2001). In response to any insult that alters or 

threatens the physiological balance in the environment of the nervous system, microglia
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change morphology and adopt an activated state which can be acute (seconds to minutes) 

or chronic (hours to weeks) (Parkhurst and Gan, 2010). Additionally, it has been reported 

that microglial activation during stress differs from activation due to infection or 

inflammation suggesting different mechanisms o f activation (Sugama et al., 2009). 

Evidence indicates that microglia and astrocytes share cellular communication signals 

that regulate their activity. It has been shown that astrocytes are capable o f activating 

microglia through chemokine expression (MCP-1 and IP-10) in individuals with MS and 

in the presence o f an infection (Ovanesov et al., 2008, Tanuma et al., 2006).

Altered microglial function has been associated with numerous brain pathologies. For 

example microglia are the primary target in the CNS following infection with human 

immunodeficiency virus (HIV), as HIV binds to the CD4, CCR3 and CCR5 expressed by 

these cells (He et al., 1997). Microglia also have been linked to the pathophysiology of 

MS as activated microglia have the ability to stimulate Thl and Th2 CD4^ T-cell lines 

and present antigens (Aloisi, 2001). Additionally, activation o f microglial cells has also 

been observed in the brains o f children with Rasmussen’s encephalitis (Wirenfeldt et al., 

2011), and in other neurodegenerative conditions including Parkinson’s disease (Tansey 

and Goldberg, 2010) and AD (Combs, 2009).

1.6.4. Microglia, Ap and AD

A link between AD and alterations in the brain immune system has been consistently 

demonstrated and, considering that microglia are the natural immune regulators o f the 

nervous system, a connection between microglia and AD is intuitive. Although there is an 

extensive literature on the subject, the role that these cells play in the pathophysiology o f 

AD is unclear (Graeber and Streit, 2010). There is evidence that reactive microglia are 

present in the brains o f individuals with AD, frequently within or around compact A p 

peptide-containing plaques although they have also been observed, to a lesser extent, 

close to diffuse plaques (Combs, 2009). The proximity o f microglia to A|3 plaques led to 

the belief that microglia were involved in the formation and maintenance o f the plaques 

but this suggestion was challenged by a recent study which showed that complete 

ablation o f microglia failed to alter the development of plaques and that the amyloid-
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associa ted  neuritic dystrophy w as u naffected  (G rathw ohl et al., 2 0 0 9 ). D esp ite  th is, there 

is ev id en ce  that the reactive load o f  m icroglia l c e lls  in creases in A D  and d irectly  

correlates w ith  the d egree o f  co g n itiv e  d efic it su g g estin g  a role in an early p ath ologica l 

even t (C agn in  et al., 2 0 0 1 ). In addition , A P  has been  sh ow n  to p otently  activate m icroglia  

and, at least som e ev id e n c e  su ggests  that this requires the exp ression  o f  the purinergic 

receptor P2 X 7 (S an z et al., 2 0 0 9 ). On the other hand, Streit and co llea g u es  (2 0 0 9 )  

su ggested  that degen erating  neuronal tau -p ositive  structures w ere c o lo ca lize d  w ith  

sev ere ly  d ystrophic, rather than w ith  activated , m icrog lia l c e lls  and that m icroglia l 

dystrophy p reced es the spread o f  tau p ath ology . T h is group dem onstrated  that d ep osits  o f  

A P  lacking tau -p ositive  structures w ere co lo ca lized  w ith  non-activated , ram ified  

m icroglia , su g g estin g  that A P  m ay not trigger m icroglia l activation  (Streit et al., 2 0 0 9 ). 

M icroglia  internalize fibrillar and so lu b le  A p  and segregate them  into separate 

subcellu lar vesicu lar com partm ents; the proposed  m echan ism  o f  fibrillar A p  

internalization  is through receptor-m ediated  p h agocy tosis  w h ile  the so lu b le  A P  is through  

a process o f  flu id -p h ase m icrop in ocy tosis  (M andrekar et al., 2 0 0 9 ). Fibrillar A p  has been  

sh ow n  to be partially d igested  by the ly so so m e s in m icrog lia  (M ajum dar et al., 2 0 0 7 ). 

R ecen tly , M ajum dar and co llea g u es (2 0 1 1 ) sh ow ed  that in prim ary m ou se  m icrog lia  the 

sp ec ific  ch lorid e transporter, ch loride channel 7 (C lC -7 ), is not d elivered  e ff ic ien tly  to  

ly so so m e s cau sin g  in com p lete  ly sosom al acid ifica tion  and reduced fibrillar A p  

degradation; activation  o f  m icrog lia  w ith  m acrophage co lo n y -stim u la tin g  factor (M C SF )  

increased ly so so m a l acid ifica tion  and augm ented  fibrillar A p  degradation (M ajum dar et 

al., 2 0 1 1 ).

1 .6 .5 . M / / C / /

M H C  II is a m em ber o f  the h istocom p atib ility  fam ily  o f  surface g lycop ro te in s and 

resp onsib le for b ind ing and presenting p ep tid es to C D 4  T ce lls . M H C  II co n sis ts  o f  a 

heterodim er form ed b y  tw o  h o m o lo g o u s p ep tid es and a  and |3 ch ain s (Stern et al., 1994). 

Three iso typ es o f  M H C  II g en es  are present in hum ans, H L A -D R , H L A -D P , and H L A - 

D Q , these gen es are ch aracteristically  h igh ly  polym orph ic w ith  m any a lle le s  ex istin g  at 

each gen e locu s, w h ich  cou ld  p otentia lly  generate m ore than 4 0 0 0  com b in ation s o f  H L A
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class II a  and P subun its (N ielsen  et a!., 2010). In the nervous system  M H C  11 is 

expressed  m ain ly  in m icroglia l cells a lthough  it has been reported  tha t astrocytes can 

express M H C  II under particu lar c ircum stances such as during  v iral in fections (H am o et 

al., 2007). M H C  II upregu la tion  has been associated  w ith a num ber o f  brain pathologies, 

in M S, aberran t expression  o f  M H C  II an tigens are considered  to  be involved in the 

au to im m une aspect o f  th is  d isorder (R addassi et al., 2011). H L A -D Q  and H L A -D R  

appear to  be risk  factors for develop ing  narco lepsy  and ca tap lexy  (M igno t e t al., 2001). 

R ecently , Shi and co lleagues (2011) show ed that short A p  im m unogens (A P i .15 and A Pi. 

15 p lus the addition  o f  A rg-G ly-A sp  m otif) increased M H C  II expression  and T  cell 

activation  in T N F a  m atu red-dendritic  ce lls  w ithou t s tim ula ting  p ro -in flam m atory  

pathw ays, suggesting  the poten tia l use o f  these  im m unogens in A D  im m unotherapy  (Shi 

e ta l . ,  2 0 1 1 ).

1.6.6. CDllb

C D l l b  (also  referred  to  as um subun it) is a 165kD a p ro tein , m em ber o f  the  integrin 

fam ily  and part o f  the  C D Ilb /C D 1 8  com plex  (also  know n as M ac-1 ,C R 3 or umP2 

integrin) w hich  is involved in phagocy tosis, ce ll-m ed ia ted  cy to tox icity , chem otax is and 

ce llu lar activation  (R oss, 2002). C D l lb  con ta ins seven repeating  m otifs o f  approx im ate ly  

60 am ino acids each tha t form  the N -term inal region, th ree o f  the  N -term inal repeats 

contain  C a^^-binding sites and are localized  under a seven-b laded  P -propeller integrin 

structure  w hich  serves as the  backbone o f  the protein . It also  possesses a 2 0 0  am ino acid 

region near the N -te rm inus region term ed  the I-dom ain  and a C -term inal dom ain  

(S pringer, 1997). C D l l b  has been found to  be increased d u ring  m icroglia l activation  

(R oy et al., 2008). In add ition  to  m icroglia , C D l l b  is also  used as a m arker in the 

d iagnosis o f  m yelo id  leukem ia (P aietta  et al., 1998) and a m arker o f  neu troph ils  and o ther 

g ranulocytes (M obberley -S chum an  and W eiss, 2005). C houca ir-Jaafar and co lleagues 

(2010) reported  tha t an tibod ies against C D l lb  or C D l 8  decreased  the up take  o f  e ither 

A P i .40 o r A P i-42 in m icrog lia  and tha t concom itan t inh ib ition  o f  LR P and the 

C D l lb /C D  18 com plex  com plete ly  b locked  the  ingestion o f  A p , suggesting  th a t these are 

the m icroglial recep to rs involved in this p rocess (C houca ir-Jaafa r et al., 2011).
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1.6.7. CD68

CD68 (macrosialin in mice) is an llOkDa transmembrane protein, member o f the 

scavenger receptor family and used as marker of lysosomal and endosomal activation as 

well as phagocytosis (Boer et al., 2006). CD68 is composed o f two extracellular domains 

separated by a proline-rich hinge region and a small intracellular tail of 10 residues long 

which contains an amino acid m otif homologous to low-density lipoprotein and 

transferrin receptors (Jiang et al., 1998b). CD68 expression is increased in activated 

microglia in different conditions such as thiamine deficiency (Wang and Hazell, 2010) or 

hepatitis C infection (Wilkinson et al., 2010). Additionally, CD68 has been reported to 

increase with physiological brain aging (Wong et al., 2005).

1.7. Inflam m ation

The immune system is functionally classified in terms of innate and adaptive immunity. 

Innate immunity is carried on mainly by monocytes and macrophages and occurs when 

these cells release cytokines in response to the presence o f pathogens or damaged cells. 

Adaptive immunity involves mainly lymphocytes and its responses are based on the 

immunological memory from previous exposure to antigens. Inflammation is a complex 

cytokine-induced response to harmful stimuli including injury, allergens or infectious 

agents. The inflammatory response can be acute (minutes to days), characterized by fluid 

and plasma protein exudation with a predominant accumulation o f neutrophils or chronic 

(days to years), described by the presence of lymphocytes and macrophages associated 

with vascular proliferation and fibrosis (Kumar and Robbins, 2007). Clinically, 

inflammation is accompanied by erythema, fever, pain and swelling.

Although inflammation is a physiological protective mechanism it has been observed that 

under certain circumstances an excessive inflammatory response becomes harmful to the 

organism. This led to the proposal o f the “cytokine theory o f disease” in which 

overproduction o f cytokines by the immune system can cause signs, symptoms, and 

damaging effects o f a disease, stating the paradigm that cytokines are necessary and 

sufficient for disease pathogenesis (Rosas-Ballina and Tracey, 2009, Tracey, 2007). Brain
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pathologies, in particular neurodegenerative disorders, have been associated with altered 

im m unologic responses (G lass et al., 2010). Inflammation has been shown to cause 

alterations in the m etabolism  o f  A P i .42  and to reduce A p levels in the CSF o f  patients 

with MS (Mori et al., 2011). Pro-inflammatory cytokines such as IL -ip  alter Ap  

m etabolism  in the cerebral cortex and increase APP in the brains o f  rats (Fan et al.,

2009). M oreover, treatment with interferon-gamma (INF-y) increases the protein 

expression o f  BACE and the production o f  sA PPp in astrocytes (H ong et al., 2003).

1.7.1 C ytokines

C ytokines encom pass a large number o f  soluble m olecules characterized by intercellular 

com m unication and signalling and secreted by cells from the immune system  as w ell as 

glial cells in the brain. Cytokines bind to cell surface receptors initiating signalling  

cascades that result in nuclear gene transcription. Functional pleiotropy is a w ell- 

described characteristic o f  cytokines, revealed by the numerous and diverse physiological 

and cellular actions these m olecules exert on the organism (K um anogoh and Ogata,

2010). Cytokines are pro- or anti- inflammatory determined by the cellular receptor to 

which they bind. Traditional pro-inflammatory cytokines such as IL-1|3, lL - 6  and TNFa  

have been reported to increase in the brain with age and also in neurodegenerative 

conditions such as A D  (B odies and Barger, 2004).

1.7.1.1. In terleu k in -ip

IL -ip  (also known as IL-1F2) is one o f  the 11 described m embers o f  the IL-1 fam ily o f  

cytokines w hich also include IL -la , IL-1 receptor antagonist (IL -lR a), IL-18, IL-33 and 

IL-1F5. IL -ip  genes, as w ell as all the encoding genes o f  the IL-I fam ily m embers with  

the exception o f  IL-18 and IL-33, are present in human chrom osom e 2 (Sim s and Smith, 

2010). The primary sources o f  IL -ip  are m onocytes, tissue m acrophages, and dendritic 

cells and m icroglia and astrocytes in the brain. Different signals can induce the 

expression o f  IL -ip  including hypoxia, com plem ent activation, blood clotting and 

microbial products (D inarello, 2009). IL -lp  can also induce its own expression both in

28



vivo and in vitro (Dinarello et al., 1987). Pro-domains present at the amino termini are 

cleaved by the inflammasome assembly to secrete and to generate the active form o f IL- 

ip  (Martinon et al., 2009). The signalling pathways involved in the production of IL -ip 

include the NFkB and the mitogen-activated protein kinase (MAPK) pathways (O'Neill, 

2008).

Release o f IL -ip  is regulated by the IL -lR a which impedes the binding o f IL -lp to 

interleukin 1 receptor, type 1 (IL -lR l) (Greenfeder et al., 1995) and lL-1 receptor type 11 

(1L-1R2) which prevents excessive autocrine activation of the lL-1 signalling pathway 

(Colotta et al., 1993).

IL -ip  plays an important role in the induction of fever and alterations in the 

inflammasome allow the spontaneous release o f IL-ip, causing the development of rare 

hereditary diseases characterized by fever, rash and arthritis (Sims and Smith, 2010). In 

the brain, IL -ip is involved in the pathogenesis o f MS, as mice lacking either lL-1 or IL- 

IR l do not develop experimental autoimmune encephalomyelitis (EAE) which is the 

mouse model o f MS (Sutton et al., 2006). IL -ip  overexpression is present in the brain of 

individuals with AD and it has been proposed that IL-ip may be associated with amyloid 

plaque development (Griffm et al., 1995). It has been shown that IL-ip activates 

astrocytes inducing the expression o f different proteins such as al-antichym otripsin (a l-  

ACT), ApoE and complement component C3, all o f which are increased in AD amyloid 

plaques (Akiyama et al., 2000).

1.7.1.2. Interleukin-6

IL-6 is involved in numerous physiological processes such as immune regulation, 

hematopoiesis, inflammation, cell growth and differentiation and has been related to 

pathological responses including oncogenesis, acute phase responses, chronic 

inflammation, autoimmunity, endothelial cell dysfunction and fibrogenesis (Barnes et al., 

2011). Additionally, lL-6 has been shown to be essential for the differentiation o f Thl7  

cells (Bettelli et al., 2006).

Microglia, astroglia, neurons, and endothelial cells are all capable o f synthesizing IL-6 in 

the CNS (Akiyama et al., 2000). In astrocytes, TNFa and IL -ip  induce the expression of
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IL-6, but this is not the case for IL-6 as it was unable to induce its own expression (Van 

Wagoner and Benveniste, 1999). In macrophages, activation o f Statl and NFkB induces 

the expression of IL-6 (Kimura et al., 2009).Two proteins act as functional receptors for 

IL-6, the specific IL-6 receptor (IL-6R) (Yamasaki et al., 1988) and gpl30, which is a 

common signal transducer of cytokines related to IL-6 (Hibi et al., 1990); JAK-signal 

transducer and activator o f transcription (JAK-STAT) and Ras-MAPK pathways mediate 

IL-6 signal transduction through gpl30 (Kishimoto, 2010). Production o f IL-6 is 

negatively regulated by the suppressor o f cytokine signals (SOCS) (Starr et al., 1997).

A meta-analysis performed by Swardfager and colleagues (2010) revealed significantly 

higher peripheral blood cytokine concentrations for IL-6, TNFa, IL-ip, IL-12 and IL-18 

in AD subjects compared with healthy control subjects with the strongest evidence values 

for IL-6, IL-12 and IL-18 (Swardfager et al., 2010). Additionally, astrocytic expression of 

IL-6, IL-6R, and gpl30 has been detected in frontal, temporal, parietal, and occipital 

cortex samples from rapid autopsies o f individuals with AD subjects (Akiyama et al., 

2000). In mice treated with LPS an increased brain influx and decreased brain efflux of 

AP was observed and levels of IL-6 mirrored the Ap changes (Jaeger et al., 2009).

IL-6 also has been attributed with direct and indirect anti-inflammatory properties. It has 

been shown that IL-6 can inhibit INF-y, IL -ip and LPS-induced production o f TNFa in 

glial cells (Xing et al., 1998, Di Santo et al., 1997). Furthermore, IL-6 can act as an 

indirect immunosuppressant as it stimulates the hypothalamic-pituitary-adrenal axis in 

humans inducing the release o f adrenocorticotropic hormone (ACTH) which in turn 

increases the synthesis o f glucocorticoids (Akiyama et al., 2000).

1.7.1.3. TNFa

TNFa is synthesized as a monomeric type-2 transmembrane protein which is inserted as a 

homotrimer into the membrane and then cleaved by the matrix metalloprotease TNFa 

converting enzyme (TACE, also known as ADAM 17) to produce a 51 kDa soluble 

circulating trimer (McCoy and Tansey, 2008). Macrophages are the main source o f TNFa 

but it has been reported that, in the brain, microglia, astrocytes and some populations o f 

neurons can produce it (Lieberman et al., 1989, Morganti-Kossman et al., 1997). TNFa
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binds to two different receptors TN FRl, which is expressed in most cell types, and 

TNFR2 which is expressed primarily in cells o f the immune system including microglia 

and in endothelial cells (Chan et al., 2000). TNFa activates different signalling pathways 

including NFkB, p38, ERK and JNK (Croft, 2009). Interestingly, rat astrocytes incubated 

with TNFa showed an increase in the expression o f GFAP and SlOOp but without 

compromise o f astrocytic viability (Edwards and Robinson, 2006).

TNFa signalling in the brain is involved in many physiological processes such as injury- 

mediated microglial and astrocytic activation, regulation of BBB permeability, febrile 

responses, glutamatergic transmission, and synaptic plasticity (McCoy and Tansey, 

2008).

Altered expression and release o f TNFa is associated with several neurological disorders. 

In the brains o f individuals with MS, increased TNFa expression is found colocalized 

with active lesions (Hofman et al., 1989). Also, in Parkinson’s disease, TNFa levels are 

increased in CSF and in the substantia nigra, in the areas presenting greater loss of 

dopaminergic neurons (Mogi et al., 2000). In APP transgenic mice, amyloid plaques 

displayed increased levels o f TNFa (Munch et al., 2003) a similar increase in brains of 

individuals with AD has also been observed (Zhao et al., 2003).

1.7.2. Chemokines

Chemokines (the name is derived from c/?emotactic cytokines) are a group o f molecules, 

members o f the cytokine family, which serve as chemoattractants and activators of 

different immune and non-immune cells and which characteristically act on G-protein- 

coupled serpentine receptors (Proudfoot, 2002). More than 50 members o f the chemokine 

family have been described and these are further classified into four subfamilies (CXC, 

CC, C, and CX3C) based on the relative positions o f conserved cysteine residues (Streit 

et al., 2001). Chemokine receptors are also numerous and 20 have been discovered so far 

(Allen et al., 2007). Chemokines are also classified according to their function as 

constitutive (developmentally regulated) or inducible (inflammatory) (Proudfoot, 2002). 

Constitutive chemokines act as homeostatic regulators of the immune system involving 

immune surveillance and developmental processes while inducible chemokines are
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temporarily expressed in response to inflammatory mediators such as TNFa, INFy, 

microbial products or trauma (Allen et al., 2007). Chemokines such as regulated upon 

activation, normal T-cell expressed, and secreted (RANTES) or MCP-1 have been 

associated with CNS pathologies and conditions including MS, AD, HIV, ischemia and 

trauma (Banisadr et al., 2005).

1.7.2.1 RANTES

RANTES (CCL5) is a 8kDa pro-inflammatory chemokine mainly responsible for the 

chemoattration o f T cells, dendritic cells, eosinophils, NK cells, mast cells and basophils 

to sites of inflammation and infection (Levy, 2009). RANTES is secreted by a diverse 

range of cells including activated leukocytes, platelets, epithelial cells, endothelial cells 

and astrocytes (Murooka et al., 2006, Avdoshina et al., 2010). It has been shown that pro- 

inflammatory cytokines IL -ip and TNFa stimulate the production o f RANTES from 

astrocytes (Chen et al., 2011). Additionally, RANTES is prone to aggregation and can be 

found at monomeric, dimeric or oligomeric functional assemblies (Wang et al., 201 la). 

The main binding receptor for RANTES is the inducible chemokine receptor CCR5 

although it can also ligate CCRI and CCR3 (Proudfoot, 2002).

The potential o f RANTES to exert detrimental effects in the organism occurs through 

excessive recruitment o f immune cells that enhance inflammatory processes which 

happens in conditions such as arthritis, atopic dermatitis, nephritis and possibly AD, also, 

RANTES can be angiogenic and this may be related to the development o f cancer (Levy, 

2009). Ap-activated rat astrocytes showed an increase in the production o f chemokines 

MCP-1 and RANTES (Johnstone et al., 1999). Tripathy and colleagues (2010) showed 

that RANTES is upregulated in the brains of individuals with AD but they suggest that 

this increase is protective rather than harmful as, in the same paper, is reported that in 

vitro, RANTES increases cell survival and exerts neuroprotective effects on neurons 

exposed to toxic stimuli such as thrombin or sodium nitroprusside (Tripathy et al., 2010).
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1.7.2.2. MCP-1

MCP-1 (CCL2) is a 13 kDa protein, member o f the CC family o f chemokines and a 

potent chemotactic factor for monocytes, T-cells and dendritic cells to sites o f injury or 

infection (Yadav et al., 2010). The human gene for MCP-1 was identified in the 

chromosome 17 (Naruse et al., 1996). MCP-1 was the first CC chemokine identified and 

is the most representative monocyte chemoatractant protein o f the four described so far 

(CCL7, CCL8 and CCL13) (Deshmane et al., 2009).

MCP-1 expression can be induced by many factors including IL-1, IL-4, TNFa, platelet- 

derived growth factor, vascular endothelial growth factor, LPS and INFy (Sheikine and 

Hansson, 2004). The main sources o f MCP-1 are monocytes and macrophages but it can 

also be produced in numerous cell types including endothelial, epithelial, smooth muscle, 

fibroblasts, astrocytes and microglia (Yadav et al., 2010). MCP-1 binds principally to 

CCR2 chemokine receptor and to a lesser extent to CCRl 1 (Schweickart et al., 2000). A 

diverse range o f signalling pathways including MAPK, JAK2, JNK, p38 and PI3-kinase 

have been associated with MCP-1 (Yen et al., 1997, Cambien et al., 2001).

MCP-1 has been related to a vast number o f physiological and pathological processes 

such as regulation o f infection and inflammation, allergies, HIV, transplant rejection, 

bone remodelling, BBB permeability, atherosclerosis and cancer (Yadav et al., 2010). As 

mentioned previously Ap increases the production of MCP-1 in astrocytes (Johnstone et 

al., 1999). Furthermore, MCP-1 overexpression was found to significantly increase the 

formation of Ap plaques in the hippocampus o f APP transgenic mice (Yamamoto et al., 

2005). Sokolova and colleagues (2009) reported upregulation o f MCP-1, IL-6 and lL-18 

in the brains o f individuals with AD and determined through logistic linear regression 

modelling that MCP-1 was the most reliable predictor o f the disease (Sokolova et al., 

2009).

1.7.3. Signalling pathways
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1.7.3.1. The NFkB pathway

The NFkB pathway is a signalling pathway mainly involved in the regulation o f innate 

and adaptive immunity and inflammatory responses. The NFkB family of transcription 

factors consists of NFkBI (p50 and its precursor p l05), NFkB2 (p52 and its precursor 

p i 00), RelA (also known as p65), c-Rel, and RelB; all NFkB factors characteristically 

possess an N-terminal Rel homology domain (RHD) responsible for dimerization and for 

sequence-specific DNA binding (Vallabhapurapu and Karin, 2009).

NFkB signalling is inhibited by a family o f interacting proteins called IkB proteins (IkB o , 

IkBP and IkB s) which retain the inactive dimers o f NFkB in the cytoplasm of the cell 

(Hayden and Ghosh, 2008). The activation o f NFkB dimers can be accomplished through 

either the type 1 or canonical pathway, which is induced by numerous stimuli including 

proinflammatory cytokines, bacteria, viruses, radiation and oxidative stress, or the type 2 

or non-canonical pathway, which is induced by receptors involved in lymphoid tissue 

organogenesis and in lymphocyte development (Pasparakis, 2009). In the type 1 pathway, 

p50:RelA and p50:c-Rel heterodimers are activated, this requires a sequential 

phosphorylation, ubiquitylation and proteosome-degradation o f the associated IkB in 

order to release the NFkB dimer and allow it to translocate in the nucleus. In the type 2 

pathway, p52:RelB dimers are activated, this requires inducible proteolytic removal of 

the ankryin-repeat domain of the pIOO;RelB heterodimer, releasing the p52:RelB NFkB 

dimer allowing it to translocate in the nucleus (Smale, 2010). IkB actions are controlled 

by the IkB kinase (IKK) complex which is composed o f two catalytic subunits, IKKa 

(also known as IK K l) and IKKP (also known as IKK2), and the regulatory subunit NFkB 

essential modulator (NEMO). Following cell activation, the IKK complex proceeds to 

phosphorylate IkB proteins thus inducing the ubiquitylation and proteasomal degradation 

required for the release o f the dimers and therefore, allowing NFkB to activate gene 

transcription (Pasparakis, 2009). Upstream activators o f the IKK complex are numerous 

and seem to be shared with other signalling pathways, these include receptor-interacting 

protein (RIP), TNF receptor-associated factor (TRAF), MyD88, mitochondrial antiviral 

signaling protein (MAVS), IL-1 receptor-associated serine/threonine kinase 1 (IRAKI) 

and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (M ALTl)
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(Hayden and Ghosh, 2008). iKBa is resynthesized in a NFKB-dependent manner to 

constitute a regulatory negative feedback loop in which newly synthesized IkBu 

associates with deacetylated RelA:p50 heterodimers in order to terminate their 

transcriptional activity and shuttle them back to the cytoplasm (Vallabhapurapu and 

Karin, 2009). Figure 1.5. illustrates the main components o f the NFkB pathway.

NFkB transcription is a rapid event important for the physiological responses o f cells. 

NFkB promotes the expression o f pro-inflammatory genes encoding for cytokines, 

chemokines, enzymes and adhesion molecules fundamental for the development of 

immune responses (Pasparakis, 2009). NFkB can also activate protective signals that 

induce the expression of inhibitors o f apoptosis (Wang et al., 1998) and enzymes with 

antioxidant functions (Pham et al., 2004). The pro-inflammatory cytokines IL -ip and 

TNFa are known strong activators o f the NFkB pathway (Hayden et al., 2006).

Aberrant activation o f the NFkB pathway has been related to the pathophysiology of 

numerous conditions including AD. In the brains of individuals with AD activated NFkB 

has been observed in neurons and glial cells close to AP plaques (Terai et al., 1996). 

Furthermore, it has been shown that both tau and AP are able to induce the activation of 

the NFkB pathway and this is mainly mediated through activation o f the RAGE 

signalling pathway (Granic et al., 2009).

A number o f inhibitors o f the NFkB pathway have been described. In this study 

wedelolactone was used. Wedelolactone is an organic compound, identified as a 

coumestan, derived from the herb Eclipta prostata. Wedelolactone has demonstrated anti

inflammatory effects as it has been shown to inhibit the expression of IL -ip by 

irreversibly inhibiting IKK and thus impeding the phosphorylation o f IkBc and NFkB 

pathway activation (Kobori et al., 2004).

1.7.3.2. The JN K  Pathway

There are four described subfamilies o f MAPK, all o f which are serine/threonine kinases, 

these are JNK, ERKI/2, p38 and ERK5; JNK and p38 are the only members that can be 

activated by cellular stress and are collectively known as stress-activated MAPKs (Huang 

et al., 2009). Three mammalian genes for JNK isoforms have been described so far.
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JN K l (also referred to as stress-activated protein kinase-gam m a (SAPKy)), JNK2 

(SA PK a) and JNK3 (SAPKp) (Bogoyevitch et al., 2010). Each JNK protein is expressed 

in two forms, a short form o f  46kDa and a long form o f  56kDa (Pulverer et al., 1991). 

JN K l (four isoforms) and JNK2 (four isoforms) are constitutively expressed in num erous 

tissues while JNK3 (two isoforms) seems to be prim arily localized in neurons, cardiac 

myocytes and in the testis (Johnson and Nakam ura, 2007). The m ost im portant substrates 

o f  JNK are c-Jun, Elk-1 and activating transcription factor 2 (ATF2). A ctivation o f  the 

JNK pathway can be induced by several factors such as diverse cellular and oxidative 

stressors, cytokines, DNA and protein synthesis inhibitors, growth factors, GPCR 

ligands, and serum (Bogoyevitch et al., 2010).

Activation o f the JNK pathway involves num erous elem ents before starting nuclear 

transcription. The signalling pathway starts when an extracellular stimuli activates small 

G TP-binding proteins o f  the Ras/Rho family which, in turn, interact with and activate 

through phosphorylation one o f the 20 described M APKKKs (M AP3K) (Cargnello and 

Roux, 2011). Phosphorylated M APKKK proceeds to phosphorylate and activate one o f 

the m any M APKKs (M AP2K); M KK4 (also known as S E K l) and M KK7 are the 

principal M APKKs involved in JNK activation, which is accom plished through 

phosphorylation o f  the threonine and tyrosine loop TXY m otif o f  JNK. Once JNK  is 

activated it proceeds to phosphorylate c-Jun, JunD or ATF2 which in turn, will start the 

nuclear transcription (Huang et al., 2009, Johnson and Nakam ura, 2007). JNK activation 

o f  c-Jun involves a m echanism o f  double phosphorylation (in ser63 and ser73) before c- 

Jun can form, in com bination with c-Fos, the transcription factor activator protein 1 (AP- 

1) (W eston and Davis, 2002). Furthermore, c-Jun possesses a cis-elem ent for the m yocyte 

enhancer factor 2C (M EF2C) localized in the c-Jun prom oter that permits activated p38 

and ERK5 to contribute to the induction o f  c-jun expression (Kyriakis and Avruch, 

2001). In addition, JNKs also are regulated by m any scaffold proteins w hich induce 

conform ational changes in bound kinases or their substrates, localize activated M APK, or 

term inate M APK activity through the recruitm ent o f  phosphatases or ubiquitin ligases 

(Vallerie and Hotam isligil, 2010, Engstrom et al., 2010). Figure 1.6. illustrates the main 

com ponents o f  the JNK  pathway.
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JNK participates in a wide range of physiological responses in the organism. In the brain, 

JNK signalling is involved in development and in regenerative responses to injury but 

also in apoptosis, other functions including specific isoforms of JNK, such as JN K l, have 

been associated with microtubule stability and microtubule-associated protein 

phosphorylation (Mehan et al., 2011). JNKl has also been shown to regulate the 

hypothalamic-pituitary-thyroid axis, and obesity-induced JNK activation has been 

observed in mice (Vallerie and Hotamisligil, 2010).

There is evidence that supports a role of JNK signalling in AD, as JNK activation has 

been associated with tau induced neurodegeneration (Dias-Santagata et al., 2007) and 

with A(3 pathology (Colombo et al., 2007). Additionally, A(3-induced down regulation of 

the anti-apoptotic factor Bcl-w and activation o f TLR4, involved activation o f JNK 

signalling pathway (Mehan et al., 2011).

Several JNK pathway inhibitors have been developed (Bogoyevitch et al., 2010). The 

inhibitor c-Jun N-terminal kinase peptide inhibitor 1, D-stereoisomer (D-JNKil) is one of 

the most frequently used and is used in this study. D-JNKil acts preventing the 

interaction o f JNK with its substrates thus impeding the activation o f the JNK pathway. 

Treatment with D-JNKil has shown protective effects against cell death, excitotoxicity 

and cerebral ischemia (Hirt et al., 2004, Borsello et al., 2003).

1.7.4. Receptors in signal transduction

\.1 A .\.C D 3 6

CD36 is an 88kDa protein, originally described in platelets as glycoprotein IV, and 

member o f the class B scavenger receptor family (Febbraio and Silverstein, 2007). CD36 

is a multiligand membrane-bound glycoprotein o f 471 amino acids composed o f a large 

extracellular loop and two transmembrane a-helices, one at the amino and the other at the 

carboxy termini (Martin et al., 2007). CD36 gene was found to be encoded on 

chromosome 7ql l . 2  (Fernandez-Ruiz et al., 1993). CD36 is expressed in numerous cell 

types including endothelial cells, platelets, macrophages, microglia, dendritic cells.
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hepatocytes, adipocytes, myocytes and astrocytes (Silverstein and Febbraio, 2009, 

Wilhelmus et al., 2007).

The main physiological role o f  CD36 is still not clear as it has been associated with a 

diverse range o f  processes including uptake o f lipids and apoptotic cells, long-chain fatty 

acid transport, adhesion and angiogenesis (Martin et al., 2007). In addition, CD36 is a 

multiligand receptor reported to bind with oxidized LDL, thrombospondin-1 (TSP-1), 

apoptotic cells, type 1 and type IV collagen, long chain fatty acids, erythrocytes infected 

with Plasmodium  parasites and Ap (Parsons et al., 2008). CD36 is frequently localized 

within lipid rafts in the plasma membrane and this seems to be fundamental for its 

involvement in signal transduction (Thorne et al., 2006). Several signalling pathways 

such as caspase-3, NFkB, p38 and JNK have been associated with CD36 activation 

(Silverstein and Febbraio, 2009). CD36 forms functional complexes such as the 

CD36/CD47/a6Pi integrin which interacts with Ap (Koenigsknecht and Landreth, 2004), 

and the CD36/TLR4/TLR6 which signals through NFkB in the presence o f  Ap (Stewart 

et al., 2010). Is precisely these reported interactions with Ap that have suggested a 

relation between CD36 and AD (Husemann et al., 2002).

1.7.4.2. CD47

CD47 is a 47-52kDa protein which was discovered originally in the placenta as a 

membrane molecule associated to UvPs integrin, hence its initial name o f  integrin 

associated protein (lAP) (Brown et al., 1990). CD47 is also a member o f the Ig 

superfamily o f  membrane proteins and possess a structure composed o f  a single IgV-like 

domain at its N-terminus, a hydrophobic stretch with five membrane-spanning segments 

(known as the multiply membrane-spanning domain) and an alternatively-spliced 

cytoplasmic C-terminus ranging from 3-36 amino acids (Brown and Frazier, 2001). 

CD47 can bind to many ligands including SIRPa and SIRPy, in cis to integrins (avPs, 

ttiibPs and a2Pi) and in trans to TSP (Barclay, 2009). Additionally, as previously 

mentioned, CD47 fom is a functional complex with CD36 and aePi integrin which 

interacts with Ap (Koenigsknecht and Landreth, 2004).
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C D 4 7  is present in essen tia lly  all tissu es and m ost ce ll typ es w h ich  underscore its 

p h y sio lo g ica l im portance (R ein h old  et al., 1995). B in d in g  o f  SIR P a on m acroph ages b y  

C D 4 7  on  red b lood  c e lls  or p latelets prom otes tyrosin e p hosp horylation  o f  SIR P a w h ich , 

in turn, a sso c ia tes  w ith  the phosphatase SH P-1 resu lting in inhibition  o f  p h a g o cy to sis  

(“do not eat m e sig n a l”) o f  red b lood  ce lls  or p latelets by m acroph ages (M atozak i et al., 

2 0 0 9 ). W hen C D 4 7 , present in T c e lls , b inds to SIR P a, on  im m ature dendritic c e lls , the  

p h en otyp ic  and functional m aturation o f  dendritic c e lls  is suppressed  thus preventin g  

their activation  (Latour et a l., 2 0 0 1 ). A d d ition a lly , T SP-1 acts v ia  C D 4 7  to inhibit N O  

s ig n a llin g  in the vascular system  (Isenberg et al., 2 0 0 8 ). S im ilarly , a study by L am y and 

c o llea g u es  (2 0 0 7 )  revealed  that C D 4 7  p lays a fundam ental role in the regulation  o f  the 

in flam m atory resp onse by e lim in atin g  activated  lym p h ocytes (L am y et al., 2 0 0 7 ). C D 4 7  

has b een  im plicated  in synaptic p lasticity  and m em ory form ation  as forced  exp ression  o f  

C D 4 7  in cultured h ippocam pal neurons w as reported to  prom ote neurite form ation  and  

branching and, furtherm ore, the b inding o f  C D 4 7  to S IR P a sig n ifica n tly  increased the  

form ation  o f  f ilop od iu m  and sp in es in cultured neurons (M atozak i et al., 2 0 0 9 ).

C D 4 7  m ay p lay  a role in A D  as, in addition to the p rev iou sly  m en tion ed  C D 3 6 /C D 4 7 /  

aePi integrin co m p lex  link to A p , fibrillar A P i.4 0 - and A P i.4 2 - induced  m ast ce ll activation  

operating through a C D 4 7 /p I-in teg r in  m em brane co m p lex  cou p led  w ith  G j-proteins 

(N ied erh offer  et a l., 2 0 0 9 ).

\ . lA.2.\ .SIRPa

T he sign al regulatory proteins constitute a fam ily  o f  transm em brane g lycop rote in s and 

are included  in the “paired receptor” group o f  receptors w h ich  are represented  by c lo se ly  

related extracellu lar reg ion s but d ifferent cy top lasm ic  reg ion s in du cing  contrasting typ es  

o f  sign a ls  (van B eek  et al., 2 0 0 5 ). The SIR P fa m ily  co n sis ts  o f  three m em bers, S IR P a  

(a lso  k n ow n  as S H P S -1 , BIT, M FR , C D 1 7 2 a  or p 84), SIR Pp (C D 1 7 2 b ) and SIRPy  

(C D 1 7 2 g ). C D 4 7  is the principal b inding partner for S IR P a but it has been  reported that 

surfactant proteins A  and D  as w e ll as T SP  can bind to S IR P a (B arclay, 2 0 0 9 ). S IR P a  

structure con ta in s three Ig -lik e dom ain s in its extracellu lar region  and four putative  

tyrosin e p hosphorylation  sites in its cy top lasm ic region  (M atozak i et al., 2 0 0 9 ). SIR P a is
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expressed mainly by myeloid cells and neurons but it can also be present in other cell 

types (Barclay and Brown, 2006).

in addition to the previously described inhibitory interactions o f SIRPa with CD47, 

SIRPa has been involved in production of NO via JAK2 which suggests SIRPa can also 

act as an activator o f effector functions (Alblas et al., 2005). The scope o f SIRPa 

functions can be even larger as other components such as tyrosine kynases CSK and 

PYK2 as well as the adaptor molecules Grb2, FyB/SLAP-130, and SKAP55hom have 

been proposed to regulate its signalling (van Beek et al., 2005).

1.8. Objective

The objectives o f this study are to determine, in vivo, the effects chronic icv treatment 

with Ap has in the brains o f aged and young rats and to explore age-related changes, and, 

in vitro, to examine the effects Ap treatment has on cytokine production and release and 

to investigate the signalling pathways and membrane receptors involved in this process, 

in rat isolated astrocytes.
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C O G N ITIV E BEHAVIOU RAL M OTOR
Impaired memory Apathy/Depression Abnormal reflexes
1 mpaired j udgement Agitation Paratonia
Confusion Anxiety Abnormal mouth movements
Agnosia Irritability Rigidity
Apraxia Dysphoria Bradykinesia
Aphasia and Paraphasia Disinhibition Abnormal gait
Dysarthria Delusions Seizures
Echolalia Hallucinations
Palilalia

Table 1.1. Clinical signs and sym ptom s o f  AD.
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N-terminus C-terminus
A P i_4o D AEFRHDSGYEV HHQK LVFFAED VGSNKGA IIGLM V GGVV

A P i.42 D AEFRHDSGYEVHHQ K LVFFAED V G SN K G A IIG LM V G GV V IA
1 10 20 30 40

Figure 1.1. A m ino-acid sequence o f Ap peptides A Pi . 4 0  and APi.4 2 . In red the
additional isoleucine and alanine present in APi-42 at the C-terminus.
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R EC EPTO R  FAM ILY RECEPTORS A p PRESENTATION
Advanced glycation end 
products receptor RAGE Monomers

Fibrils
Toll-like receptor TLR2, TLR3, TLR4, TLR9

Scavenger receptor CD36, SRA, SRBI, 
SR-MACRO

Fibrils

Glycoprotein receptor Lactadherin, CD47 Fibrils

Lipoprotein receptor ApoE receptor, LRE, CD 14 Monomers
Fibrils

Complement receptor C 1 q receptor -----------

Chemokine receptor CCR2, CCR3, CCR5, 
CXCR2, CXCR3

T-Cell receptor CD40L
Mannose receptor MR
Insulin Receptor IR Monomers

Acetylcholine receptors a7nAChR Monomers
Fibrils

Information extracted from (Farfara et al.. 2008) and (Verdier et a!., 2004)

Table 1.2. List o f  receptors proposed to m ediate interaction o f Ap with astrocytes.
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Non-amyloidogenic
Pathway

Amyloidogenic
Pathway

sA PP a

BACE-1

Cytoplasmy-secretase Y-secretase

A ICD
AICD

Figure 1.2. Schematic representation of A|) production.
I A PP can be c leaved  by a -sec re tase  in itiating  the non-am ylo idogenic  pathw ay or B A C E -I in itiating  the am ylo idogen ic  pa thw ay, a -  

Secretase  enzym atic  action  produces sA P P a and C83 w hile B A C E -I p roduces sA PPp and C99. 2 T he y -secretase  com plex  cleaves 
C83 into p3 and A IC D  or C 99 into A p and A IC D . 3 p3 and Ap are the  final p roducts o f  the n o n -am ylo idogen ic  and the am ylo idogen ic  
pa thw ay , respectively .
M odified  from  Q uerfurth  and L aF erla  (2010).



Notch

PSEN

y-secretase

NICD
AlCD

(  Nucleus

gene transcription

Figure 1.3. Schem atic  rep resentation  o f  y -secretase  activ ity .

T he y-secretase  com plex, com posed  o f  p resenilin  I or 2 (PS E N ), N icastrin  (N et), Pen2 and A p h -I , can 
c leave d ifferen t T ype I transm em brane  p ro teins includ ing  A PP, N o tch  or D elta , y -secretase  c leaves the 
A PP C 99 fragm ent into am ylo id  in trace llu la r dom ain  (A lC D ) and A p. N o tch  is c leaved  by y-secre tase  at 
the S3 site re leas in g  N otch  in trace llu la r dom ain  (N IC D ), w hich w ill m igrate to the  nucleus and bind to 
transcrip tion  factors.
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1
Proline Rl R2 R3 R4

N C

Projection domain Binding domain

Figure 1.4. Tau protein structure.

T au pro tein  is com posed  o f  an N -te rm inai reg ion , a p ro line-rich  dom ain , a m ic ro tu b u le -b in d in g  dom ain  
w ith  repea ts R l .  R 2, R3 and R4 and a C -term inal region. T he ty rosine  k inases 18 and 197 have been show n 
to  be  phosphory la ted  in the  b ra ins o f  ind iv iduals w ith A D  w hile  ty rosine  394 is phosphory ia ted  both in 
physio logical cond itions and in AD. P represen ts phosphory la tion .
M odified  from  (L eb o u v ier et al., 2009).
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Inflammatory 
stimulus

NEMO

IKKpIKKa

licBa

RelA pSO RelA

Cytoplasm

^  Nucleus

NFkB transcription

Cytokines
Chemokines

Figure 1.5. N F kB canonical pathway

A pro-inflamm atory stim ulus induces cell-surface receptors to activate the IKK complex (IK K a, IKKp and 
NEM O). The activated IKK com plex phosphorylates and triggers the ubiquitylation and degradation o f  the 
inhibitory iKBa, allowing p50 and RelA to initiate the transcription o f  genes for cytokines and chemokines. 
P represents phosphorylation and U represents ubiquitylation.
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Inflammatory 
stimulus

MAPKKK

MKK4/
MKK7 JNK

Cytoplasm

i Nucleus
Cytokines

Chemokines

gene transcription

Figure 1.6. JNK signalling pathway.

A pro-inflamm atory stim ulus induces cell-surface receptors coupled to Rho/Ras to activate MAPKKK. 
Activated M APKKK phosphorylates and activates M KK4/M KK7 which in turn phosphorylates and 
activates JNK. Activated JNK proceeds to phosphorylate c-Jun, thus allowing c-Jun to associate with c-Fos 
and form the transcription factor A P -I, which subsequently induce the gene transcription o f  different 
proteins including cytokines and chemokines.
P represents phosphorylation.
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Chapter 2: Materials and

Methods
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2.1. Anim als

2.1.1. Animals

Aged (18-22 months; 550-800g) and young (2-4 months; 200-360g) male Wistar rats 

were used in this study. The animals were supplied by Bantham and Kingham, UK. All 

animals were housed in a specific-pathogen free (SPF) environment at the BioResources 

Unit (BioResources Unit, Trinity College Dublin, Dublin 2, Ireland). Young rats were 

housed in groups o f 3-4 per cage and aged rats were housed in groups of 2-3 per cage.

All animals were maintained under veterinary supervision at an ambient temperature of 

22-23°C and under a 12-hour light-dark cycle, food (standard laboratory chow) and water 

were provided ad libitum. Food and liquid intake were monitored for the duration o f the 

experiment. All animal experimentation was performed under a license granted by the 

Minister for Health and Children, Ireland, with approval from the local ethical committee 

and in compliance with the Cruelty to Animals Act, 1876 and the European Community 

Directive, 86/609/EC, and every effort was made to minimize stress to the animals.

2.2. Animal Treatments

2.2.1. Preparation o f  Amyloid-p4o.i and Amyloid-(3i.4o/i-42 peptides

Artificial CSF (composition: NaCl 296mM; 3mM; Ca^^ 1.4mM; 0.8mM and P

ImM) was used to prepare the mix of amyloid-Pi.40 and amyloid-Pi.42 (hereafter referred 

to as AP) and the control reverse peptide amyloid-P4o-i (hereafter referred to as AP40-1). 

APi-40 and APi-42 (Invitrogen, US) and reverse control peptide (AP40-1, Invitrogen, US) 

were aggregated according to the manufacturer’s instructions. The APi .42 lyophilised 

peptide was dissolved in sterile distilled water to a concentration o f 6 mg/ml and then 

further diluted to a 1 mg/ml stock solution with phosphate buffered saline (PBS; Sigma, 

UK). The APi .40 peptide and the reverse AP40-1 peptide were dissolved in PBS to a 

concentration o f 1 mg/ml. A P 1.40 peptide was aggregated for 24 hours at 25°C and the 

APi-42 peptide for 48 hours at 37°C. All stock solutions were aliquoted and stored at -
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20°C  until required. APm o and A P i .4 2  were diluted in artificial C SF to a final 

concentration o f  26.9^M  and 36.9)j,M respectively. Pumps were loaded with a m ix  

com posed o f  23.3)u,l o f  A p i .4 0  and 33.3|o.l o f  A P i.4 2 . The control peptide w as loaded at a 

m olecular concentration equivalent to the sum o f  the concentrations o f  the two active A p  

peptides.

2 .2 .2 . P rim in g  o f  Alzet® osm otic pum ps

Alzet® osm otic mini-pum ps (Alzet® O sm otic pump m odel 2004; A lzet, U S) were used to 

deliver control peptide or A P to the animals. Handling o f  the pumps w as alw ays carried 

on under sterile conditions. The em pty pump was w eighed together with its flow  

moderator. The head o f  the cannula w as assem bled with 3 height-adjustm ent spacer disks 

(w hich were spaced to ensure delivery into the ventricle). A filling tube was attached to a 

syringe loaded with A p or control peptide and transferred into the osm otic mini-pum p in 

an upright position to reduce air bubble formation. The filling tube was inserted through 

the opening at the top o f  the pump until the tip o f  the tube reached the bottom o f  the 

pump reservoir. The plunger o f  the syringe was pushed slow ly  holding the pump in an 

upright position. When the solution appeared at the outlet, the filling w as stopped and the 

tube carefully rem oved. The excess solution was wiped o f f  and the flow  moderator was 

inserted until the cap w as flush with the top o f  the pump. The flow  moderator w as fully  

inserted into the body o f  the pump. After the osm otic pump w as filled, it w as transferred 

to a 37°C  incubator and primed by placing the pump into a 50m l falcon tube loaded with  

sterile 0.9%  saline solution; the delivery gauge was not in contact with the saline 

solution. The pumps were primed for a minimum o f  40 hours before use. Each pump, 

including the cannulae, w as loaded with 250|j,l o f  A p or control peptide for a calculated  

rate o f  delivery o f  0.25)o,l/hour when implanted, sufficient to ensure delivery o f  solution  

for 28 days.
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2.2.3. Surgical Description

Animals were weighed and sedated by intraperitoneal (i.p.) administration o f a mix of 

ketamine (Vetalar; 75mg/kg; Pharmacia, Germany) and xylazine (Rompun; lOmg/kg; 

Bayer, Germany). Rats were transferred to a transparent anaesthesia box where they 

received a controlled flow o f oxygen (IL/min at 50%) with isoflurane (5% for induction; 

Abbott, UK.) until deeply anaesthetised which was established through lack o f pedal 

reflex. Rats were placed in a stereotaxic frame with the incisor bar 2mm below the ears to 

ensure the head was stable. A nasal mask was secured to provide oxygen (IL/m in at 

50%) and isoflurane (1.5-2% for maintenance) for the duration o f the intervention. Eyes 

were protected with topical application o f Bepanthen® eye cream (Bayer, Ireland). The 

surgical area was shaved and 2 aseptic washes in circular motion, from the centre of the 

area to the external border of the surgical field, were done using sterile gauzes. The first 

wash was with povidone-iodine scrub and the second one with povidone-iodine solution. 

The incision was performed longitudinally with a sterile surgical blade mounted on a 

scalpel (Tekno Surgical, Germany) from the midline o f an imaginary line between the 

posterior borders o f the eyes to approximately 1cm after the posterior border o f the skull 

{circa supraoccipital structure). The skin and subcutaneous tissue were clamped with 4 

Kelly forceps to open the surgical field in a diamond pattern. Muscular fascia and the 

temporalis muscle were dissected and scraped with the scalpel from the midline towards 

the lateral border o f the skull until bregma and lambda were clearly identified. 

Haemostasis was ensured by local pressure with sterile cotton bud or sterile gauze. To 

remove the remaining tissue from the periosteum and to improve the visual field, a few 

peroxide drops were applied and left for 10-15 s and the area was cleaned with sterile 

gauze. The point o f craniotomy for the rat right lateral ventricle was identified at +0.9mm 

posterior to bregma and +1.3mm lateral to the midline. A trepanation o f 0.45mm 

(diameter) was performed with a handpiece dental drill. Mayo scissors were positioned at 

the caudal end o f the surgical wound advancing through the midline for 4-6cm, 

preserving nerves and vascular structures, until a subcutaneous pocket was dissected. The 

Alzet® osmotic pump was positioned in the subcutaneous pocket and the cannula tip 

gauge was carefully inserted without angulation through the meninges and brain tissue
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down to the right lateral ventricle. The cannula was affixed to the skull with superfast 

glue and secured in place with dental cement (Stoelten, US). Blood was cleaned, Kelly 

forceps removed and the skin was sutured with a skin surgical stapler. Topic 4% 

lidocaine hydrochloride (Xylocaine 4% w/v topical solution, Astra Zeneca, Ireland) was 

applied to the wound. A subcutaneous injection o f Carprofen (Rimadyl; 5mg/kg; Pfizer, 

Ireland) was given to provide post-operative analgesia. The rats were closely monitored 

during recovery and kept under a heat lamp to prevent hypothermia until they were 

active.

2.3. Behavioural Analysis

2.3.1. Morris water maze

Rats from each treatment cohort were assessed for spatial learning in the Morris water 

maze. The maze was located in a dark room and comprised a black circular pool, 1.5m in 

diameter, filled with water which was maintained at a constant temperature of 20±1°C; a 

hidden platform was placed in a quadrant o f the pool and submerged 3cm below the 

water surface, not visible at water level. The location o f the platform was kept constant 

for the entire experiment and was not removed on the last day o f the trials. Visual cues 

were arranged on the curtains surrounding the pool. The position o f the cues was constant 

for the duration o f the experiment. Animals were subjected to 8x1-min trials on the first 

day and 6x1-min trials for the following 4 days when they were required to search for the 

hidden platform. If the platform was not successfully reached within this time frame, the 

animal was guided to the platform. Once on the platform, the rats were left alone for 30 s 

to study the visual cues and remember the location o f the platform. A computerized 

digital tracking system was used to record the swimming paths and the escape latencies 

for each rat and each trial. The analysis o f the data obtained from the Morris water maze 

experiment was performed with the EthoVision software (EthoVision v3.1; Noldus 

Information Technology, Netherlands).
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2.4. LTP Analysis

2.4.1. Induction o f  LTP in vivo

On the day of the experiment, rats were anaesthetized by an i.p. injection o f urethane (1.5 

g/kg); the absence o f a pedal reflex was considered to be an indicator o f deep anaesthesia. 

The ability o f rats to sustain LTP in the perforant path-granule cell synapses, in response 

to tetanic stimulation o f the perforant path, was assessed as previously described 

(Minogue et al., 2003). In brief, rats were placed in a stereotaxic frame, a bipolar 

stimulating electrode was positioned in the perforant path (4.4mm lateral to lambda) and 

a unipolar recording electrode was positioned in the dorsal cell body region o f the dentate 

gyrus (2.5mm lateral and 3.9mm posterior to Bregma). Test shocks were delivered at 30 s 

intervals, and after a stabilization period, responses were recorded for 15 min before and 

45 min after tetanic stimulation (3 trains o f stimuli; 250Hz for 200 ms; 30 s intertrain 

interval). The stimulus intensity required to induce a spike was similar in all treatment 

groups (0.5-1 mA) and the same stimulus strength was used during delivery o f the tetanic 

stimulation. Responses were assessed by measuring the slope o f the excitatory 

postsynaptic potential (epsp) in the middle one-third of the rising phase of the epsp and 

mean and standard error o f the mean (SEM) values for each treatment group in 30 s bins 

were calculated and presented. LTP experiments were performed by Dr. Thelma Cowley.

2.5. Preparation of Tissue

2.5.1. Dissections and preparation o f  tissue

At the end of the LTP recording, rats were killed by decapitation and brains were rapidly 

removed and placed on ice. The brain hemispheres were separated and two-thirds o f the 

left hemisphere was placed on a cork disk, covered with optimal cutting temperature 

compound (O.C.T. Tissue-Tck®; Sakura, Japan) and immersed in liquid nitrogen for later 

preparation o f cryostat sections. The hippocampus was dissected from the right 

hemisphere and the remaining portion o f the left hemisphere was split in 3 portions; the
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first was flash-frozen in liquid nitrogen for later analysis o f mRNA and the second and 

third were prepared for protein analysis (ELISA and Meso Scale) in Krebs buffer 

(composition in mM: NaCl 136; KCl 2.54; KH2PO4 1.18; MgS0 4  ?H 2 0  1.18; NaHCOj 

16 and glucose 10) with added CaCla (1.13mM) and 10% dimethyl sulphoxide (DMSO) 

and stored at -80°C until required for analysis. The cerebral cortex was also dissected and 

added to tubes with Krebs buffer containing CaCb and 10% DMSO and stored at -80°C 

until required for analysis. Samples o f serum were taken from each animal and stored at - 

80°C until required for analysis. Osmotic pumps were then removed from the rats, 

opened, and any remaining solution was stored at -80°C until required for analysis.

2.5.2. Protein Quantification

Hippocampal tissue from the animals was thawed on ice and rinsed 3 times in ice-cold 

Krebs buffer containing CaCb. The tissue was allowed to settle and then homogenised in 

Krebs buffer containing CaCb using a polytron homogeniser (Kinematica, Germany).

The protein concentration was assessed in the hippocampal homogenates using the 

bicinchoninic acid protein (BCA) assay kit (Pierce, US). Standards (0-2000|ng/ml) were 

prepared with bovine serum albumin (BSA; 2000|o,g/ml) diluted in Krebs buffer 

containing CaCh- Duplicate standards and samples (25fj,l) were pipetted into a 96-well 

plate to which 2 0 0 (^ 1  o f diluted working reagent was added; the plate was covered and 

incubated at 37°C for 30 min. The absorbance was read at 570nm in a 96-well plate 

reader (Labsystems Multiskan RC, UK). A standard curve was made by plotting the 

standards against their absorbance. Protein concentrations were calculated from the 

standard curve and protein concentration in samples were equalised to a concentration of 

4ng/|il by dilution in ice-cold Krebs buffer containing CaC^.

2.6. Preparation of cultured cortical mixed glia, isolated microglia and isolated 

astrocytes
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2 .6.1 . Preparation o f  sterile coverslips

Glass coverslips (10mm diameter) were sterilized in 70% ethanol for 1 hour and dried 

overnight under a sterile UV light in a laminar flow hood. The following day, the 

coverslips were incubated at 37°C in sterile poly-L-lysine (1 mg/ml) diluted in sterile PBS 

(composition in mM: NaCl 137; KCl 2.7; Na 2 HP0 4  8.1 and KH2 PO4  1.5; pH 7.5) for 1 

hour in a Petri dish. After incubation, the coverslips were dried in a sterile laminar flow 

hood and placed in 24-well plates or stored for future use.

2.6.2. Preparation o f  cortical mixed glia from  Wistar Rats

Primary cortical glial cells were prepared from neonate Wistar rats (BioResources Unit, 

Trinity College, Dublin 2, Ireland). Neonates were decapitated using sterile sharp 

operating scissors and the brains were removed. The cerebral cortices were dissected free 

and the meninges carefully removed. The cortical tissue was chopped bi-directionally 

using a sterile scalpel and placed into 15ml falcon tubes containing warm filter-sterilized 

culture media Dulbecco’s Modified Eagle Medium (DMEM; 2ml; DMEM/F12 (Ham) Ix 

with L-glutamine and HEPES 15mM; Gibco, UK) supplemented with penicillin 

(100|j,l/ml; Gibco, UK), streptomycin (100^1/ml; Gibco, UK) and fetal bovine serum 

(FBS; 10% ' /̂v; Gibco, UK). The tissue was incubated for 5 min in 5% CO 2 at 37°C, 

removed from the incubator and triturated using a sterile Pasteur pipette and filtered 

through a 50)al sterile nylon mesh filter (BD Biosciences, US) into 50ml falcon tubes. 

The tubes were centrifuged (2,000g for 3 min at 20°C) with the resulting supernatant 

removed and the pellet reconstituted in 1ml warm filter-sterilized culture media and 

triturated. Resuspended glia were counted and equalized to a cell density o f 1.5x10^ 

cells/ml. Equal numbers o f cells were plated onto the centre o f each o f the poly-L-lysine 

coated coverslips and incubated for 2 hours in 5% CO 2  at 37°C to allow the cells to

adhere. After this time the cells were flooded with 400)o.l warm filter-sterilized culture

media and incubated for 3 days in 5% CO 2  at 37°C. Culture media was replaced with 

fresh culture media every 3 days for 12-16 days until cells were ready for treatments.
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2 .6 .3 . Preparation o f  isolated cortical astrocytes and microglia from  Wistar rats

Primary cortical astrocytes were isolated from neonate Wistar rats (BioResources Unit, 

Trinity College, Dublin 2, Ireland) following the same method as described above for 

primary cortical glial cells, except that resuspended glia from each neonate were plated 

into separate T25 flasks (Fisher, UK) using a Pasteur pipette and the glia were left in the 

incubator for 2 hours to allow the cells to adhere and then flooded with 8 ml o f DMEM 

culture media. Culture media was replaced with fresh DMEM culture media every 3 days 

for 7-10 days until ready for separation into microglia and astrocytes. When ready, the 

T25 flasks, with the head and neck wrapped in parafilm to make them air tight, were 

placed on an orbital shaker for 2-4 hours (1 lOrpm at room temperature). Microglial cells 

were isolated first. The shaken T25 flasks were taken back to the laminar flow hood and 

each one was tapped for at least 1 min and the contents from all the flasks poured into a 

new 50ml falcon tube, which was centrifuged at 2,000rpm for 5 min at 20°C. The 

supernatant was removed and the resulting pellet was resuspended in DMEM culture 

media. The microglial cells were counted and equalized to a cell density of 1x10^ 

cells/ml. The microglial cells were plated onto the centre o f poly-L-lysine coated 

coverslips and incubated for 2 hours in 5% CO2 at 37°C to allow the cells to adhere, then 

flooded with 400fil o f  culture media. After the microglial cells were isolated, the T25 

flasks were washed twice with sterile PBS to remove any possible remaining DMEM. 

The astrocytes were incubated with 1ml Trypsin-EDTA (Sigma, UK) for 15 min at 37°C 

and tapped thoroughly for 1 min. The cell suspension was poured into new falcon tubes 

(1 per flask) and spun at 2,000rpm for 5 min at 20°C. The supernatant was removed and 

the resulting pellet was resuspended in DMEM culture media (1560)j,l). The cells were 

counted and equalized to a cell density o f 1x10^ cells/ml and 65|j,l o f the cell suspension 

was plated onto the centre o f poly-L-lysine coated coverslips and incubated for 2 hours in 

5% CO2 at 37°C to allow the cells to adhere, then flooded with 400)o,l o f culture media.

2.6.4 Treatment o f  cortical mixed glia and isolated astrocytes from  neonate Wistar rats 

The effects o f Ap were examined on isolated astrocytes prepared from neonatal male 

Wistar rats. Cells were treated with a mix of A pi -40 (4.2|^M; Invitrogen, US) and A pi -42
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(5.6fo,M; Invitrogen, US) or DMEM culture media and incubated for 24 hours at wliich 

time they were harvested. AP4o-i (10|j.M; Invitrogen, US) or DMEM culture media were 

used as controls.

The effects o f Ap, D-JNKil (Enzo Life Sciences, UK), wedelolactone (Enzo Life 

Sciences, UK), an antibody against RAGE (aRAGE; R&D Systems, UK), SIOOP peptide 

(Sino Biological Inc, China), an antibody against CD47 (aCD47; AbD Serotec, UK), an 

antibody against S lR Pa (aSIR Pa; Abeam, UK) and an antibody against CD36 (aCD36; 

Abeam, UK) were examined on isolated astrocytes prepared from neonate male Wistar 

rats. The cells were pre-treated with D-JNKil (2|j,M), wedelolactone (50|aM), aRA GE 

(2.5^g/ml), SI OOP (0.001 ^M), aCD47 (2^g/ml), aS IR P a (2.5|ag/ml) and aCD 36 

(2)o,g/ml) for I hour. After 1 hour, cells were treated with a mix of A P 1 .4 0  (4.2|iM) and 

APi-4 2  (5.6|iM) or DMEM culture media and incubated for 24 hours at which time they 

were harvested.

2.6.5. Harvesting o f  mixed glia and isolated astrocytes from  male Wistar rats

The plates with the cultured cells were taken out of the incubator one at a time and left on 

ice during the harvesting process. The supernatants were removed through aspiration with 

a pipette and stored in fresh 1.5ml tubes (Sardstedt, Germany) at -20°C until required for 

cytokine analysis. The wells were washed in ice-cold 1% PBS twice using a Pasteur 

pipette.

If the cells were prepared for quantitative-polymerase chain reaction (Q-PCR), then RAl 

buffer (Macherey-Nagel, Germany) including P-mercaptoethanol (Sigma, UK) was added 

to each well (65|iil/well for 24-well plates). If the cells were prepared directly for western 

immunoblotting, then complete lysis buffer (composition: Tris-HCl lOmM; NaCl 50mM; 

Na4 P2 0 7  IOH2 O lOmM; NaF 50mM; IGEPAL 1%; Na3 V0 4  ImM; PMSF ImM and PIC 

V i o o o  dilution; Sigma, UK) was added to each well (65^1/well for 24-well plates).

The cells on the poly-L-lysine coated coverslips were scraped using the plunger o f a 

syringe or the tip o f a pipette. The supernatant was removed and stored in small sterile 

RNAse free Eppendorf tubes at a temperature o f -20°C until required for analysis.
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Some o f the cells were used for immunostaining using confocal microscopy. In this case 

cells were washed twice with ice-cold 1% PBS and fixed by incubating in ice-cold 

ethanol/methanol (Sigma, UK) for 5 min. After the ice-cold ethanol/methanol was 

removed, slides were washed twice with PHEM. The cells were flooded with PHEM and 

stored at 4°C for late staining.

2.6.6. Analysis o f  cell viability using M TS assay

The CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, US) was 

used to determine the viability o f cells in culture. This solution is composed of MTS and 

phenazine ethosulphate (PES), which enhances the chemical stability o f MTS. MTS is 

reduced in metabolically active cells into a formazan product, the quantity o f which is 

directly proportional to the number o f living cells in culture. MTS was added directly to 

the cell supernatant in a 1 in 5 dilution (50(il of MTS into 250|j,l o f supernatant for 24- 

well plates) and left to incubate for 1-4 hours at 37°C. After incubation, 100)^1 o f MTS- 

containing supernatant were added into 96-well plates and absorbance was read at 

490nm.

2.7. Analysis of mRNA by Q-PCR

2.7.1. RNA extraction

Messenger RNA (mRNA) was extracted from the hippocampal and cortical tissue or 

from cultured cortical astrocytes. Cortical and hippocampal samples from aged and 

young rats were thawed on ice and cell lysis mastermix (Nucleospin RNA II; Macherey- 

Nagel, Germany) was added to each tube. These samples were homogenised using a 

polytron homogeniser (Kinematica, Germany) at high speed. To remove any insoluble 

tissue and reduce viscosity, the lysate was added to a Nucleospin Filter placed in an 

Eppendorf collecting tube and centrifuged at ll,0 0 0 g  for 1 min. The Nucleospin Filter 

column was discarded and ethanol (350|o,l; 70%, Sigma, UK) was added to the lysate, the 

ethanol and lysate were mixed and loaded onto Nucleospin RNA II columns (the addition
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of ethanol improves binding of the RNA to the column). The new column and lysate were 

added to new collecting tubes and these were centrifuged at 8,000g for 30 s. The column 

was removed and added to a new collecting tube; the silica membrane o f the column was 

desalted by adding membrane-desaUing buffer (350|j,l), to allow the subsequent RNAase- 

free DNAses to digest more effectively. Samples were centrifuged at 1 l,000g^ for 1 min 

to dry the membrane. DNA was digested by adding DNAse reaction mixture (95|o,l) to the 

column and samples were incubated at room temperature for 15 min. The silica 

membrane o f the column was sequentially washed with RA2 buffer (200|u,l), RA3 buffer 

(600jil) and RA3 buffer (250)0,1), centrifuged between washes (1 l,000g for 30 s or 2 min) 

and placed into labelled nuclease-free collecting 1.5ml Eppendorf tubes. RNA was eluted 

by adding RNAse free water (60|ol or 40|il for a higher concentration) and centrifuged at 

ll,0 0 0 g  for 1 min and RNA concentration was quantified using a NanoDrop- 

spectrophotometer (ND-1000 v3.5, Nanodrop Technologies, Inc., US).

2.7.2. Reverse transcription fo r  cDNA synthesis

Total mRNA was reverse transcribed into complementary DNA (cDNA) using a high- 

capacity cDNA archive kit (Applied Biosystems, UK). A 2x mastermix was prepared 

containing lOx RT buffer (4|ul), 25x dNTP’s (1.6|j,l), lOx random primers (4|ol), 

multiscribe reverse transcriptase (2)0,1) and nuclease-free water (8.4)ol) per sample. RNA 

was added to fresh tubes to make a final volume of 20)ol per sample. The mastermix 

including the nuclease-free water (20)ol) was added to the RNA and tubes were spun and 

incubated for 10 min at 25°C followed by 2 hours on a thermocycler (FTC-200, Peltier 

Thermal Cycler, MJ Research, Bioscience, Ireland) at 37°C.

2.7.3. cDNA amplification by Q-PCR

mRNA expression was assessed in cortical and hippocampal tissue and in cultured 

astrocytes. For rat cDNA, a PCR mastermix was made up containing Taqman Universal 

PCR Mastermix (12.5)ol/sample; Applied Biosystems, UK), rat p-actin RNA
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(1 ,25|J.l/sample; Applied Biosystems, UK) as the endogenous control and specific primers 

(1 .25|o.l/sample) for each target gene probed (TaqMan® Gene Expression Assays, Applied 

Biosystems, UK) (see Table 2.1). In all cases, cDNA was diluted at a ratio 1:1 (5fj,l 

sample and 5fo,l free-RNAse water) and added to a MicroAmp Optical 96-well reaction 

plate (Applied Biosystems, US). Mastermix for each target gene (20|il) was added to 

each well giving a total reaction volume o f 25|a,l/well. Plates were centrifuged at 

2,000rpm for 1 min and then Q-PCR was performed. The PCR consisted of 40 cycles 

with 2 min at 50°C, 10 min at 95°C, 15 s per cycle at 95°C for denaturation and 1 min at 

60°C for transcription to ensure complete extension o f the PCR product (7300 real-time 

PCR System, Applied Biosystems, US).

2.7.4. PCR Quantification

The expression of each target gene was determined using the efficiency corrected 

comparative CT method. Target genes in different samples were compared to a reference 

gene ((3-actin). These values were then normalized to an endogenous control and the 

relative differences between samples were expressed as a ratio. Values are expressed as 

relative quantities o f specific genes (7300 real-time PCR Software, Applied Biosystems, 

US).

2.8. Analysis o f cytokine concentrations

2.8.1. Preparation o f  samples

The concentrations of IL-ip, IL-6 and TN Fa were assessed by ELISA in supernatants 

from cultured astroglial cells and from hippocampal samples obtained from rats treated 

with A(3 or control peptide. Hippocampal samples were thawed on ice and washed 3 

times with ice-cold Krebs buffer containing CaCb, and homogenised in 400p,l ice-cold 

Krebs containing CaCb using a polytron homogeniser (Kinematica, Germany) at
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maxim um  speed for 10 s. Protein concentrations w ere equalized to 4ng/fo.l. Details o f  

antibodies and conditions are given in Table 2.2.

2 .8 .2 . G eneral ELISA P ro to co l

ELISA plates (96-w ell; N U N C , Denmark) were incubated overnight at room temperature 

with capture antibody. Plates were washed 3 tim es with wash buffer (200 |il; PBS  

containing 0.05%  Tw een-20; Sigma, UK), incubated at room temperature for 1 hour in 

blocking buffer (200^,1/well), washed and incubated at room temperature with sam ples 

and standards. Plates w ere again washed 3 tim es with wash buffer (200|^1), incubated at 

room temperature with detection antibody, washed and incubated in the dark at room  

temperature for 20-30  min with horseradish peroxidase-conjugated streptavidin (strep- 

HP; 1:200 dilution in 1% B SA /PB S). After incubation, sam ples were washed and 

incubated with substrate solution (100)il; 1:1 H2O 2 : tetram ethylbenzidine (TM B); R&D  

System s, U S) in the dark at room temperature for 20-30  min or until colour reaction 

developed. The reaction w as stopped using a stop solution (50|j,l; H2SO4 IM ) and 

absorbance was read at 450nm  using a 96-w ell plate reader (Labsystem  Multiskan RC, 

UK). A standard curve w as made up by plotting the standards with their absorbance and 

concentrations were corrected for protein concentration and expressed as pg/m g protein 

in the case o f  tissue or pg/m l in the case o f  supernatants (GraphPad Prism v4.0; GraphPad 

Software, US).

2.9. Meso Scale assay for Ap

Hippocampal sam ples from control or AP-treated rats w ere thawed on ice and washed 3 

tim es with hom ogenisation buffer (1% SD S containing: NaCl (50nM ; Sigm a, UK ), PIC 

(10|j,l/ml; p8340. Sigm a, UK), phosphatase inhibitor 1 cocktail (5(j,l/ml; p2850, Sigma, 

UK) and phosphatase inhibitor II cocktail (5^1/ml; p5726. Sigm a, UK); solution pH 10). 

H om ogenising buffer w as added to the tissue in a 5:1 ratio (250|j,l buffer; 50g tissue). 

Sam ples were hom ogenised using a polytron hom ogeniser (K inem atica, Germany) at
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maximum speed for 10 s, centrifuged at 15,000rpm for 40 min at 4°C and the supernatant 

was removed. The pellet was stored at -80°C for later use. Supernatants were assessed for 

protein using the BCA protein assay. Aliquots (2 5 |l i 1) of the standards and samples were 

loaded into a 96-well plate and 200)j,l o f the working reagent was added to each well, the 

plates were incubated for 30 min at 37°C and the absorbance was read at 570nm in a 96- 

well plate reader (Labsystems Multiskan RC, UK). Supernatants samples were equalised 

with homogenisation buffer, neutralised by the addition o f 10% Tris-HCl (%  0.5M; pH 

6.8; Sigma, UK) and stored at -80°C for later use.

When required for analysis, the samples were diluted in kit buffer (MSD, US) to a final 

protein concentration of 5|o,g/well. Blocking solution A was added to the wells (150fil) 

and the plate was incubated for 1 hour at room temperature on an orbital shaker and 

washed 3 times with Tris wash buffer (TWB; 150^1). Detection antibody solution (1% 

Blocking solution A, 2910|nl; 50x Sulfo-Tag 468 detection antibody, 60|il; lOOx Blocker 

G, 30(il; MSD, US) standards (in duplicates) and samples were added to each well 

(25|il); samples were incubated for 2 hours at room temperature on an orbital rocker and 

then washed 3 times with Ix TWB. After the plate was washed, 2x MSD read buffer T 

(150)o,l/well; MSD, US) was added to the wells, the plate was read immediately on a 

SECTOR® Imager (SECTOR® Imager 2400, MSD, US) and the data analysis was carried 

out using the discovery workbench software (Discovery Workbench Software, MSD, 

US).

2.10. Analysis o f protein expression by Western immunoblotting

2.10.1. Protein purification from  cultured astrocytes using NucleoSpin® TriPrep protocol

To remove any insoluble tissue and reduce viscosity, the lysate collected from the 

harvested astrocytes was added to a Nucleospin filter placed in an Eppendorf collecting 

tube and centrifuged at 1 l,000g for 1 min. The Nucleospin Filter column was discarded 

and 70% ethanol (350|^1) was added to the lysate, the ethanol and lysate were mixed and 

loaded onto Nucleospin RNA II columns. The Nucleospin RNA II column and the lysate

63



were added to new collecting tubes and these were centrifuged at 8,000g for 30 s to 

isolate the protein content from the RNA. The flow-through was recovered and the 

protein was precipitated with 1 volume of protein precipitator (Macherey-Nagel, 

Germany) in a new collection tube, mixed vigorously and incubated for 10 min at room 

temperature. The mix was then centrifuged at ll,000g^ for 5 min. Supernatant was 

removed, the protein was washed with 50% ethanol (500|o,l) and centrifuged at 1 l,000g 

for 1 min, and the resultant supernatant was removed avoiding dislodging the protein 

pellet. The pellet was dried for 10 min at room temperature, PSB-TCEP (lOOfil; 

Macherey-Nagel, Germany) was added and samples were incubated (3 min at 95-98°C) 

to ensure protein denaturation. Samples were centrifuged at 1 l,000g for 1 min to pellet 

residual insoluble material. Supernatant was recovered and stored at -20°C until required 

for analysis.

2.10.2. Preparation o f  tissue/cerebral cortices fo r  gel electrophoresis

GFAP, RAGE and phosphorylated forms of c-Jun (p-c-Jun), iKBa (p-lKBa) and JNK (p- 

JNK) were assessed by western immunoblotting in cultured astrocytes. Samples were 

prepared for gel electrophoresis in complete lysis buffer or in PSB-TCEP. The protein 

concentration in the samples was equalized using either complete lysis buffer or PSB- 

TCEP. Samples prepared with complete lysis buffer were reconstituted in Tris-glycine 

sample buffer (composition: Tris-HCl 0.03125M; glycerol 12.5%; SDS i% ; P- 

mercaptoethanol 2.5%; bromophenol blue powder; pH 6.8) and placed in a -20°C freezer 

until required for further analysis.

2.10.3. Gel Electrophoresis

Gels composed o f acrylamide (30%; Sigma, UK), distilled water, gel buffer with SDS 

(Tris base 1.5M; SDS 0.2%; pH 8.8), ammonium persulfate (APS; 10%; Sigma, UK) and 

TEMED (Sigma; UK) were prepared on the same day of the western blot and mounted 

between a spacer and short glass plates (Biorad, Ireland). The proportion o f acrylamide 

used to prepare the gel varied between 10-12% according to the size o f the target protein
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studied. The wells were shaped with the use o f a plastic comb (Biorad, Ireland) inserted 

in the upper portion o f the gel which was prepared with acrylamide (30%), distilled 

water, stacking buffer (Tris base 0.5M; SDS 0.4%; bromophenol blue powder; pH 6.8), 

APS 10% and Temed. The gels were mounted in an electrophoretic unit (Biorad, Ireland) 

and the unit was filled with electrode running buffer. Aliquots o f samples were heated to 

90°C for 3 min to denature the protein and then were loaded onto the wells of the gels 

along with a pre-stained molecular weight marker (7 |j,l; SeeBlue® Plus2; Invitrogen, UK) 

and with MagicMark (2 )il; Invitrogen, UK). A Power Pac Basic (Biorad, Ireland) was 

used to pass a constant current o f lOOV across the unit to separate the proteins (for 80 

min or until the marker reached the bottom o f the gel). Following protein separation, the 

gel was placed onto a nitrocellulose transfer membrane (Whatman, Germany). Filter 

paper (Whatman, UK) and sponges (Biorad, Ireland) pre-soaked in transfer buffer, were 

placed at either side o f the gel and membrane forming a sandwich. This sandwich was 

inserted in a cassette (Biorad, Ireland), placed into a transferring unit filled with transfer 

buffer and received a constant current of 80V applied for 60 min to complete the protein 

transfer. Nitrocellulose membranes were removed from the sandwich and placed in 

plastic blotting recipients. Protein transference was verified using Ponceau S solution 

(Sigma, UK) for 5 min. After a single wash, nitrocellulose membranes were ready to be 

immunoblotted with the appropriate antibody.

2.10.4 General Protocol for Western immunoblotting

The nitrocellulose transfer membranes were incubated for 1 hour at room temperature 

with 5% milk (Marvel; Ireland) in Tris-buffered saline (TBS) with 0.05% Tween-20 

(TBS-T). The nitrocellulose membranes were incubated overnight at 4°C with a primary 

antibody raised against the appropriate protein. Membranes were washed with TBS-T 

(4x10 min), incubated for 1 hour at room temperature with a secondary antibody 

conjugated to horseradish peroxidase (HRP; Sigma, UK), and washed with TBS-T (4x10 

min). The nitrocellulose membranes were incubated with a chemiluminescent detection 

solution (Immobilon western chemiluminescent HRP substrate; Millipore, US) to 

visualize protein complexes. Membranes were exposed in a luminescent image analyzer
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(Fujifilm, US; Model LAS-4000) and images were processed and taken using image 

reader software (Image Reader LAS-4000 v2.0; Fujifilm, US). Nitrocellulose membranes 

were stripped with antibody stripping solution (1:10 dilution in dH20; Reblot Plus Strong 

antibody stripping solution; Millipore, US) and re-probed for another target protein or for 

P-actin, which was used as loading control. The specific details for the proteins assessed 

by western immunoblotting are presented in Table 2.3.

2.10.5 Quantification Analysis

Protein bands exposed were analyzed and quantified using the ImageJ software (Image 

processing and analysis in Java v 1.451; National Institutes of Health, US). In all cases, 

ratios o f the phosphorylated target protein/total P-actin or target protein/total P-actin are 

presented. For a detailed explanation of the method of analysis and quantification using 

ImageJ software see: (http://lukemiller.org/index.php/2010/ll/analyzing-gels-and-

westem-blots-with-image-j/).

2 .n .  Immunofluorescent and Iniinunohistochemical Staining

2.11.1. Preparation o f  slides fo r  immunofluorescent and immunohistochemical staining

The left brain hemisphere of male Wistar rats into which cannulae were implanted was 

dissected free and covered with O.C.T. and sliced sagittally using a cryostat (Leica, US; 

Model Leica CM 1900). Microtome carbon steel blades C35 (Feather, Germany) were 

used for the slicing and the slice thickness was set at 10|im, 10 slides (Glass Superfrost® 

Plus slides; Thermo Scientific, Germany) with 3 slices per slide were prepared from each 

brain. The slides were stored in boxes at -20°C for later analysis.

2.11.2. General Protocol fo r  immunofluorescent staining in Wistar rats

Tissue sections were brought to room temperature and individual brain sections were 

contained in a hydrophobic well using a cytomation pen (Dako, UK). Sections were fixed
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in ice-cold methanol (Sigma, UK) for 5 min and rinsed 3 times in PHEM buffer 

(composition in mM: PIPES 60, HEPES 25, EDTA 10, M gCh 2). Following fixation, the 

tissue was permeabilized (except when samples were assessed for MHC II) in 0.1% 

Triton®X-100 (Sigma, US) diluted in PHEM for 10 min and washed with PHEM. Non

specific interactions were blocked using 10% blocking buffer (10% normal goat serum 

plus 4% BSA in PHEM buffer) for 2 hours at room temperature. The tissue was 

incubated with primary antibodies raised against the proteins o f interest (300^1/well; 

diluted in 5% normal goat serum plus 2% BSA in PHEM buffer) and left overnight at 

4°C. Negative controls were incubated with an isoform of the primary IgG antibody 

(300|o,l/well; diluted in 5% normal goat serum plus 2% BSA in PHEM buffer) or with 5% 

blocking buffer without the addition o f any antibody. Samples were washed with PHEM 

and incubated with an appropriate secondary antibody conjugated to either ALEXA 

Fluor®488 or ALEXA®633 (300(j,l/well diluted in 5% normal goat serum plus 2% BSA in 

PHEM buffer; Invitrogen, UK) and DAPl (concentration 1/1000; added simultaneously 

with the secondary antibodies; Invitrogen, UK) for 1.5 hours in the dark at room 

temperature. Samples were washed with PHEM every 10 min for 2 hours, to remove as 

much o f the fluorescent background as possible, and in the dark to avoid bleaching o f the 

fluorescent label. Slides were mounted with Vectashield® fluorescent mounting media 

with DAPl (Vector Laboratories, UK), covered with 22x55mm borosilicate glass (VWR 

International, Ireland) and secured with a thin line of clear nail polish (Rimmel, Ireland) 

and stored in the dark at 4°C until required for analysis (see Table 2.4 for 

immunofluorescent staining protocols).

2.11.3. Confocal Microscopy

The incorporated fluorophores were viewed using a confocal microscope (Karl Zeiss, 

UK; Zeiss Model LSM-5I0-META) with appropriate excitation wavelengths and filter 

sets. For ALEXA Fluor®488’'̂ '*' the peak excitation/emission wavelengths were 

495nm/520nm and the beam splitters were UV 488/543/633nm and band pass 505-530. 

For ALEXA Fluor®633™ the peak excitation/emission wavelengths were 632nm/647nm 

and the beam splitters were UV 488/543/633nm and band pass 575-640nm. Images were
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acquired and optimised using LSM 510 software (LSM 510 software; Karl Zeiss, UK) 

and quantified using ImageJ software (Image processing and analysis in Java v 1.451; 

National Institutes o f Health, US).

2.11.4. Light Microscopy

The slides were observed under an Olympus 1X51 inverted microscope (Olympus, US) 

and pictures were taken with a colour Olympus microscope camera (Olympus, US). 

Images were acquired and optimised using analysis D v5.0 software (Soft Imaging 

System, US).

2.11.5. Congo Red Staining fo r  amyloid protein aggregates in male Wistar rats

Congo red staining was used to assess aggregates o f A[3. Tissue sections were brought to 

room temperature, placed in a slide rack for staining, rehydrated for 30 s in distilled water 

and incubated for 20 min in alkaline saturated NaCl solution to weaken the native 

hydrogen bonds in the amyloid fibrils and reveal the binding sites for the Congo red. 

Slides were incubated for 30 min in filtered alkaline Congo red. After the incubation 

period, the slides were rinsed 8 times in 95% ethanol, 16 times in 100% ethanol and 

incubated for 5 min 3 times in xylenes (Sigma, UK). The slides were counterstained with 

methyl green (Sigma, UK) for 10 min and washed 3 times in distilled water. The outer 

section on each slide was not counterstained with methyl green. The slides were mounted 

with DPX (RA Lamb, UK), covered with 22x55mm borosilicate glass (VWR 

International, Ireland) and stored at 4°C until required for analysis.

2.12. Statistical analysis

Data are expressed as mean ± SEM. A 2-tailed Student’s t-test for paired and unpaired 

means, I-way analysis o f variance (ANOVA), 1-way repeated measures ANOVA or 2- 

way ANOVA was performed, where appropriate, to determine whether significant 

differences existed between conditions. When ANOVA analysis indicated significance
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(at the 0.05 level), a post-hoc Tukey honestly significant difference (HSD) or N ewm ann- 

Keuls test was used to determ ine which conditions were significantly different from each 

other. All statistical analyses were perform ed with GraphPad Prism software (GraphPad 

Prism v4.0; GraphPad Software, US).
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RAT PRIMERS PRIMER ASSA Y NUMBERS
(APPLIED BIOSYSTEMS)
A ldhlL l Rn00574839 m l
p-actin Rn00667869 m l
C D l l b Rn00709342 m l
CD47 (Itgp) RnO1763248 m l
CD68 RnO1495631 gl
EAAT2 (Slcla2) Rn00568080 m l
GFAP Rn00566603 m l
IL-1(3 Rn00580432_ml
IL-6 Rn00561420 m l
MCP-1 (C cl2) Rn00580555 ml
MHC 11 RnO1768597 ml
RAGE (Ager) Rn00584249 ml
RANTES (Ccl5) Rn00579590 ml
SI OOP Rn00566139_ml
SIRPa (Ptpnsl) Rn00564609_ml
TLR2 Rn02133647 si
TN Fa Rn99999017_ml

Table 2.1. Rat PCR primer assay numbers
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C Y T O K IN E
S T U D IE D

S U P P L IE R B L O C K C A P T U R E
A N T IB O D Y

S T A N D A R D
A N T IB O D Y

D E T E C T IO N
A N T IB O D Y

1L-1(3 B D  B io sc ie n c e s ,  
U S

1% B S A  in 
P B S

M on oclon a l 
anti-rat IL -ip  

( l |ig /m l;  in 
P B S )

Rat recom binant 

IL -ip  standards 
(O-IOOOpg/ml; 
l% B S A  in P B S )

B iotin y lated  
anti-rat IL -ip  
(3 5 0 n g /m l; 1% 
B S A  and 2%  
norm al goat 
serum  in P B S )

IL -6 B D  B io sc ie n c e s ,  
U S

1% B S A  in 
P B S

M on oclon a l 
anti-rat IL -6  

(4 )ig /m l;  
N a 2 C 0 3  in 
P B S )

Rat recom binant 
IL -6 standards 
(0 -4 0 0 0 p g /m l;  
l% B S A  in P B S )

B iotin y lated  
anti-rat IL -6  

(4 |ig /m l;  1% 
B S A  in P B S )

T N F a B D  B io s c ie n c e s ,  
U S

1% B S A  in 
P B S

M on oclon a l 
anti-rat T N F a  

(4 n g /m l;  
N a lC O j  in 
P B S )

Rat recom binant 

T N F a  standards  
(0 -4 0 0 0 p g /m l;  
l% B S A  in P B S )

B iotin y lated  

anti-rat TTMFa 

(4)ag/m l; 1% 
B S A  and in 
P B S )

Table 2.2. Cytokine analysis protocols
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P R O T E IN
TA R G E T

P R O T E IN  
B A N D  S IZ E  
(K D A)

A N T IB O D  Y D IL  U TIO N S B L O C K  % IN  T B S -T

P -actin ' 42 1'^ 1/5000 m ouse m onoclonal 
P-actin
2 ’’ an ti-m ouse 1/5000

to 5%  m ilk overn igh t at 4°C  

5%  m ilk  for 1 hour at RT
GFAP^ 55 1'’  l/IOOO rabbit polyclonal 

G FA P
2 '’' an ti-rabb it 1/5000

to 5%  m ilk overn igh t at 4°C  

5%  m ilk for 1 hour at RT
p-c-Jun^ 48 1’’  1/1000 rabb it polyclonal 

c-Jun
2 ^  an ti-rabb it 1/5000

to p- 5%  m ilk overn igh t at 4°C  

5%  m ilk for 1 hour at RT
p-lKBa^ 40 1'’' l/IOOO rabb it po lyclonal 

IkB o

2'’' an ti-rabb it 1/5000

to p- 5%  m ilk overn igh t at 4°C  

5%  m ilk for 1 hour at RT
p -JN K ' 54 (upper) 

46  (low er)
1'’  1/1000 rabb it polyclonal to  p -JN K  
2'^ an ti-rabb it 1/5000

5%  m ilk overn igh t a t 4°C  

5%  m ilk for 1 hour at RT
R A G E- 42 1’’  l/IOOO rabb it polyclonal 

R A G E
2 ^  an ti-rabb it 1/5000

to 5%  m ilk o v ern igh t a t 4°C  

5%  m ilk  for 1 hour at R T
1 =  Sigm a, UK 2 =  A beam , U K ; 3 =  Ceil Signaling , US; RT = Room  T em pera tu re

Table 2.3. Summary o f Western immunoblotting protocol
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ANTIBODY HOST REACTIVITY STOCK IGG 
CONCENTRATION (M G/M L)

DILUTION

MHC II (O X 6)‘ mouse rat I.O 1/100
G FA P' rabbit rabbit 0.5 1/4000
C D lIb (O X 4 2 )‘ mouse rat 1.0 1/1000
DAPI- Reagent 1.0 1/1000
I = Serotec, UK; 2 = Invitrogen, UK

Table 2.4. Summary o f  immunofluorescent staining protocols
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Chapter 3
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3.1. Introduction

A g in g  is a natural p rocess occurring in all liv in g  form s and accom p an ied  b y  a p rogressive  

d ec lin e  in the perform ance o f  p h ysica l tasks and neuronal fun ction . T he e ffec ts  o f  the  

ag in g  p rocess can be ob served  in all organs and c e lls  in clu d in g  neurons and neuroglia . 

C ellu lar se n e sce n c e  is assoc ia ted  w ith  functional and structural ch an ges in gen om e  

m ainten an ce m ech an ism s, D N A  d am age sign a llin g  and m etab o lic  and im m une regulation  

(Sah in  and D ep in ho, 2 0 1 0 ). A g in g  is con sid ered  the principal risk factor for m any  

ch ron ic and neu rod egen erative d isea ses in clu d ing  d em en tia . A s  hum an life  exp ectan cy  

in creases d ue, in part, to im proved m ed ica l care and d iet, so  d o es the p revalen ce o f  age-  

related p a th o lo g ies  such  as A D .

A D  is the m ost com m on  typ e o f  d em en tia , a ffectin g  a lm ost 35  m illio n  p eop le  w orld w id e  

w ith  an estim ated  cost o f  U S  $ 6 0 4  b illion  annually in clu d in g  both direct and indirect 

co sts  (W im o  and Prince, 2 0 1 0 ) . M ain clin ica l sym p tom s in clude im paired m em ory, 

d ep ression , poor ju d gem en t and con fu sion . Brains from  in d iv id u als w ith  A D  are 

characterized  by the presen ce o f  intracellular neurofibrillary tan g les com p osed  o f  

h yperp hosp horylated  tau and extracellu lar p laques co m p o sed  o f  A p  peptide.

A p  is a 4k D a  naturally-occurring p eptide derived  from  the sequ en tia l c lea v in g  o f  the 

am ylo id  precursor protein (A P P ) by the en d oproteases, P -secretase and y -secretase . This 

en zym atic  p rocess results in the form ation  o f  several sp ec ie s  o f  A p , w ith  th ose c leaved  at 

p osition  4 0  (A p i. 4 0 ) found to be the m ost abundant fo llo w ed  b y  th ose c leaved  in p osition  

4 2  (A P i.4 2 ) (S e lk o e , 2 0 0 1 ). T he production o f  A P i . 4 2  sp ec ie s  is altered in A D  and has 

been sh ow n  to  be the m ain com p on en t o f  am ylo id  p laques (Luhrs et al., 2 0 0 5 ). The A P i.  

4 2  peptide is con sid ered  to be im m u n ogen ic and has been  sh ow n  to  induce o x id a tiv e  stress 

and n eu rotox icity  (B u tterfield , 2 0 0 2 ). M ou n tin g ev id e n c e  su g g est that o lig o m eric  so lu b le  

form s o f  A p  are the m ost to x ic  and the effec tors o f  syn ap se lo ss  and neuronal injury 

(W alsh  and S e lk o e , 200 7 ).

D ifferent an im al m od els have been  d evelop ed  to exp lore and h elp  understand the ch an ges  

related to accum u lation  o f  A p  observed  in the brains o f  in d iv id u a ls w ith  A D . A s A D  is a 

h u m an -sp ecific  disorder, the anim al m o d els  d evelop ed  to  study A P  cy to to x ic  e ffec ts  tend  

to be induced, such  as g en etic  m ou se  m od els  o f  the A P P  m utation  or icv in jection  o f  A p
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peptides. It has been shown that acute infusion o f large am ounts o f  A p causes 

inflam m atory reactions, glial activation and transient neurotoxicity (Frautschy et al., 

1991), and that chronic infusion also exerts these changes (Frautschy et al., 1996). 

C ognitive dysfunction, particularly m em ory loss, is one o f  the clinical sym ptom s o f  AD 

that causes m ost concern in affected individuals and their families. These changes are 

associated with evidence o f impaired synaptic plasticity. Specifically, exogenously 

adm inistration o f Ap, as well as accum ulation o f Ap which occurs in anim al m odels o f 

Ap, have been shown to be associated with decreased perform ance in the M orris water 

maze (Chen et al., 1996) and with impaired LTP (Shankar et al., 2008). Age-related 

changes have also been observed in spatial learning and in LTP. Aged individuals show a 

deficit in m aintenance o f  LTP (Griffin et al., 2006) and in spatial learning (Chen et al., 

2000a) com pared with young animals; it is suggested that deficits in calcium regulation, 

reduced am plitude o f presynaptic fibre potential and reduction in the num ber o f 

perforant-path synaptic contacts on granule cells all contribute to these differences 

(Barnes, 2003).

As the brain ages it becomes less effective in overcom ing challenges such as those 

produced by infections, traum as or surgeries, in part due to changes in the immune 

system which shows a functional decline with age. M icroglia seem to be critical in this, 

as they possess both immune and neuroprotective properties; therefore, any consequence 

o f  microglial senescence is likely to be reflected in increased susceptibility to brain 

infections and neurodegenerative conditions (Streit and Xue, 2010). It has been shown 

that A p fibrils and oligom ers stim ulate inflam m atory m icroglial signalling com prom ising 

neuronal survival (Sondag et al., 2009).

In addition to microglia, astrocytic activation has been observed with age and astrocytes 

are known to become reactive when in the presence o f Ap initiating an inflam m atory 

response when surrounding extracellular amyloid plaques (Sastre et al., 2006). These 

findings suggest a poorly-regulated pro-inflam m atory profile associated to the established 

pathological changes observed in AD (or prom pted by AP) facilitated by a vulnerable 

immune system in aged individuals.
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The aim s o f  the study were to assess AP-induced and age-related changes on the brain o f 

aged and young rats which received a chronic icv delivery o f  Ap and to explore if this 

treatm ent or age exerted an effect on astrocytic and m icroglial markers.

3.2. Methods

Aged (18-22 months) and young (2-4 m onths) rats were infused icv for 28 days with Ap 

or a control peptide (see section 2.2. for details). A nim als were assessed for perform ance 

in the M orris water maze in 8x1-min trials on the first day and 6x1-min trials for the 

following 4 days when they were required to search for the hidden platform (see section

2.3. for details). A fter a 1 day recovery period rats were anaesthetized by an i.p. injection 

o f  urethane (1.5 g/kg) and LTP was recorded on the dorsal cell body region o f  the DG 

(see section 2.4. for details). At the end o f  the LTP recording, rats were killed by 

decapitation and the cortex and hippocam pus were dissected from the right hemisphere. 

The tissue was prepared for m RNA analysis (see section 2.7. for details) or protein 

analysis (ELISA and Meso Scale; see sections 2.8. and 2.9. for details). The left 

hem isphere was used to prepare cryostat sections for im m unofluorescent and 

im munohistochemical staining (see section 2.11. for details).
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3.3. Results

3.3. Effects o f chronic infusion of amyloid-p in aged and young rats.

3.3.1. Ap deposition in the brain parenchyma was observed in rats chronically infused 
with AP peptides.

This study was undertaken to determine the effects o f chronic (28 days) A(3 icv infusion 

on the brains o f aged and young Wistar rats. The concentration of insoluble and soluble 

APi-3 8 , APi-40 and APi.4 2  was measured in supernatants prepared from the hippocampus 

o f AP-treated aged and young rats and analyzed using Meso Scale technology. Chronic 

infusion with Ap significantly increased insoluble APi.4 2  concentration in tissue prepared 

from the hippocampus o f Ap-treated aged rats (286.1 ± 94.73pg/mg) compared with 

control-treated aged rats (70.22 ± 30.65pg/mg; p<0.05; ANOVA; Figure 3.1 A) but not in 

the hippocampus o f AP-treated young rats (55.11 ± 21.72pg/mg) compared with control- 

treated young rats (131.7 ± 43.8pg/mg; Figure 3.1A). Whereas concentrations of 

insoluble APi.4 0  prepared from the hippocampus o f AP-treated aged rats (114.4 ± 

37.39pg/mg) compared with control-treated aged rats (70.55 ± 25.22pg/mg; Figure 3 .IB) 

and AP ) .3 8  prepared from the hippocampus o f Ap-treated aged rats (163.4 ± 61.95pg/mg) 

compared with control-treated aged rats (31.7 ± 13.06pg/mg) were also increased, these 

changes failed to reach statistical significance. No changes were observed in the 

concentration o f insoluble APi.4 0  prepared from the hippocampus o f AP-treated young 

rats (273 ± 148.1pg/mg) compared with control-treated young rats (179.1 ± 83.26pg/mg; 

Figure 3 .IB) or APi.3 8  prepared from the hippocampus o f AP-treated young rats (37.05 ± 

11.47pg/mg) compared with control-treated young rats (86.05 ± 22.22pg/mg). No age- 

related significant differences in the hippocampal concentrations of insoluble APi.4 2 , AP,. 

4 0  and APi.38 were found between aged and young controls.

Chronic infusion with Ap significantly increased soluble APmo concentration in tissue 

prepared from the hippocampus o f Ap-treated aged rats (30.29 ± 5.33pg/mg) compared 

with control-treated aged rats (16.8 ± 5.29pg/mg; p<0.05; ANOVA; Figure 3.1C) but not 

in the hippocampus o f Ap-treated young rats (10.91 ± 3.92pg/mg) compared with 

control-treated young rats (7.55 ± 2.66pg/mg; Figure 3.1C). Whereas concentrations of 

soluble APi-42 prepared from the hippocampus o f AP-treated aged rats (36.53 ±
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7.42pg/mg) compared with control-treated aged rats (19.21 ± 1.8pg/mg; Figure 3 .ID) and 

APi-38 prepared from the hippocampus o f Ap-treated aged rats (35.31 ± 9.03pg/mg) 

compared with control-treated aged rats (20.52 ± 5.45pg/mg) were also increased, these 

changes failed to reach statistical significance. No changes were observed in the 

concentration o f soluble APi.42 prepared from the hippocampus o f  Ap-treated young rats 

(25.64 ± 3.08pg/mg) compared with control-treated young rats (26.67 ±  4.46pg/mg; 

Figure 3 .ID) and APi.ag prepared from the hippocampus o f  AP-treated young rats (21.85 

± 2.26pg/m g) compared with control-treated young rats (20.19 ±  4.16pg/mg). No age- 

related significant differences in the hippocampal concentrations o f  soluble APi.42 , APi^o 

and APi.38 were found between aged and young controls.

Predictably, the hippocampal concentration o f  insoluble APi.42 , APmo and APi.38 was 

greater than the soluble forms.

3.3.2. Identification o f  immunoreactive structures in the brains o f  rats chronically infused 

with icv A p pep tides through Congo red  staining.

Cryostat sections obtained from the brains o f aged and young rats infused icv for 28 days 

with Ap were stained with Congo red to investigate the presence o f  fibrillar Ap 

structures. Sparse immunoreactive structures suggestive o f  Ap deposition were observed 

in the brains o f Ap-treated aged and young rats, appearing to be more prevalent in the 

aged animals. There was no evidence o f  immunoreactive structures in the brains o f  

control-treated aged and young rats (Figure 3.2).

3.3.3. Escape latency in M orris water maze was not affected by chronic administration o f  

A(3.

Aged and young rats infused icv for 28 days with Ap or a control peptide, were assessed 

for spatial memory in the Morris water maze. Rats in all treatment groups showed 

improvement in learning with time when the mean escape latencies on day 1 and day 5 

were compared. A statistically significant reduction in the mean escape latency was 

observed in control-treated young rats (37.53 ±7 .35s on day 1 compared with 12.73
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±3.43s on day 5; p<0.01; Student t-test for dependent means), control-treated aged rats 

(50.71 ±3.53s on day 1 compared with 28.80 ±6.24s on day 5; p<0.05; Student t-test for 

dependent means) and AP-treated young rats (47.21 ±3.07s on day 1 compared with 

12.62 ±3.30s on day 5; p<0.001; Student t-test for dependent means), but not in A(3- 

treated aged rats (49.19 ±1.14s on day 1 compared with 36.82 ±6.35s on day 5; Student t- 

test for dependent means). No changes were observed on the mean escape latency from 

the Morris water maze on day 5 between AP-treated rats and control-treated rats for aged 

and young groups (ANOVA; Figure 3.3A). Similarly, no age-related changes on the 

mean escape latency from the Morris water maze on day 5 were observed between 

control-treated rats although a significant difference was found between AP-treated rats 

(p<0.05; ANOVA; Figure 3.3A). The swim speed o f the animals was not affected by 

treatment or age in any o f the groups (ANOVA; Figure 3.3B).

3.3.4. Chronic treatment with A ft affected LTP in aged and young rats.

This experiment was undertaken by Dr. Thelma Cowley. The following results are 

mentioned as LTP was performed in the same experimental animals and provides 

additional evidence of the effects o f treatment with Ap on the brains o f aged and young 

rats. LTP was recorded in the dorsal cell body region of the dentate gyrus and mean 

population epsp slope was analysed in order to investigate any effect o f chronic icv 

infusion o f Ap. Mean population epsp slope was increased in all groups immediately 

after delivery o f a high frequency train o f  stimuli to the perforant path and this increase 

was maintained for the duration o f the experiment except in aged rats where it returned to 

baseline after about 15 min. AP-treated young rats showed a significant reduction o f the 

mean epsp slope in the last 10 min o f the experiment compared with control-treated 

young rats (115.9 ± 0.38% compared with 126.2 ± 0.47%; p<0.001; ANOVA) but the 

opposite was observed in aged rats, with a significant increase o f the mean epsp slope in 

the last 10 min o f the experiment in the AP-treated aged rats compared with the control- 

treated aged rats (121.7 ± 0.47% compared with 96.65 ± 0.62%; p<0.001; ANOVA). The 

mean epsp slope in the last 10 min o f the experiment from the control-treated young rats
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was significantly larger than control-treated aged rats (p<0.001; ANOVA) showing an 

age-related difference in LTP.

3.3.5. Effects o f  chronic icv Ap infusion on rat astrocytes.

To assess the effects o f A[3 on astroglial cells, expression of several astrocytic markers 

were investigated in tissue prepared from control or AP-treated animals. Hippocampal 

(p<0.01; ANOVA; Figure 3.4A) and cortical (p<0.05; ANOVA; Figure 3.4B) GFAP 

mRNA was significantly increased in control-treated aged rats compared with control- 

treated young rats. Treatment with Ap further increased GFAP mRNA in the 

hippocampus of aged rats (p<0.05; ANOVA; Figure 3.4A) but not in young rats nor in 

the cortex.

Immunofluorescent staining intensity for GFAP was increased in the dentate gyrus 

(p<0.05; ANOVA; Figure 3.5B), hippocampus (p<0.05; ANOVA; Figure 3.68) and 

cortex (p<0.05; ANOVA; Figure 3.78) o f AP-treated aged rats compared with control- 

treated aged rats; no difference was found between AP-treated young rats and control- 

treated young rats in any o f the three brain regions studied. GFAP staining was slightly 

increased in the three studied brain regions in control-treated aged rats compared with 

control-treated young rats but the differences failed to reach statistical significance. No 

significant difference was found in the staining intensity for DAPI between any o f the 

treatments.

SIOOP, and RAGE mRNA were also assessed in tissue prepared from these rats but no 

age- or AP-associated changes were observed (Figure 3.8). A ld h lL l, and EAAT2 mRNA 

were also assessed in tissue prepared from these rats but no age- or AP-associated 

changes were observed (Figure 3.9A and B).

3.3.6. Effects o f  chronic icv Ap infusion on rat microglia.

To assess the effects o f Ap on microglial cells, mRNA expression o f MFIC II, GDI lb  and 

CD68 (used as markers o f microglial activation) and the immunofluorescent staining 

intensity o f MHC II, were measured. No change was observed in Ap-treated young rats
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compared with control-treated young rats but AP-treated aged rats showed a significant 

decrease in hippocampal C D l l b  mRNA compared with control-treated aged rats 

(p<0.05; ANOVA; Figure 3.10A). An age-related increase in the mRNA expression of 

C D l l b  was observed in the hippocampus o f control-treated rats (p<0.01; ANOVA; 

Figure 3.10A). MHC II mRNA expression was increased in the hippocampus o f AP- 

treated aged and young rats compared with control-treated aged and young rats but the 

differences failed to reach statistical significance (ANOVA; Figure 3.1 OB). No age- 

related changes were observed in hippocampal MHC II mRNA. No Ap-treatment effects 

were observed in hippocampal CD68 mRNA of aged and young rats but a significant 

age-related increase was observed in control-treated rats (p<0.05; Student t-test for 

independent means; Figure 3 .IOC).

Immunofluorescent staining intensity for MHC II in the dentate gyrus showed no 

difference between Ap-treated aged and young rats and control-treated aged and young 

rats (ANOVA; Figure 3.1 IB), but a significant age-related increase in mean fluorescence 

was observed in Ap-treated aged rats compared with Ap-treated young rats (p<0.05; 

ANOVA; Figure 3.1 IB). An age-related significant increase in mean fluorescence for 

MHC II in the cortex between control-treated aged rats and control-treated young rats 

was observed (p<0.01; Student t-test for independent means; Figure 3.12B). No Ap- 

induced changes in cortical mean fluorescence for MHC II were observed in aged or 

young rats. No significant difference was found in the staining intensity for DAPI 

between any of the treatments.

3.3.7. Effects o f  chronic icv Afi infusion on the brain mRNA expression and protein  

concentration o f  pro-inflammatory cytokines.

To study the inflammatory effects of AP, the mRNA expression and protein 

concentration o f pro-inflammatory cytokines IL-lp, IL-6 and TNFa were evaluated in 

tissue prepared from control- and AP- treated aged and young rats.

IL-ip mRNA expression was increased in the hippocampus of Ap-treated aged and 

young rats compared with control-treated aged and young rats but the differences failed 

to reach statistical significance; no age-related changes were observed (ANOVA; Figure
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3.13A). IL -ip  concentration was slightly increased in the hippocampus o f Ap-treated 

aged (44.7 ± 6.88pg/mg) and young (46.93 ± ll,4pg/m g) rats compared with control- 

treated aged (41.9 ± 4.69pg/mg) and young (42.3 ± 10.7pg/mg) rats but the differences 

failed to reach statistical significance; no age-related changes were observed (ANOVA; 

Figure 3.13B).

No significant difference in the hippocampal IL-6 mRNA expression o f Ap-treated aged 

and young rats compared with control-treated aged and young rats was found and no age- 

related changes were observed (ANOVA; Figure 3.13C). IL-6 concentration was found to 

be slightly increased in the hippocampus o f Ap-treated aged (436.3 ± 72.52pg/mg) and 

young (541.7 ± 93.03pg/mg) rats compared with control-treated aged (326.6 ± 

54.85pg/mg) and young (453.8 ± 29.53pg/mg) rats but the differences failed to reach 

statistical significance; no age-related changes were observed (ANOVA; Figure 3.13D). 

No significant difference in the hippocampal TNFa mRNA expression o f Ap-treated aged 

and young rats compared with control-treated aged and young rats was found and no age- 

related changes were observed (ANOVA; Figure 3.13E). TNFa protein concentration 

was found to be slightly decreased in the hippocampus of AP-treated aged (251.7 ± 

28.23pg/mg) and young (257.5 ± 21.56pg/mg) rats compared with control-treated aged 

(332.5 ± 43.95pg/mg) and young (265.2 ± 35.93pg/mg) rats but the differences failed to 

reach statistical significance; no age-related changes were observed (ANOVA; Figure 

3.13F).

IL-ip, IL-6 and TNFa mRNA was also evaluated in the cortex o f control- and AP- 

treated aged and young rats but no treatment- or age-related differences were observed 

(Figure 3.14).

3.3.8. Effects o f  chronic icv Afi infusion on hippocampal RANTES mRNA expression.

Hippocampal RANTES mRNA was significantly increased in control-treated aged rats 

compared with control-treated young rats (p<0.05; ANOVA; Figure 3.15) but no Ap- 

associated changes were observed.
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3.4. Discussion

The o b jectiv e  o f  th is study w as to  determ ine the e ffec ts  chron ic icv  treatm ent w ith  A p  has 

in the brains o f  aged and yo u n g  rats and to exp lore age-related  ch an ges. T he data sh ow ed  

that icv  treatm ent w ith  A p  induced the appearance o f  im m u n oreactive structures 

accom pan ied  w ith  increased  G F A P  and decreased  C D l lb  in the brains o f  aged , but not 

you n g  rats; no ch an ges w ere ob served  in other m arkers o f  m icroglia l activation , spatial 

learning or in pro-inflam m atory cy tok in es (T ab le 3 .1 ).

C hronic in fu sion  o f  A p  led to accum ulation  o f  the in so lu b le  form  o f  A P i .4 2  in the 

h ippocam pus o f  aged , but not you n g  rats and this w as accom p an ied  by A P -  

im m u n oreactive structures stained w ith  C on go  red. C on go  red o n ly  binds to  the P-p leated  

sheet structure o f  fibrillar A p  (W ilco ck  et al., 2 0 0 6 ) and therefore, chron ic d e liv ery  o f  A p  

led to form ation  o f  these accum ulations. T h ese data are sim ilar to a p revious find in g  

w hich  reported a sim ilar accum ulation  o f  A p  in brains o f  S p ragu e-D aw ley  fem a le  rats 

ch ron ica lly  infused w ith  A P  (Frautschy et al., 1996).

It has been  sh ow n  that A p  sp ec ies  A p ^ o  and A p i^ 2  have d istin ctive  path w ays o f  

a ssem b ly  and o ligom eriza tion , w ith  A P i .42  sp ec ies  form ing o ligom ers m ore readily  than  

A P i .4 0  (B itan  et a!., 2 0 0 3 ). A P i .4 2  has been ob served  to be m ore prone to aggregation  and 

plaque form ation  than A P i .4 0  (R iek  et al., 2 0 0 1 ). T h ese fin d in gs cou ld  help  exp la in  w h y  

the concentration  o f  in so lu b le  but not so lu b le  A P i .4 2  w as sign ifican tly  increased  in A p -  

treated rats and w h y  in so lu b le A P i .4 0  w as not increased.

S o lu b le  A p  con centration s w ere an order o f  m agnitude low er than the in so lu b le  

con centrations in all the treated groups. T h is d ifferen ce  in con centration  m ay be 

exp la in ed  by the p o ssib ility  that so lu b le  A p  is drained from  the brain t issu e  into the C SF  

m ore e a s ily  than in so lu b le  A p . A p  concentration  in the C SF  has been  thorough ly  studied  

as a p ossib le  biom arker o f  A D  both for the d iagn osis and the p rogn osis o f  the d isease . 

R esearch  has co n sisten tly  sh ow n  a reduction in A P i .4 2  in the C SF  o f  in d iv id u als w ith  A D  

w h ile  the A p i -40  peptide is norm al or increased (M attsson  et al., 2 0 0 9 ); on e p ossib le  

exp lan ation  for th is is that A p M 2 is d ep osited  in p laques and not rem oved  into the C SF  

(G rim m er et al., 2 0 0 9 ).
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Part o f  the role o f  the C SF  is to m aintain m etab o lic  h om eo sta s is  through the rem oval o f  

brain w aste  products and to m aintain  b ioch em ical and nutritional balance (K apoor et al., 

2 0 0 8 ). T he f lo w  o f  the C SF  therefore serves as a drainage system  running from  the lateral 

ven tric les into the arachnoid  granulations and the v en ou s sinus b lood  or the lym phatic  

system  (Johnston  and P apaicon om ou , 2 0 0 2 ). E pendym al c e lls  are resp on sib le  for the 

production  and su rve illan ce o f  the C SF; b idirectional s ig n a llin g  and transporters have 

been  reported in th ese  c e lls  (Sp ector, 2 0 1 0 ). The C SF  barrier seem s to be affected  w ith  

age b eco m in g  less functional. A n  increase in several am ino acids m easured  in the C SF o f  

aged , com pared  w ith  y ou n g , sh eep , as w e ll as im paired am ino acid  transporters found in 

old  an im als, ind icate an age-related  com p rom ise in the C SF  barrier system  w hich  could  

increase the risk o f  n eu rotox icity  in the brain (C hen  and Preston, 2 0 1 0 ). T h is cou ld  help  

understand w h y  no sign ifican t ch an ges w ere found in in so lu b le  or so lu b le  A p  

con centration s in any o f  the treated groups o f  you n g  rats, su g g estin g  the C SF  barrier in 

y o u n g  an im als co p es  better w ith  the A P  ch a llen ge .

The resu lts presented in th is study indicate that A p  can be ch ron ica lly  d elivered  into the  

C SF  and su cc ess fu lly  transported into the brain o f  aged  rats, although it is not clear w hich  

transporter or sp ec ific  m echan ism  en ab les A P  to cross from  the C SF  into the brain. A  

sign ifican t q uestion  is h ow  A p  m o v es through the interstitial brain flu id s as it m ay reflect 

the w ay  A P  accum u lation  spreads in A D .

A n a ly sis  o f  spatial learning in the M orris w ater m aze is a u sefu l task to evaluate  

h ipp ocam pal-d ep en dent function  (M orris et al., 1982). The num ber o f  A P  p laques and tau 

neurofibrillary tan g les in the entorhinal cortex  and h ipp ocam pu s seem  to correlate w ith  

im pairm ent in m em ory perform ance in in d iv idu als w ith  A D  (R eitz  et al., 2 0 0 9 ). In this  

study, a lthou gh  ch ron ic d elivery  o f  A p  increased the concentration  o f  in so lu b le  A P i^ 2  in 

the h ipp ocam pu s o f  aged  rats, no sign ifican t d ifferen ce w as found in the escap e latency  

from  M orris w ater m aze b etw een  control and A P-treated  rats. There are a num ber o f  

p o ssib le  exp lan ation s for th is ob servation . C leary and co llea g u es  (2 0 0 5 )  sh ow ed  that 

natural so lu b le  o lig o m ers o f  A p  protein sp ec ifica lly  d isrupt co g n itiv e  fun ction  in rats 

(C leary et al., 20 0 5 ); in the present study, all groups sh ow ed  sim ilar h ippocam pal 

con centration s o f  so lu b le  A P i .42 as op p osed  to in so lu b le  A P i^ 2  w h ich  w as notably
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elevated in the A P-treated anim als and present at a m uch higher concentration. A lthough 

A p plaques developm ent is one o f  the pathological features o f  AD and has been 

correlated with cognitive deficits (Chen et al., 2000a), it has been reported that about a 

third o f  non-dem ented older adults have A p  deposition (Aizenstein et al., 2008). W hether 

these individuals are in a preclinical state o f  AD, or the A p aggregation is less harmful 

than that in AD patients is still not clear, but it suggests that the presence o f  A p  alone 

may not be enough to cause severe cognitive deficits (Sperling et al., 2009). Aged, as 

opposed to young, rats in the present study showed a poorer ability to learn the 

localization o f the hidden platform  during the 5-day period training and this is consistent 

with other studies in which an age-related decline in w ater maze learning has been 

reported (W yss et al., 2000, Kelly et al., 2003).

A critical aspect in the study o f  dem entias is to understand the m echanism s that lead to 

cellular changes that im pair the processes related to m em ory consolidation, form ation and 

retrieval. LTP is a useful tool to evaluate the cellular substrates involved in m em ory 

considering that it is readily dem onstrable in the hippocam pus, that the naturally 

occurring theta rhythm  recorded in the hippocam pus during exploratory behavior can 

induce LTP, that inhibitors o f  hippocampal LTP also block hippocam pal-dependent 

learning and that num erous biochemical changes that occur after LTP induction occur 

also during m em ory acquisition (Lynch, 2004). LTP has been shown to be attenuated 

with normal aging (M inogue et al., 2007, de Toledo-M orrell and M orrell, 1985), and data 

obtained from Dr. Cow ley in this study, showed a mean percentage change in population 

epsp at the end o f  the experim ent o f  96%  in aged controls com pared with 126% o f  young 

controls. It has been shown in rats that there is an age-related decrease in the Schaffer 

collateral-evoked epsp which was correlated with poor spatial learning in the M orris 

water maze (Barnes et al., 2000), sim ilar to the age-related decrease in LTP and spatial 

learning observed in this study. Surprisingly, the aged rats treated with A p were able to 

sustain LTP with an increase in epsp slope o f  about 30%  com pared with aged controls. 

The opposite was found in young rats, where A p treatm ent caused a significant 

attenuation in epsp slope o f  about 10% com pared with controls.

LTP is a com plex process that depends on several different cellular m echanism s so many 

possible explanations can be proposed to explain the deficit observed in A p-treated
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young animals. The literature reports that Ap attenuates LTP, as shown by Walsh and 

colleagues (2002), where Ap oligomers inhibited hippocampal LTP in vivo at 

concentrations found in human brain and CSF (Walsh et al., 2002). LTP inhibition caused 

by treatment with APi.42 peptide has been observed both in vivo and in vitro (Klyubin et 

al., 2011). Perfusion with A P1.40 and AP1.42 has been shown to inhibit LTP induction in 

the dentate gyrus and CAl region of rat hippocampal slices (Chen et al., 2000b), although 

there is evidence that low concentrations o f APi.40 increase LTP in vitro (Wu et al., 

1995). APM2 has been shown to block LTP and post-tetanic stimulation induced by high- 

frequency stimulation but not by theta burst stimulation in mouse hippocampal slices 

(Smith et al., 2009) and that soluble oligomers o f APm 2 inhibit LTP in rat hippocampal 

slices (Wang et a!., 2002). It has also been shown that soluble oligomers o f Ap facilitate 

hippocampal LTD by disrupting neuronal glutamate uptake (Li et al., 2009). It is 

important, in the context o f this study to note that APi^ 2  can impair spatial learning 

(Nagata et al., 2 0 1 0 ).

In the present study, an increase in GFAP mRNA expression in the hippocampus was 

observed in Ap-treated aged rats and this was accompanied by an increase in GFAP 

immunoreactivity in different brain areas. It is known that astrocytes are activated in 

response to brain injury or toxic stimuli exhibiting an increase in the expression o f 

GFAP, a structural protein used as marker o f astrocytic activity (Eng et al., 2000); such 

astrogliosis has been found in postmortem brains o f AD patients where an increase in the 

phosphorylated and N-glysosylated acidic isoforms o f GFAP has been described 

(Korolainen et al., 2005). Astrocytes, as well as neurons, from patients with AD, have 

been shown to accumulate APi.42 (Nagele et al., 2003), and in vitro, astrocytes are able to 

bind and internalize APi-42 (Nielsen et al., 2009); the evidence suggests that this 

astrocytic response towards A P1.42 changes with age (Wyss-Coray et al., 2003). An age- 

related increase in cortical and hippocampal GFAP mRNA was observed in this study, 

similar to the finding by Amenta and colleagues (1998) which reported an increase in the 

number and size o f GFAP-immunoreactive astrocytes in the frontal cortex and in the 

CAl subfield o f the hippocampus o f aged, compared with adult, rats (Amenta et al., 

1998). Astrocytes are evenly distributed in the brain, but GFAP-positive astrocytes are
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more num erous in the cortex and hippocam pus than in the brain stem (Taft et al., 2005). 

In AD, G FAP-positive astrocytes or astrocytes laden with A p seem to localize in the 

entorhinal cortex (Thai et al., 2000), and in the hippocam pus (Ross et al., 2003). Here, the 

results were broadly consistent with this, with data showing that there was increased 

GFAP staining in the dentate gyrus, hippocam pus and cortex o f  A ^-treated aged, but not 

young, rats. Xu and colleagues (1999) showed that m ouse astrocytes cultured for 9 days 

exhibited no increase in GFAP when exposed to A p, as opposed to astrocytes cultured for 

30 days which exhibited GFAP upregulation (Xu et al., 1999). These observations 

suggest that the astrocytic response to AP is altered and depends on different factors 

including age.

SIOOP is a cytokine-like calcium -binding protein with neurotrophic functions expressed 

in astrocytes and used as a biom arker for brain dam age and astrocytic activity (Nogueira 

et al., 2009). In this study, the hippocam pal and cortical mRNA expression o f  SIOOP 

were not altered by treatm ent with Ap. No age-related changes were observed in the 

hippocam pal or cortical m RNA expression o f  SlOOp in this study. This contrasts with a 

study by Akhisaroglu and colleagues (2003) that showed an SIOOP age-related increase 

in the hippocam pus o f  mice and humans (Akhisaroglu et al., 2003). SIOOP is correlated 

with dystrophic neurites in amyloid plaques in individuals with AD (M rak et al., 1996), 

and it has been shown that overexpression o f SIOOP exacerbates cerebral am yloidosis and 

gliosis in TG2576 mice (M ori et al., 2010). AP has been reported to induce intracellular 

calcium transients and spontaneous intercellular calcium waves in isolated astrocytes in 

purified cultures affecting both GFAP and SlOOp expression (Chow et al., 2010a). It is 

not clear why SIOOP is not increased in the aged or in the A P-treated anim als while 

GFAP is. However, SIOOP is expressed in different cell types and is a less astrocyte- 

specific m arker than GFAP (Steiner et al., 2007); this m ay help explain som e o f  the 

results observed in this study. RAGE, the receptor for SIOOP, was not changed by 

treatm ent with AP consistent with the SIOOP findings.

RANTES (CCL5), a chem okine that binds to CCR5 receptor, prom otes neuronal 

differentiation and has som e neurotrophic properties in neurons, is released by astrocytes 

(Park et al., 2009). In this study, RANTES mRNA expression in hippocam pus was
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significantly increased in control-treated aged rats com pared with control-treated young 

rats. A ge-related increase in the expression o f  RANTES has been observed in hum ans in 

the thym us (M ello Coelho et al., 2009) but not in plasm a, where concentrations remain 

stable with aging, with the exception o f  centenarians, where it is increased (M ariani et al., 

2006, Gerli et al., 2000). In this study, RANTES m RNA expression was not significantly 

affected by treatm ent with A p in young and aged animals, this result differs from other 

reports that have shown A p stimulates the production o f  RANTES (Pellicano et a!., 

2 0 1 0 ).

in this study, no m arker o f  microglial activation was increased in the hippocam pus o f 

AP-treated rats and no cytokine or chemokine produced any significant variation from the 

other groups with the exception o f  C D l l b  mRNA, which was significantly reduced in 

hippocam pus o f  aged rats. A lthough, C D l lb , CD68 and MHCH were increased with age, 

it is not clear why m icroglia did not show signs o f  activation in the presence on A p as it 

has been reported that m icroglial cells become active and produce pro-inflam m atory 

cytokines when in the presence o f  A p (Cam eron and Landreth, 2010). One possible 

explanation may be that m icroglia reacts different to soluble or insoluble A p. Sondag and 

colleagues (2009) showed that fibrils and oligom ers stim ulate unique signalling responses 

in microglia; oligom ers offered a differential secretory profile for lL-6, MCP-1 and 

keratinocyte chem oattractant when com pared with fibrils (Sondag et al., 2009). Tau 

hyperphosphorylation and the form ation o f  intracellular neurofibrillary tangles are also 

present in the pathology o f  AD and it has been show'n that tau activates and elicits a pro- 

inflam m atory response from m icroglia (Zilka et al., 2009). Tau was not explored in this 

study and the absence o f  neurofibrillary tangles may explain the observed reduction in 

the inflam m atory response. M icroglia require the presence o f  the purinergic receptor 

P2Xv to become activated when in the presence o f  A p; changes in the dynam ics o f  ATP 

and the interaction with P2Xy m ay offer another explanation for the observed results 

(Sanz et al., 2009).

The reduction in the expression o f  C D l lb  m RNA in the presence o f  A P in this study may 

be related to the decreased pro-inflam m atory activity o f m icroglia; it is not clear why this 

is happening as it has been shown previously that A p increases the expression o f C D l lb  

in aged anim als (Jim enez et al., 2008). A possible explanation involves iNOS as it has
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been show n tha t N O  stim ulates the  expression  o f  C D l l b  (R oy et al., 2006) and w hen 

e ither N O  is scavenged or iN O S inhibited  then  C D l lb  is not p roduced  (R oy et al., 2008). 

It has been reported  that A p i .4 2  stim ulates the expression  o f  iN O S (S zaingurten -S o lodk in  

et al., 2009). A recent study  show ed that m icroglia l phagocy tosis  o f  A P i .4 0  and A P m 2 

depends exclusively  on the recep to rs LR P and C R 3, o f  w hich  C D l l b  is a structural 

com ponen t (C houcair-Jaafar et al., 2011), also , it has been observed  tha t m icrog lia  have a 

d im in ished  ab ility  to  phagocy tose  fib rilla r A p  (F loden  and C om bs, 2006). T hese 

observations m ay help  exp la in  the reduction  in the m R N A  expression  o f  C D l lb  and the 

lack o f  increased expression  in C D 6 8 , tak ing  into accoun t th a t inso luble  A p  w as 

p redom inan t in the h ippocam pus o f  A P -treated  an im als. A n age-re lated  increase in 

C D l lb  w as reported  in m ice (R uan et al., 2009), s im ilar to  the one found in th is study. 

M H C  11 w as not increased  in ra ts treated  w'ith A p , w hich con trasts w ith  o ther find ings 

w here M H C  11-positive m icroglia  are  associated  w ith  A P  p laques in patien ts w ith  A D  

(P erlm u tte r et al., 1992) and w here M H C  11 is increased in the h ippocam pus o f  yo ung  rats 

w hich  received  a single icv in jection  o f  A p (L yons et al., 2007). O n the o ther hand, one 

report show ed tha t activation  o f  m icrog lia  by aggregated  A p  or LPS decreases M H C  II 

exp ression  and th is w as attribu ted  to  selective death  o f  M H C  Il-exp ressing  m icrog lia  

(B u tovsky  et al., 2005); although  the study  used only  A p i .4 0  and w as done in 

h ippocam pal slices, as opposed  to th is study that used both A P i .4 0  and A P i.4 2 , it m ay o ffer 

a  possib le  exp lanation  fo r the M H C  II results. It is not c lear w hy no age-re lated  changes 

w ere observed  in M H C  II m R N A  w hen a s ign ifican t age-re lated  increase in cortical 

fluorescence in tensity  for M H C II w as present. A n age-re lated  increase in M H C  II has 

been reported  befo re  (Sheffie ld  and B erm an, 1998).

C D 6 8 , a  g lycopro te in  located  m ain ly  in endosom es and involved in phagocy tosis , has 

been show n to  be increased in physio log ica l brain ag ing  (W ong  et al., 2005). In th is 

study, C D 6 8  show ed an age-re lated  increase in h ippocam pal m R N A  bu t no changes w ere 

observed  in A P -trea ted  rats. The increase in C D 6 8  w ith  age and the lack o f  an A p- 

induced change paralle ls the changes in M H C  II and C D l lb .

H ippocam pal concen tra tions o f  IL - ip ,  IL - 6  and T N F a  w ere  not changed  w ith  age o r A P 

treatm ent. T he observed  lack o f  activation  o f  m icrog lia  in th is study could  o ffe r an
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explanation for these results, as m icroglia are considered the main produces o f  pro- 

inflam m atory cytokines in the brain (Aloisi, 2001).

The present findings indicate differences in the functional brain state o f  aged and young 

rats. Young rats seem to be able to cope notably better with the challenge o f  infused A p 

com pared with aged rats. A lthough no m ajor behavioural deficits were observed with A p 

treatm ent, changes in LTP and astrocytic m arkers suggest that chronic delivery o f  AP 

interferes with basic physiological brain processes. The results indicate AP treatm ent 

affects prim arily astrocytes rather than microglia.
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Figure 3.1 Insoluble and soluble Ap deposition in the hippocampus of Ap-treated 
rats

H ippocam pal tissue  w as p repared  from  aged  and young  rats infused icv w ith A p or a  contro l pep tide  for 28 
days and assessed  for in so lub le  Ap. D ata  are p resented  as m eans ±  SEM .

A) Insoluble  A P m 2 w as sign ifican tly  increased  in the h ippocam pus o f  A P -treated  aged ra ts com pared  w ith 
con tro l-trea ted  aged ra ts (^p<0.05 vs. aged contro l; A N O V A ). N o  sign ifican t d ifferences w ere found 
be tw een  A P-treated  y oung  ra ts and con tro l-trea ted  y oung  rats and no sign ifican t age-re la ted  changes w ere 
observed. A N O V A  F (3 22) = 3 .486 , p= 0 .032 ; n = 6  (con tro l-trea ted  aged and young  rats) and  n=7 (A P-treated  
aged and young  rats).

B)  N o  A P -treatm ent o r age-re la ted  changes w ere  observed  in the concen tra tion  o f  in so lub le  APm o obtained  
from the  h ippocam pal tissue  o f  aged and y oung  rats; A N O V A  F(3 ,9) = 0 .852 , p= 0 .482; n=5 (con tro l-trea ted  
young  and  A p-trea ted  aged rats), n = 6  (ag ed-trea ted  con tro ls) and n=7 (A p-trea ted  aged rats).

C ) N o  A P -treatm ent o r age-re la ted  changes w ere  observed  in the co ncen tra tion  o f  so lu b le  A P m 2 ob tained  
from  the  h ippocam pal tissue  o f  aged and  young  ra ts; A N O V A  F(3,22) = 2 .170 , p= 0 .120; n = 6  (con tro l-trea ted  
aged and young  ra ts) and n=7 (A P-treated  aged and young  rats).

D)  Soluble A Pi^o w as sign ifican tly  increased  in supernatan ts p repared  from  the  h ippocam pus o f  A p -trea ted  
aged ra ts com pared  w ith co n tro l-trea ted  aged  rats (^p<0.05 vs. aged contro l; A N O V A ) N o  sign ifican t 
d ifferences w ere found be tw een  A p-trea ted  y oung  rats and co n tro l-trea ted  y oung  ra ts and no sign ifican t 
age-re la ted  changes w ere observed . A N O V A  P(3,22) = 5 .135 , p= 0 .007; n = 6  (co n tro l-trea ted  aged and  young  
rats) and n=7 (A P -treated  aged  and y o u n g  rats).
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Figure 3.2 Congo red staining identified the presence of immunoreactive structures 
in the brains of Ap-treated rats

Hippocampal tissue was prepared from aged and young rats infused icv with Ap or a control peptide for 28 
days and stained with Congo red to observe immunoreactive Ap structures.

A) Immunoreactive structure in an Ap-treated aged rat identified by Congo red staining (lOX, scale bar 
lOO^m; insert at 40X, scale bar 20nm). B) Immunoreactive structures (black arrows) in the cortex o f an 
AP-treated aged rat (Congo red counterstained with methyl green; lOX, scale bar lOOfim). C) Staining in 
the dentate gyrus o f a control-treated aged rat (Congo red counterstained with methyl green; lOX, scale bar 
lOOum). D) Staining in the dentate gyrus o f  an Ap-treated aged rat. Black arrows indicate immunoreactive 
structures (Congo red counterstained with methyl green; I OX, scale bar IOO|im). E) Immunoreactive 
structure (black arrow) in the brain o f  an Ap-treated young rat (Congo red counterstained with methyl 
green; 1 OX, scale bar I OOum). F) Staining in the cortex o f a control-treated young rat. No immunoreactive 
structures were apparent (Congo red counterstained with methyl green; lOX, scale bar lOO^im).
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Figure 3.3 Spatial learning in the Morris water maze was not affected by chronic 
infusion of AP

A ged and y oung  ra ts infused icv w ith AP or a  con tro l peptide  for 28 days w ere assessed  for spatial m em ory  
in the M orris w ater m aze for 1 min. D ata  are p resen ted  as m eans ±  SEM .

A) T he m ean escape latency w as sim ilar in all groups but a  sign ifican t ag e-re la ted  increase w as obse rv ed  in 
A P-treated  aged ra ts com pared  w ith A P-treated  young  ra ts (*p< 0.05 vs. young  AP; A N O V A  F (3 2 3) = 5 .465 , 
p=0 .005; n= 6  (con tro l-trea ted  young  rats) and n=7 (con tro l-trea ted  aged ra ts and A p -trea ted  aged and 
young  rats)).

B) T he m ean sw im m ing  ve loc ity  w as sim ila r in all trea tm en t groups; A N O V A  Fp 23) = 2 .366 , p= 0 .097 ; n = 6  

(con tro l-trea ted  y oung  rats) and n=7 (con tro l-trea ted  aged ra ts and A P-treated  aged and young  rats).
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Figure 3.4 Age- and treatment- related changes in GFAP mRNA in rats chronically 
infused with Ap

H ippocam pal and cortical t issu e  w as prepared from  aged  and y o u n g  rats in fused  ic v  w ith  A p or a control 
p eptide for 2 8  d ays and a sse sse d  for G F A P  m R N A . D ata are presented  as m eans ±  SE M .

A ) G FA P  m R N A  w a s sig n ifica n tly  in creased  in h ip pocam p u s o f  contro l-treated  aged  rats com p ared  w ith  
control-treated  y o u n g  rats (* * p < 0 .0 1  v s . y o u n g  con tro ls) and in A p-treated  ag ed  rats com p ared  w ith  
control-treated  aged  rats (^ p < 0 .05  vs. aged  con tro l). N o  A P -in d u ced  ch a n g es w ere  ob served  in G FA P  
m R N A  in y o u n g  rats. A N O V A  Fp 21) = 2 5 .1 9 , p<O.OOOI; n = 6  (control-treated  aged  and y o u n g  rats and A p -  
treated aged  rats) and n = 7  (A P-treated  y o u n g  rats).

B ) G F A P  m R N A  w a s sig n if ica n tly  in creased  in co rtex  o f  control-treated  aged  rats com p ared  w ith  con tro l-  
treated y o u n g  rats (* p < 0 .0 1  v s. y ou n g  con tro ls). N o  A p -in d u ced  ch a n g es w ere  o b serv ed  in G FA P  m R N A  
in aged  or y o u n g  rats. A N O V A  F(3,23> = 7 .5 3 6 , p=O.OOI; n= 6 (control-treated  y o u n g  rats) and n = 7  (con tro l- 
treated aged  rats and A p -trea ted  aged  and y o u n g  rats).
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Figure 3.5 GFAP fluorescent intensity was increased in the dentate gyrus o f aged 
rats chronically infused with

T issue from  the denta te  gyrus w as prepared  from  aged and young rats infused icv with Ap or a control 
peptide for 28 days and studied  for the stain ing  intensity  o f  G FA P using confocal m icroscopy.

A) Im ages show  im m unofluorescence for G FA P (green) and D A Pl (b lue), used  as counterstain , in the 
dentate gyrus, a  contro l-treated  young rat; b A p-treated  young rat; c contro l-treated  aged rat and d Ap- 

treated aged rat (40x, scale bar 50 |im ). Im ages show n are represen tative  o f  the replicates from each anim al. 
Data are presented  as m eans ± SEM.

B) M ean fluorescent sta in ing  intensity o f  G FA P in the dentate gyrus was significantly  increased in Ap- 
treated aged rats com pared  w ith con tro l-treated  aged rats (^p<0.05 vs. aged  control); no A p-treatm ent 
effects in young an im als and no age-re la ted  changes w ere observed. A N O V A  F (3 ig) =4.415, p=0.017; n=5 
(A p-treated young ra ts and contro l-treated  aged rats) and n=6 (contro l-treated  young rats and A p-treated 
aged rats).
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Figure 3.6 GFAP fluorescent intensity was increased in the hippocampus o f aged 
rats chronically infused with Ap

H ippocam pal tissue w as prepared from  aged  and young rats in fused  icv  w ith  A p  or a control peptide for 28  
days and studied for the staining intensity o f  G FA P  u sin g  con fo ca l m icroscopy. Data are presented as 
m eans ±  SEM .

A ) Im ages sh ow  im m u n oflu orescen ce for G FA P (green) and D A P I (b lu e), used as counterstain , in the 
h ippocam pus, a control-treated young rat; b A p-treated y ou n g  rat; c control-treated aged  rat and d A p- 

treated aged  rat (4 0 x , sca le  bar 5 0 |lm ). Im ages show n are representative o f  the replicates from  each anim al.

B ) M ean fluorescent stain ing intensity o f  G FA P  in the h ippocam pus w as sign ifican tly  increased in A p - 
treated aged  rats com pared w ith  control-treated aged  rats ( ^ < 0 .0 5  vs. aged  control); no A p-treatm ent 
e ffe cts  in you n g anim als and no age-related  ch an ges w ere observed . A N O V A  F(3jg) = 5 .0 7 , p = 0 .01 ; n=5  
(A P-treated you n g rats and control-treated aged  rats) and n = 6  (control-treated young rats and A P-treated  
aged  rats).
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Figure 3.7 GFAP fluorescent intensity was increased in the cortex of aged rats 
chronically infused with Ap

Cortical tissue was prepared from aged and young rats infused icv w ith Ap or a control peptide for 28 days 
and studied fo r the staining intensity o f GFAP using confocal microscopy. Data are presented as means ± 
SEM.

A ) Images show immunofluorescence for GFAP (green) and DAP! (blue), used as counterstain, in the 
cortex. a control-treated young rat; b Ap-treated young rat; c control-treated aged rat and d Ap-trcated 

aged rat (40x, scale bar 50|Llm). Images shown are representative o f the replicates from each animal.

B) Mean fluorescent staining intensity o f GFAP in the cortex was significantly increased in Ap-treated 
aged rats compared w ith control-treated aged rats (^p<0.05 vs. aged control); no Ap-treatment effects in 
young animals and no age-related changes were observed. A N O V A  F^ is) =4.488, p=0.016; n=5 (A p- 
treated young rats and control-treated aged rats) and n=6 (control-treated young rats and Ap-treated aged 
rats).
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Figure 3.8 No age- or treatment- related changes in SlOOp or RAGE mRNA were 
found in rats chronically infused with Ap

Hippocampal and cortical tissue was prepared from aged and young rats infused icv with Ap or a control 
peptide for 28 days and assessed for SIOOP or RAGE mRNA. Data are presented as means ± SEM.

No age- or A^-associated changes were observed in SlOOp mRNA in hippocampus (A) or cortex (B) or in 
RAGE mRNA in hippocampus (C).
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Figure 3.9 No Ap-treatment related changes in A ld h lL l or EAAT2 mRNA were 
found in rats chronically infused with Ap

Cortical tissue was prepared from aged and young rats infused icv with Ap or a control peptide for 28 days 
and assessed for A ld h lL l and EAAT2 mRNA. Data are presented as means ± SEM.

No age- or AP-associated changes were observed in A ld h lL l mRNA (A) or in EAAT2 mRNA (B) in 
cortex.
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Figure 3.10 Ap-treatment and age-related effects in mRNA of microglial markers in 
rats chronically infused with Ap

Hippocampal tissue was prepared from aged and young rats infused icv with AP or a control peptide for 28 
days and assessed for CDI lb , MHC II or C D 68 m RNA. Data are presented as means ±  SEM.

A ) CDI lb  m R N A  was significantly increased in hippocampus o f  control-treated aged rats compared with 
control-treated young rats (**p<O.OI vs. young controls); this was significantly attenuated with AP- 
treatment ("p<0.05 vs. aged control). N o  Ap-induced changes were observed in CDI lb  m RN A in young  
rats. A N O V A  F(3 22) = 7 .787, p=0.001; n=6 (control-treated young rats and AP-treated aged rats) and n=7 
(Ap-treated young rats and control-treated aged rats).

B) N o age- or AP-associated changes were observed in MHC II m RN A in hippocampus.

C ) C D 68 m R N A  was significantly increased in hippocampus o f  control-treated aged rats compared with 
control-treated young rats (*p<0.05 vs. young control; Student t-test for independent means; n=6 (control- 
treated young rats) and n=7 (control-treated aged rats and Ap-treated aged and young rats)); no AP-induced  
changes were observed in C D 68 m RN A in aged or young rats. Dotted line represents the Student t-test 
analysis.
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Figure 3.11 MHC II fluorescent intensity in the dentate gyrus o f rats chronically 
infused with AjJ

Tissue from the dentate gyrus was prepared from aged and young rats infused icv  with Ap or a control 
peptide for 28 days and studied for the staining intensity o f  MHC II using confocal microscopy. Data are 
presented as means ±  SEM.

A ) Images show im m unofluorescence for MHC II (green) and DAPI (blue), used as counterstain, in the 
dentate gyrus, a control-treated young rat; b Ap-treated young rat; c control-treated aged rat and d Ap- 

treated aged rat (40x, scale bar 50 |lm ). Images shown are representative o f  the replicates from each animal.

B) Mean fluorescent staining intensity o f  MHC II in the dentate gyrus was significantly increased in Ap- 
treated aged rats compared with Ap-treated young rats (*p<0.05 vs. young AP); no Ap-induced change was 
found in young rats. A N O V A  F(3 =4.26 , p=0.320; n=4 (AP-treated young rats), n=5 (control-treated 
young rats and Ap-treated aged rats) and n=6 (control-treated aged rats).

102



B)
3n

D
(U

O
X □I

Con Ap 
Young

Con Ap 
Aged

Figure 3.12 M HC II fluorescent intensity in the cortex o f rats chronically infused 
with Ap

Cortical tissue was prepared from aged and young rats inflised icv with Ap or a control peptide for 28 days 
and studied for the staining intensity o f  MHC II using confocal microscopy. Data are presented as means ± 
SEM.

A) Images show im munofluorescence for MHC II (green) and DAPI (blue), used as counterstain, in the 
cortex, a  control-treated young rat; b AP-treated young rat; c control-treated aged rat and d Ap-treated aged 
rat (40x, scale bar 50(xm). Images shown are representative o f  the replicates from each animal.

B) Mean fluorescent staining intensity o f  MHC II in the cortex was significantly increased in control- 
treated aged rats compared with control-treated young rats (**p<0.01 vs. young control; Student t-test for 
independent means; n=5 (AP-treated aged and young rats ), n=6 (control-treated aged rats) and n=7 
(control-treated young rats)). No Ap-induced changes were found in aged or young rats. Dotted line 
represents the Student t-test analysis.
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Figure 3.13 Chronic infusion of Ap did not affect hippocampal mRNA or 
supernatant concentration o f pro-inflammatory cytokines in treated rats.

Hippocampal tissue was prepared from aged and young rats infused icv with AP or a control peptide for 28 
days and assessed for IL -ip , IL-6 and TN Fa mRNA and supernatant concentration. Data are presented as 
means ±  SEM.

No age- or AP-associated changes were observed in IL -ip  mRNA (A) or supernatant concentration (B) in 
hippocampus.

No age- or AP-associated changes were observed in IL-6 mRNA (C ) or supernatant concentration (D) in 
hippocampus.

No age- or AP-associated changes were observed in IL -ip  mRNA (E) or supernatant concentration (F) in 
hippocampus.
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Figure 3.14 Chronic infusion of Ap did not affect cortical, IL -ip , IL-6 or TNFa 
mRNA in treated rats.

Cortical tissue was prepared from aged and young rats infused icv witli A(3 or a control peptide for 28 days 
and assessed for IL -ip , IL-6 or TN Fa mRNA. Data are presented as means ±  SEM.

N o age- or A(3-associated changes were observed in IL-1(3 (A), IL-6 (B) or TN Fa (C ) mRNA in cortex.
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Figure 3.15 An age-related increase in RANTES mRNA was found in rats 
chronically infused with Ap

Hippocampal tissue was prepared from aged and young rats infused icv w ith  A p or a control peptide for 28 
days and assessed for RANTES m RNA. Data are presented as means ±  SEM.

RANTES m RNA was significantly increased in the hippocampus o f  control-treated aged rats compared 
w ith control-treated young rats (*p<0.01 vs. young controls). No Ap-induced changes were observed in 
RANTES m RNA in aged or young rats. A N O V A  F(3 17) =3.403. p=0.041; n=4 (control-treated young rats), 
n=5 (Ap-treated young rats) and n= 6  (control-treated aged rats and AP-treated aged and rats).
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BRAIN
REGION

AG E-RELATED
CH ANG ES

AP
Y O UNG AG ED

Insoluble AP1.42 Hippocampus No changes No changes Increased
Insoluble AP1.40 Hippocampus No changes No changes No changes
Soluble APi^2 Hippocampus No changes No changes No changes
Soluble AP1.40 Hippocampus No changes No changes Increased
Escape latency Morris 
water maze No changes No changes No changes

Swimming velocity No changes No changes No changes
GFAP mRNA Hippocampus Increased No changes Increased
GFAP mRNA Cortex Increased No changes No changes
GFAP fluorescence Dentate gyrus No changes No changes Increased
GFAP fluorescence Hippocampus No changes No changes Increased
GFAP fluorescence Cortex No changes No changes Increased
SI OOP mRNA Hippocampus No changes No changes No changes
SI OOP mRNA Cortex No changes No changes No changes
RAGE mRNA Hippocampus No changes No changes No changes
A ldhlL l mRNA Cortex No changes No changes No changes
EAAT2 mRNA Cortex No changes No changes No changes
GDI lb  mRNA Hippocampus Increased No changes Decreased
CD68 mRNA Hippocampus Increased No changes No changes
MHC II mRNA Hippocampus No changes No changes No changes
MHC II fluorescence Dentate gyrus No changes No changes No changes
MHC II fluorescence Cortex Increased No changes No changes
IL-ip mRNA Hippocampus No changes No changes No changes
IL-ip protein Hippocampus No changes No changes No changes
IL-6 mRNA Hippocampus No changes No changes No changes
IL-6 protein Hippocampus No changes No changes No changes
TNFa mRNA Hippocampus No changes No changes No changes
TNFa protein Hippocampus No changes No changes No changes
IL-iPm RN A Cortex No changes No changes No changes
IL-6 mRNA Cortex No changes No changes No changes
TNFa mRNA Cortex No changes No changes No changes
RANTES mRNA Hippocampus Increased No changes No changes

Table 3.1 Summary of results Chapter 3.

Summary o f  the data presented in this chapter. HighHghted in bold are results which  
reached a statistically significant difference.
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Chapter 4
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4.1. Introduction

In addition  to neurons, the cellu lar universe o f  the n ervou s system  is populated  by a 

d iverse group o f  g lia . A strocytes (w h ich  are the focu s o f  this chapter) are the m ost 

abundant type o f  g lia l c e lls , proliferating during brain d evelop m en t or under p ath o log ica l 

circu m stan ces w h en  this is described  as reactive a stro g lio sis  (G u izzetti et al., 2 0 1 1 ). 

A strocy tes can be found throughout the w h o le  C N S , sh o w in g  d istin ctive  p hen otyp es  

accord in g  to the anatom ical loca liza tion . G ray m atter astrocytes, a lso  ca lled  p rotoplasm ic  

astrocytes, are derived  from  radial g lia  and p o ssess  m any branching p rocesses, w h ich  

en v elo p  syn ap ses and cover  b lood  v e sse ls , as op p osed  to w h ite  m atter astrocytes, a lso  

called  fibrous, w h ich  h ave lon g  unbranched p rocesses that en v elo p  n odes o f  R anvier  

(W an g  and B ordey, 2 0 0 8 ).

T he m orp h olog ica l d iversity  o f  astrocytes is a lso  reflected  in their num erous fun ction s. 

C on ven tion a lly , astrocytes are con sid ered  to be the c e lls  w h ich  p rovid e nutritional and 

structural support for neurons, but in addition to th ese  w e ll-k n o w n  properties, astrocytes  

a lso  are know n  to be in vo lved  in regulation  o f  neurotransm itters (particularly g lu tam ate), 

b uffering o f  K^, inter and intracellular com m u n ication , syn ap se m aintenance, p lasticity , 

n eu rogen esis and im m une regulation, am on g  others (Seth  and K oul, 2 0 0 8 ).

B ecau se  o f  the fundam ental role o f  astrocytes in brain function  their activ ity  is related to  

m any p ath o log ica l p rocesses in clu d ing  n eu rodegenerative d isorders such  as A D . The 

p resen ce o f  activated  astrocytes surrounding am ylo id  p laques has been  found in hum an  

brains w ith  A D  (N a g e le  et al., 2 0 0 4 ). In a triple transgen ic m ou se m od el for A D  (m utant 

for A P P , PSE N  1 and tau), reactive hypertrophic astrocytes surround the neuritic p laques  

and astroglia l c e lls  throughout the brain parenchym a exh ib it sign s o f  atrophy (R od rigu ez  

et al., 2 0 0 9 ). A strocy tes have a lso  been  sh ow n  to  react in the presen ce o f  A p  internalizing  

and accum u lating  A P 1 .42  (N a g e le  et al., 2 0 0 3 ).

M icrog lia  are con sid ered  to be the principal im m une c e lls  and the m ain producers o f  

cy to k in es and ch em o k in es w ith in  the n ervou s system , but astrocytes contribute to, and 

help  coordinate, the in flam m atory reaction. There is e v id e n c e  o f  d irect b i-d irection al 

com m u n ica tion  b etw een  astrocytes and m icrog lia  in clu d ing  fun ction al regulation  that 

m od u lates p h agocy tic  activ ity  o f  A p  in m icrog lia  (T erw el et al., 2 0 1 1 ). In addition  to  

m icrog lia l production  o f  pro-inflam m atory cy tok in es, cultured astrocytes incubated in the
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p resen ce o f  stim uli su ch  as LPS and A p, a lso  produce cy tok in es (Suzum ura et al., 2 0 0 6 , 

H ow lett et al., 2 0 1 1 ).

T h e a im s o f  th is study w ere to a ssess  the production o f  pro-inflam m atory cy to k in es from  

iso lated  astrocytes treated w ith  A p  and investigate the s ig n a llin g  pathw ays in vo lved  in 

th is process.

4.2. Methods

Isolated  astrocytes w ere  obtained  from  the cortices o f  neonatal rats and plated into 2 4 -  

w ell p lates fo llo w in g  the protocol detailed  in section  2 .6 .3 . A strocy tes w ere pre-treated  

w ith w ed e lo la cto n e  (50 |j,M ) (F igure 4 .1 .)  or D -J N K il (2 |aM ) (F igure 4 .2 .)  for 1 hour and 

then incubated in the presen ce o f  A p  (A Pm o/i-42) or D M E M  for 24  hours. T o evaluate the 

tim e-d ep en d en t nature o f  the response to A p , astrocytes w ere incubated w ith  A P  for 4 0  

m in, 120 m in, 2 4 0  m in , 3 6 0  m in or 24  hours. IL -ip , lL -6 , T N F a, G F A P , A ld h lL l and 

E A A T 2 m R N A  prepared from  the ce ll lysate w ere m easured by PCR (see  section  2 .7 . for 

d eta ils). The supernatant concentration  o f  the cy tok in es w as determ ined by E L ISA  (see  

section  2 .8 . for deta ils). G F A P , R A G E  and the phosphorylated  form s o f  IkBu, JN K , and 

c-Jun w ere determ ined  by w estern  im m u n oblotting  (see  section  2 .1 0 . for d etails). The 

M T S assay  w as used to determ ine ce ll v iab ility  in astrocytes treated w ith  A P  (see  section  

2 .6 .6 . for deta ils). Isolated  astrocytes and m icrog lia  w ere plated into co v ers lip s, prepared 

for co n fo ca l m icro sco p y  and co-sta in ed  w ith  G F A P  and C D l lb  and counterstained  w ith  

D A P l (see  section  2.11 for d etails).
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4.3. Results

4.3. Pro-inflammatory effects of Ap in isolated rat cortical astrocytes

4.3.1. Characterization o f  cultured rat isolated astrocytes

Primary cortical glial cells were prepared from the cortices o f  neonatal Wistar rats. 

Isolated astrocytes and microglia were prepared and plated into coverslips in 24-well 

plates (see section 2.6. for details). In order to characterize the cells, the coverslips 

containing the isolated astrocytes were prepared for confocal microscopy and co-stained 

for GFAP, an specific marker for astrocytes, and CD l i b,  an specific marker for 

microglial cells. The confocal images obtained showed a distinctive GFAP staining with 

a lack o f  C D l l b  staining in the isolated astrocytes (Figure 4.3). The blue-fluorescent 

DAPI nucleic acid stain was used as counterstain to visualize the nuclei o f  the cells. 

FACS analysis performed by Dr. Thelma Cowley revealed that this cuhure protocol 

yielded a 95% pure population o f  astrocytes.

4.3.2. Effect o f  AP on the cell viability o f  isolated rat cortical astrocytes

To explore the effects o f  Ap on cell viability, isolated astrocytes were incubated for 24 

hours in the presence o f APi_4 o, APi,4 2 , Ap cocktail or DMEM. The wells containing the 

astrocytes had the tetrazolium compound, MTS, added to the supernatants and incubated 

for 2 hours. The absorbance from the colorimetric reaction was measured and the 

findings indicated that AP-treatment had no effect on the cell viability o f  isolated 

astrocytes as no significant changes in the relative absorbance were observed between the 

AP-treated groups and the controls (ANOVA; Figure 4.4).

4.3.3. Effect o f  AP on cytokine release from  isolated rat cortical astrocytes

To explore the role o f  Ap as a stimulator o f  responses in astroglial cells, isolated 

astrocytes were incubated in the presence o f  Ap or DMEM. The AP-treated cells were
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harvested at different time points (40 min, 120 min, 240 min, 360 min or 24 hours) and 

the supernatant concentrations o f IL-ip, IL-6 and TNFa were measured.

IL -ip  concentration was significantly increased in supernatants prepared from A^-treated 

astrocytes at 360 min (37.68 ± 7.03pg/ml; p<0.05; ANOVA) and 24 hours (74.28 ± 

12.85pg/ml; p<0.001; ANOVA) compared with astrocytes which were incubated in 

medium alone (11.6 ± 8.08pg/ml; Figure 4.5A). IL-6 concentration was significantly 

increased in supernatants prepared from A|3-treated astrocytes at 120 min (137.3 ± 

38.84pg/ml; p<0.001; ANOVA), 360 min (120 ± 27.5 Ipg/ml; p<0.001; ANOVA) and 24 

hours (137.1 ± 24.66pg/ml; p<0.001; ANOVA) compared with controls (24.17 ± 

12.58pg/ml; Figure 4.5B). TNFa concentration was significantly increased in 

supernatants prepared from Ap-treated astrocytes at 240 min (74.82 ± 16.44pg/ml; 

p<0.01; ANOVA), 360 min (107.6 ± 18.89pg/ml; p<0.001; ANOVA) and 24 hours 

(80.37 ± 26.55pg/ml; p<0.001; ANOVA) compared with controls (34.05 ± 19.82pg/ml; 

Figure 4.5C).

4.3.4. Effect o f  AP on intracellular signalling pathways in isolated rat cortical astrocytes

To further explore the inflammatory effects of Ap, isolated astrocytes were incubated in 

the presence o f AP or DMEM for 40 min, 120 min, 240 min, 360 min or 24 hours. 

Phosphorylated forms o f IkBu, JNK and c-Jun as well as GFAP and RAGE were 

determined by western immunoblotting.

Ik B u  phosphorylation was significantly increased at 240 min (p<0.05; ANOVA), 360 

min (p<0.01; ANOVA) and 24 hours (p<0.01; ANOVA) in AP-treated astrocytes 

compared with controls suggesting that AP lead to the activation o f NFkB (Figure 4.6B). 

JNK phosphorylation was significantly increased at 40 min (p<0.001; ANOVA) in AP- 

treated isolated astrocytes compared with controls (Figure 4.6D) and c-Jun 

phosphorylation was also significantly increased at this time point (p<0.01; ANOVA) 

and at 120 min (p<0.05; ANOVA) and 240 min (p<0.05; ANOVA; Figure 4.7B). GFAP 

(ANOVA; Figure 4.8B) and RAGE (ANOVA; Figure 4.98) were not affected by Ap at 

any o f the time points studied.
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4.3.5. Effects o f  wedelolactone in rat astrocytes treated with Afi

To further explore the consequences o f the effects o f Ap on NF-kB activation, astrocytes 

were pre-treated with wedelolactone (50^M) for 1 hour and incubated in the presence o f 

A(3 or DMEM for 24 hours. Wedelolactone inhibits IKK, a kinase critical for the 

activation o f NF-kB by triggering phosphorylation o f IkBu. Supernatant concentrations 

and mRNA expression o f IL-ip, IL-6 and TNFa were assessed. In addition, A ldhlL I, 

EAAT2 and GFAP mRNA was assessed in harvested cells. To confirm the action of 

wedelolactone, the phosphorylated form of IkBu was determined by western 

immunoblotting in cell lysates.

IL -ip mRNA was significantly increased in Ap-treated isolated astrocytes compared with 

controls (p<0.01; ANOVA; Figure 4.10A); pre-treatment with wedelolactone 

significantly attenuated the Ap-induced increase in IL -ip mRNA expression (p<0.001; 

ANOVA; Figure 4.10A). IL-lp concentration was significantly increased in supernatants 

prepared from Ap-treated astrocytes (46.35 ± 11.23pg/ml) compared with control 

astrocytes (16.81 ± 7.15pg/ml; p<0.01; ANOVA; Figure 4.1 OB); pre-treatment with 

wedelolactone significantly attenuated the AP-induced increase in IL -ip concentration 

(5.92 ± 1.42pg/ml; p<0.001; ANOVA; Figure 4.1 OB).

IL-6 mRNA was increased in Ap-treated isolated astrocytes (p<0.05; Student t-test for 

dependent means; Figure 4 .IOC). lL-6 concentration was significantly increased in 

supernatants prepared from AP-treated astrocytes (269.8 ± 46.15pg/ml) compared with 

control astrocytes (54.43 ± 25.54pg/ml; p<0.001; ANOVA; Figure 4.10D); pre-treatment 

with wedelolactone significantly attenuated the AP-induced increase in IL-6 

concentration (69.47 ± 35.3pg/ml; p<0.01; ANOVA; Figure 4.10D).

TNFa mRNA was not affected by Ap but, pre-treatment with wedelolactone significantly 

decreased TNFa mRNA in control-treated and AP-treated astrocytes (p<0.001; ANOVA; 

Figure 4.I0E). TNFa concentration was significantly increased in supernatants prepared 

from AP-treated astrocytes (18.98 ± 3.61pg/ml) compared with control astrocytes (4.43 ± 

3.38pg/ml; p<0.05; ANOVA; Figure 4.10F); pre-treatment with wedelolactone 

significantly attenuated the AP-induced increase in TNFa concentration (5.45 ± 

3.37pg/ml; p<0.01; ANOVA; Figure 4.1 OF).
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To confirm that wedelolactone was acting on the NFkB pathway, its effect on IkBu 

phosphorylation was examined and the data showed that IkBo phosphorylation was 

significantly increased in AP-treated astrocytes compared with controls (p<0.01; 

ANOVA); pre-treatment with wedelolactone significantly attenuated the A^-induced 

increase in p-lKBa (p<0.05; ANOVA; Figure 4.1 IB).

Neither Ap nor wedelolactone affected GFAP mRNA (ANOVA; Figure 4.12A), 

A ldh lL l mRNA (ANOVA; Figure 4.12B) or EAAT2 mRNA (ANOVA; Figure 4.12C) 

in isolated astrocytes.

4.3.6. Effects o f  D-JNKil in rat astrocytes treated with Ap

To explore the consequences o f the effects o f AP on JNK activation, astrocytes were pre

treated with D-JNKil (2|iM) for 1 hour and incubated in the presence of Ap cocktail or 

DMEM for 24 hours. D-JNKil is a cell permeable selective inhibitor o f the JNK pathway 

that blocks the access o f JNK to c-Jun. IL-ip, lL-6 and TNFa were assessed in the 

supernatants and IL-lp, lL-6, TNFa, A ldh lL l, EAAT2 and GFAP mRNA was measured 

in harvested cells.

IL -ip mRNA was significantly increased in AP-treated isolated astrocytes compared with 

controls (p<0.01; ANOVA; Figure 4.13A); pre-treatment with D-JNKil did not affect the 

AP-induced change (ANOVA; Figure 4.13A). IL-ip concentration was significantly 

increased in supernatants prepared from AP-treated astrocytes (46.35 ± 11.23pg/ml) 

compared with control astrocytes (16.81 ± 7.15pg/ml; p<0.01; ANOVA; Figure 4.13B); 

pre-treatment with D-JNKil significantly attenuated the AP-induced increase in IL-ip 

concentration (26.91 ± 6.45pg/ml; p<0.001; ANOVA; Figure 4.13B). 

lL-6 mRNA was significantly increased in AP-treated isolated astrocytes compared with 

controls (p<0.01; ANOVA; Figure 4.13C); pre-treatment with D-JNKil did not affect the 

AP-induced change (ANOVA; Figure 4.13C). IL-6 concentration was significantly 

increased in supernatants prepared from Ap-treated astrocytes (544.1 ± 87.05pg/ml) 

compared with control astrocytes (203.6 ± 45.49pg/ml; p<0.001; ANOVA; Figure 

4.13D); pre-treatment with D-JNKil significantly attenuated the Ap-induced increase in 

IL-6 concentration (287.7.47 ± 31.32pg/ml; p<0.01; ANOVA; Figure 4.13D).
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TN Fa m RNA was not affected with Ap-treatm ent in isolated astrocytes; although, pre

treatm ent with D -JN K il significantly increased TN Fa mRNA (p<0.001; ANOVA; Figure 

4.13E). TN Fa concentration was increased in supernatants prepared from AP-treated 

astrocytes (18.98 ± 3.61pg/m l) com pared with control astrocytes (4.43 ± 3.38pg/m l) but 

this increase did not reached statistical significance; pre-treatm ent with D -JN K il had no 

effect in T N Fa concentration (11.89 ± 7.38pg/ml; p<0.01; ANOVA; Figure 4.13F). 

N either A p nor D -JN K il affected GFAP mRNA (ANOVA; Figure 4.14A ), A ld h lL l 

m RNA (ANOVA; Figure 4.14B) or EAAT2 mRNA (ANOVA; Figure 4.14C) in isolated 

astrocytes.
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4.4. Discussion

The objective o f  this study was to exam ine the effects o f  Ap treatm ent on cytokine 

production and release in isolated astrocytes and to investigate the signalling pathways 

involved in this process. The data showed that Ap induced a tim e-related increase in the 

production and release o f  IL -ip , lL-6 and TNFa, and in IkBu phosphorylation. 

W edelolactone, an inhibitor o f  Ik B u , significantly attenuated the A p-induced increase in 

IL -ip  and IL-6, indicating NFkB signalling pathway as an im portant com ponent in this 

activation process (Table 4.1).

The images obtained by confocal m icroscopy after co-staining isolated glial cells with 

both GFAP and C D l l b  showed a clear characterization o f astrocytes and m icroglia in 

culture. As this study was based on isolated astrocytes, is fundamental to obtain the best 

possible culture purity. The technique used in this study has proven successful in the 

isolation o f  pure population o f  astrocytes reflecting the degree o f  purity reported using 

sim ilar protocols (M cCarthy and de Vellis, 1980, Jana et al., 2007). Currently, is not 

technically possible to obtain 100% pure astrocytic cultures. A lthough m ost am oeboid

shaped m icroglia are detached from the flasks containing mixed glia during the “ shaking” 

step, a population o f  nonrefringent, more ramified m icroglia, interm ingled with 

astrocytes, remain (Saura, 2007). It has been shown that when astrocytes are detached 

with trypsin and re-plated, the num ber o f these ramified microglial cells is greatly 

reduced, as they are not affected by trypsin and remain in the flask (Saura et al., 2003). It 

has been suggested that astrocytic cultures which contain less than 10% o f  microglial 

cells can be considered as purified astrocytes (Saura, 2007). All astrocyte cultures 

presented in this work have less than 10% microglial cells. A technical issue related to 

the astrocytic isolation protocol used in this study (and m ost other studies) is the 

m echanical stim ulation caused by the “shaking” step; it has been reported this m ay cause 

some changes in cellular activity related to astrocytic “activation” (Du et al., 2010) and 

this may help explain the occasional large variability in responses (reflected by large 

error bars) and why, in some experim ents, non-treated astrocytes under control conditions 

have increased levels o f  inflam m atory cytokines or markers o f  activation.
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The p resen t da ta  show  tha t incubation  o f  astrocy tes in the p resence o f  A p did no t affect 

cell v iab ility . T h is find ing  concurs w ith  o thers; it has been show n tha t w hile  A p induces 

m orpho log ica l changes in rat iso lated  astrocy tes it does not a lte r cell v iab ility  (S alinero  et 

al., 1997). H ow ever, it has a lso  been reported  tha t cu ltu red  rat astrocy tes trea ted  w ith 

A P i-42 show ed a reduction  in cell v iab ility , assessed  by M T T  assay, and altered v esicu la r 

traffick ing , bu t w ithou t cell death and w ithou t affec ting  A T P  levels o r lactate release; 

m oreover, the cells w ere able to p ro liferate  after incubation  w ith  A P i .4 2  (K erokoski et al., 

2001). So lub le  o ligom ers o f  A P i .4 2  pep tide  seem  to be the m ost cy to tox ic  (L am bert e t al., 

1998), but the p resen t data suggests tha t aggregated  APi_4 2 , a lone, o r in com bination  w ith 

A P i .4 0  in astrocytes had no cy to tox ic  effect. T he inherent ch aracteristics  and functions o f  

astrocy tes and neurons explain  the ir d ifferen tia l physio log ica l and patho log ical responses. 

A strocy tes are believed  to  be m ore resistan t to  cy to tox ic ity  and to  cope better w ith 

harm ful challenges than  neurons (D ineley  et al., 2000 , G urer et a!., 2009). N euronal cell 

v iab ility  is m arked ly  reduced in the presence o f  A p, these  cy to tox ic  actions involve 

in tracellu lar reac tions including, am ong o thers, the  production  o f  free rad icals and lipid 

perox idation  (B ehl et al., 1994).

A p has been show n to induce num erous functional and m orphological changes in 

astrocy tes including  the p roduction  and release o f  cy tok ines and chem okines. In bra ins o f  

ind iv iduals w ith  A D , astrocy tes react to  the p resence o f  AP and increase the exp ression  o f  

G F A P  chang ing  th e ir m orphology , th is  p rocess term ed astrog liosis has been p roposed  to 

be involved  in the  neuropatho logy  o f  A D  (O labarria  et al., 2010, N agele  et al., 2004). 

A strog liosis has been reported  to  be accom pan ied  by signs o f  neu ro in flam m ation  and to 

con tribu te  to  an increase in p ro -in flam m ato ry  cy tok ines (C ow ley  et al., 2010). The

release o f  IL - ip , IL - 6  and T N F a  from  astrocy tes has been reported  prev iously ; H u and

colleagues (1994), treated  m urine astrocytes w ith  LPS inducing  the release o f  these  

cy tok ines (H u et al., 1994). A lso , astrocy tes are know n to release p ro -in flam m ato ry

cy tok ines under d iffe ren t experim en tal and pathological cond itions, such as in the

presence  o f  co ronav irus (Y u and  Z hang, 2006), in bacterial m en ingoencephalitis  (W en  et 

al., 2007) and during  traum atic  brain in jury (S zm ydynger-C hodobska  et al., 2010) am ong 

others.
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In th is  study, a tim e-d ep en d en t increase in the supernatan t concen tra tion  o f  cy tokines w as 

o bserved , p eak in g  betw een  360 m in and 24 hours. A  sign ifican t increase in IL - ip  w as 

o bserved  at 6  hours w hich  fu rther increased at 24 hours. T hese find ings, a lthough  using 

A P i -40 +  A P i-42  to  stim ulate  cells are sim ilar to  prev ious observations. R at cortical 

astrocy tes trea ted  w ith  aggregated  A P i .4 2  for 24 hours show ed a s ign ifican t increase in 

IL - ip  m R N A  com pared  w ith  control or A P i7_4 2 -treated cells (H u et al., 1998). S im ilarly , 

cu ltu red  rat astrocy tes trea ted  w ith  fib rilla r A P i .4 2  show ed an increase in IL - lp  com pared  

w ith  con tro ls  reach ing  h ighest levels betw een  24 and 48 hours (W hite et al., 2005). The 

A p-induced  increase in IL - 6  w as ev ident after 2 hours and persisted  fo r at least 24 hours. 

T his response  is earlier than  prev iously  described  w here cu ltu red  astrocy tes stim ulated  

w ith  A P 25-35 reached  peak  concen tra tion  fo r lL - 6  at 24 hours w hich  w as susta ined  up to 

48 hours (K im  et al., 2002). It is possib le  that the early  increase in lL - 6  m ight be 

exp la ined  by effects o f  physical m anipu la tion  o f  the cells during  the “ shak in g ” step  but, if  

th is w as the case, a parallel change in o thers cy tokines m ight be expected . T N F a  

supernatan t concen tra tion  peaked at 360 m in and persisted  until 24 hours, consisten t w ith 

the p rev ious resu lts o f  K im  and co lleagues (2002). A s 24 hours seem ed the period at 

w hich  cy tok ine  p roduction  in A P-stim ulated  astrocytes peaked , all the cu ltu re  w ork 

involv ing  A p-trea tm en ts in th is study and the next one (see C hap te r 5) w ere  done at this 

tim e point.

A ctivation  o f  the N F kB  pathw ay w as assessed  in A P-treated  iso lated  astrocytes. 

P hosphory la tion  o f  IkB o increased in A p-stim ulated  astrocy tes in a tim e-dependen t 

m anner w ith  s ign ifican t increases observed  at 240 m in, 360 m in and 24. T h is resem bled 

the A P-induced  tim e-dependen t change in cytokine production. T he N F kB  pathw ay  is 

know n to be p resen t in astrocytes and to  be involved in the production  o f  chem okines and 

cy tokines. C u ltu red  rat astrocy tes stim ulated  w ith A p i^ 2  show ed ac tiva tion  o f  the  N FkB  

pathw ay  w ith  increased p roduction  o f  N O  (A kam a et al., 1998). B radyk in in , an 

in flam m atory  m ed ia to r p roduced  during  stroke or brain traum a, w as show n to stim ulate 

the exp ression  and release o f  IL - 6  th rough  N FkB  activation  in cu ltu red  m ice astrocy tes 

(S chw an inger e t al., 1999) and it has been reported tha t ch lo roqu ine  induced the 

expression  o f  IL -ip , lL - 6  and T N F a  in hum an astrocytes th rough  ac tiva tion  o f  the  N FkB  

pathw ay  (P ark  et al., 2003). In contrast, ch lo roqu ine suppressed  L PS-induced  m icroglial
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exp ression  o f  cy tok in es in an N F K B -independent m anner (Pari^ et al., 2 0 0 3 ) , su g g estin g  

that N F k B  activation  cou ld  w ork d ifferent in astrocytes and m icroglia . Interestingly, 

brain tissu e  from  scrap ie-in fected  m ice , sh ow ed  an increase in IL -ip , lL - 6  and T N F a  and 

a lso  N F k B  im m u n oreactiv ity  c o -lo c a liz e d  w ith  G F A P (+ ) astrocytes, p rov id in g  indirect 

ev id en ce  that activation  o f  astroglia l N F k B  is resp on sib le  for the p roduction  o f  these  

cy tok in es (K im  et al., 1999).

In this study, pre-treatm ent w ith  w ed e lo la cto n e  attenuated the A p -in d u ced  increase in p- 

IkB u as exp ected . H ow ever, it a lso  reduced  the exp ression  o f  IL - ip  and the supernatant 

concentration  o f  IL -ip , lL - 6  and T N F a; th ese  resu lts su ggest that astrocytes stim ulated  

w ith  A p  increase the production o f  in flam m atory cy to k in es through activation  o f  the 

N F k B  pathw ay. N F k B  can a lso  be activated  by cy tok in es, as sh ow n  by S tan im irovic and 

co llea g u es  (2 0 0 1 ) in hum an astrocytes, w here IL -ip  m ediated  autocrine activation  o f  

N F k B  pathw ay induced  by h yp ox ia /reoxygen ation  (S tan im irov ic  et al., 2 0 0 1 ) . Cultured  

rat astrocytes have been sh ow n  to respond to IL -ip  and T N F a  w ith  the production  o f  

ch em o k in es M CP-1 (C C L 2) and M C P -7 (C C L 7) and this is reported to be d ep en dent on  

activation  o f  the N F k B  pathw ay (T h om p son  and Van E ldik , 2 0 0 9 ). It has b een  proposed  

that N F k B  m ed iates n eu roin flam m ation  to  facilita te the rem oval o f  AP; A P P sw e /P S Id E 9  

m ice  treated w ith  pyrrolid ine d ith iocarbam ate (P D T C ), an inhibitor o f  N F k B  activation , 

sh ow ed  ab o lish m en t o f  C O X -2  and T N F a  induction , attenuated a stro g lio sis  in both  

cortex  and h ipp ocam pu s and increased  cerebral burden o f  A P i .4 2  but not A P i -40  (Z hang et 

al., 2 0 0 9 ).

A ctiva tion  o f  JN K  and c-Jun in hum an astrocytes has been  reported during  

neu rod egen erative p rocesses. D o u b le -la b e llin g  im m u n ohistochem istry  in brains o f  

in d iv idu als w ith  d ifferent tauopath ies, dem onstrated abnorm al tau d ep o sitio n  in 

astrocytes stained w ith  S A P K /JN K -p  (Ferrer et al., 2 0 0 1 ). In hum an brains o f  in d iv idu als  

w ith A D , Jun im m u n oreactiv ity  w a s c o -lo c a liz ed  w ith  G F A P  surrounding am ylo id  

p laques id en tified  w ith  th io flav in e  (A n derson  et al., 1994). In th is study, both p -JN K  and 

p-c-Jun w ere increased  in the p resen ce o f  A p  in iso lated  astrocytes, but the tim e  

relationship  o f  the activation  did not paralleled  the tim e-related  ch an ge in cy tok in e  

production . H ow ever, th is pathw ay m ay still p lay a role in in itiating the m ech an ism  that 

triggers the A P -in d uced  increase in cy tok in e  production . M atos and c o llea g u es  (2 0 0 8 )
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trea ted  iso lated  rat astrocy tes w ith  A P i .4 0  and reported  a sign ifican t increase in JN K  

phosphory la tion  at 3 hours but not later, w here levels returned  to  values s im ila r to  those 

o f  the  con tro ls  (M atos et al., 2008). H ere there  w as no ev idence tha t the increase in JN K  

activa tion  persisted  for 3 hours bu t the increase in c-Jun  phosphory la tion , w hich , like 

JN K , w as ev iden t at 40 m in, still exhib ited  a 2-fold  increase over con tro l levels at 3 

hours. T hese resu lts con trast w ith  the activation  pattern  o f  p-lK B a, w hich  peaked at 24 

hours w hen  stim ulated  w ith  A p. JN K  pathw ay in astrocytes has been involved  in pro- 

in flam m atory  signalling  cascades. C u ltured  m ice astrocytes trea ted  w ith  IL -17 and IL - 6  

bind ing  subun it (1L-6R), show ed increased JN K  activation  at 30 and 60 m in, inducing an 

increase in IL - 6  gene expression ; inhibition  o f  JN K  o r p38, partia lly  b locked  the IL - 6  

increase, w hile  inh ib ition  o f  N F kB show ed a m ost robust decrease, suggesting  tha t lL - 6  

gene exp ression  occurs by a transcrip tional m echanism  tha t involves N F k B, p38, and 

JN K  signalling  (M a et al., 2010). IL-I treatm ent induced phosphory la tion  o f  JN K  in 

hum an foetal astrocy tes ind icating  that JN K  is activated  by stress and inflam m atory  

signals (H ua et al., 2002).

In the p resen t study, as expected , p -JN K  w as not affected  by trea tm en t w ith  A p or D- 

JN K il after 24 hours. D -JN K il show ed no effect on IL - ip  or lL - 6  expression  but 

s ign ifican tly  decreased  the supernatan t concentration  o f  both cy tokines; these results 

suggest th a t JN K  m ay be m ore involved  in astrocytic  regulation  o f  cy tok ine  release than 

in p roduction . D -JN K il show ed no effect on T N F a  supernatan t concen tra tion  but 

unexpected ly , T N F a  m R N A  w as sign ifican tly  increased in A P-treated  astrocy tes p re

treated  w ith  D -JN K il com pared  w ith  A P-treated  astrocytes. It is not c lear w hy the JN K  

inhib ito r caused  th is effect on T N F a  expression , as p roduction  o f  T N F -a  w as show n to be 

increased in L PS-treated  astrocy tes th rough  activation  o f  ER K , p38, and JN K  pathw ays 

(Shao et al., 2011). JN K  pa th w ay  has been show n to be involved  in the regulation  o f  

astrocytic  g lu tam ate  transpo rte r activ ity , th rough  dow nregu la tion  o f  G LT-1 in A p-treated  

rat astrocy tes (M atos et al., 2008). In a d ifferen t study, Jayakum ar and co lleagues (2006) 

reported  JN K  activation  upregu la tes g lu tam ate-asparta te  tran sp o rte r (G L A S T ) in 

am m onia-treated  rat astrocy tes (Jayakum ar et al., 2006). T hese resu lts indicate that in 

astrocytes, JN K  pathw ay  ac tiva tion  is not exclusively  in flam m atory  and m ay possess 

o ther regu la to ry  functions.
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A n increase in G F A P  is a com m on  find in g in brains o f  in d iv id u a ls w itii A D  (Piice et al., 

1995). G F A P  increase has been  sh ow n  to be correlated w ith  ag e  in A P P /P S IK I m ice, 

sh o w in g  no ch an ges at 2 m onths and m arked increase in aged  an im als (W irths et al., 

2 0 1 0 ). In the present study, A p , w ed e lo la cto n e  or D -J N K il exerted  no e ffec t on  G F A P  in 

rat neonatal astrocytes. T h is su ggests  that G F A P  production  is independent o f  

in flam m atory activation  p athw ays such  as N F k B . Brahm achari and co llea g u es  (2 0 0 6 )  

sh ow ed  that N O  used  th e G C -cG M P -P K G  sign a llin g  p ath w ay but not N F k B  to  induce  

exp ression  o f  G F A P  in LPS-treated  astrocytes, su ggestin g  that activation  o f  N F k B  is 

upstream  o f  N O  production  and that N O  increases exp ression  o f  G F A P  in astrocytes  

independent o f  N F k B  activation  (Brahm achari et al., 2 0 0 6 ). It has a lso  b een  reported that 

G F A P  exp ression  is d ep en dent on  ch an ges in ca lciu m  h o m o eo sta s is  induced  by A p, 

rather than by a d irect e ffe c t  o f  A p  (C h ow  et al., 2 0 10a ). G F A P  m R N A  and protein lev e ls  

w ere not ch anged  in A P M 2 -treated cortical rat astrocytes w h en  com pared  w ith  con trols, 

although AP-treated astrocytes sh ow ed  a reorganization  o f  G F A P  ind icative o f  activated  

m orp h ology , su g g estin g  that ch an ges in G F A P  are related to increased  antigen  d en sity  

due to ce ll shape ch an ge, ep itop e redistribution or filam en t rearrangem ent (H u et al., 

1998). A p, w ed e lo la cto n e  or D -J N K il had no effec t on  other m arkers o f  astrocytic  

function  such  as A ld h lL l  and E A A T 2 and, sim ilarly , A P d id n ’t alter R A G E  production  

in the present study. T h e lack o f  e ffec t  on E A A T 2 is co n sisten t w ith  the find in g  that 

E A A T l and E A A T 2 w ere unchanged in cultured rat astrocytes treated w ith  A P i .4 0  for 24  

hours. (D a lla s et al., 2 0 0 7 ) . T h ese resu lts su ggest that A p  can induce an inflam m atory  

response in astrocytes w ith ou t a ffectin g  other m ain astrocytic  fun ction al asp ects.

T he data d escrib ed  here su g g est that although IN K  and N F kB  path w ays can be activated  

by A p  in astrocytes, N F kB  appears to be the m ain  sign a llin g  m ediator in the production  

o f  pro-inflam m atory cy to k in es. The JN K  pathw ay, w h ich  sh ow ed  a faster activation , 

seem s to be in vo lved  in other astrocytic p rocesses  induced by the p resen ce o f  A p  

although it m ay  be ab le to com p lem en t the N F kB  s lo w e r  and m ore sustained  

in flam m atory resp on se (F igure 4 .1 5 ) . A n  interesting q uestion  to be addressed  is w h ich  

receptors are activated  b y  A P in order to produce the e ffec ts  ob served  in th is  study.
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Figure 4.1. Wedelolactone effect on NFkB pathway.

W edelo lactone  is an irreversib le  inhib itor o f  the N F kB s ignalling  pathw ay w hich  im pedes the 
p hosphory la tion  o f  IkB q by IKK thus p reven ting  the transcrip tion  o f  p ro -in flam m ato ry  cy tok ines and 
chem okines.
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Figure 4.2 D-JNKil effect on JNK pathway.

D -JN K il is an inh ib ito r o f  the  JN K  signalling  pa thw ay  w hich  acts p rev en tin g  the  in te rac tion  o f  JN K  w ith 
its substra tes thus im peding  gene transcrip tion .
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Figure 4.3 Characterization o f cultured isolated astrocytes

Astrocytes and microglia obtained from the cortices o f neonatal Wistar rats and plated into coverslips were 
prepared for confocal microscopy and co-stained with GFAP and C D l lb. Images show
immunofluorescence for GFAP (green), CDl lb  (red) and DAPI (blue), used as a counterstain, in isolated 
astrocytes.

A) Isolated astrocytes co-stained for GFAP and CDl lb  (DAPI counterstain; 40x, scale bar 50nm).

B) Isolated microglia co-stained for GFAP and CDl lb  (DAPI counterstain; 40x, scale bar SOfxm).

C) Magnification o f isolated astrocyte co-stained with GFAP and CDl lb  (DAPI counterstain; 40x; optical 
zoom x6, scale bar 5|im).

D) Magnification o f isolated microglia co-stained with GFAP and CDl lb  (DAPI counterstain; 40x; optical 
zoom x6, scale bar Sfim).



Control Api_4o

Figure 4.4 MTS assay to determine cell viability of Ap treated isolated astrocytes

A stro cy tes  ob ta in ed  from the co rtices o f  neonatal W istar rats w ere cultured w ith  D M E M , Api_4 o ( 4 . 2  |iM ), 

A P m 2  (5 .6 |iM )  or a cock ta il co m p o sed  o f  both A P 1 .4 0  and A P 1 .4 2  (hereafter referred to as A p co ck ta il)  for  

2 4  hours. C ell v ia b ility  w a s determ ined  by the add ition  o f  M T S and a ssessm en t o f  absorbance at 490n m .

N o  s ig n ifica n t d ifferen ce s in the rela tive absorbance o f  M T S w ere found b etw een  the A P -trea ted  astrocytes  

and the con tro ls (A N O V A  F(3 1 2 ) = 0 .6 7 6 , p < 0 .5 8 3 ; n = 5). Data are presented as m eans ±  SE M .
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Figure 4.5 Treatment with Ap stimulated the release o f pro-inflammatory cytokines 
from isolated astrocytes

A strocy tes w ere incubated  in the p resence  o f  A p  or D M EM  for 40  m in, 120 m in, 240  m in, 360 m in or 24 

hours. C o ncen tra tions o f  IL - ip ,  lL - 6  and T N F a  w ere assessed  in supernatan ts by E LISA . D ata  are 
p resen ted  as m eans ±  SEM .

A ) Ap sign ifican tly  increased  IL - ip  at 360 m in (*p<0.05 vs. con tro ls) and 24 hours (***p<0.001 vs. 

con tro ls) com pared  w ith con tro ls. A N O V A  F (5 2 0 ) = 21 .16 , p< 0 .0001; n=5.

B) AP sign ifican tly  increased  IL - 6  at 120 m in (***p<0.001 vs. con tro ls), 360 m in (* p< 0 .05  vs. contro ls) 

and 24 hours (***p<0.001 vs. co n tro ls) com pared  w ith contro ls. A N O V A  F(5 4 s) = 8 .10 , p< 0 .0001; n=10.

C ) A p sign ifican tly  increased  T N F a  at 240 m in (**p<0.01 vs. con tro ls), 360 m in (***p<0.001 vs. contro ls) 
and 24 hours (***p<0.001 vs. co n tro ls) com pared  w ith contro ls. A N O V A  F(s 15) = 20 .17 , p< 0 .0001; n=4.
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Figure 4.6 Treatment with Ap stimulated phosphorylation of I k B u  and JNK in 
isolated astrocytes

A strocytes were incubated in the presence o f  A(5 or DMEM for 40 min, 120 min, 240 min, 360 min or 24 
hours and IkB o and JNK phosphorylation were determined by western immunoblotting. D ata are presented 
as means ± SEM.

A) Sample im munoblots indicating density o f  p - I k B o  (40kDa) and p-actin (42kDa). B) Ap significantly 
increased p - I k B q  at 240 min (*p<0.05 vs. controls), 360 min (**p<0.01 vs. controls) and 24 hours 
(**p<0.01 vs. controls) compared with controls. ANOVA F(5 5 i) =8.306, p<0.0001; n=10. Values are 
expressed in arbitrary units (a.u.) obtained from calculating the ratio o f p-lKBa to P-actin provided by 
densitom etric analysis.

C) Sample im munoblots indicating density o f  p-JNK (upper band: 54kDa; lower band: 46kDa) and p-actin 
(42kDa). D) Ap significantly increased p-JNK at 40 min compared with controls (***p<0.001 vs. controls; 
ANOVA F( 5 4 0 ) =7.276, p<0.0001; n=9). Values are expressed in arbitrary units (a.u.) obtained from 
calculating the ratio o f  p-JNK to P-actin provided by densitometric analysis.
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Figure 4.7 Treatment with Ap stimulated phosphorylation of c-Jun in isolated 
astrocytes

A strocytes were incubated in the presence o f  Ap or DMEM for 40 min, 120 min, 240 min. 360 min or 24 
hours and c-Jun phosphorylation was determined by western immunoblotting. Data are presented as means 
± S E M .

A)  Sample im munobiots indicating density o f p-c-Jun (48kDa) and P-actin (42kDa).

B) AP significantly increased p-c-Jun at 40 min (**p<0.01 vs. controls), 120 min (*p<0.05 vs. controls) 
and 240 min (*p<0.05 vs. controls) compared with controls. ANOVA F(S 3 4 ) =5.167, p=0.0012; n=7. Values 
are expressed in arbitrary units (a.u.) obtained from calculating the ratio o f  p-c-.Iun to P-actin provided by 
densitom etric analysis.
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Figure 4.8 Treatment with Ap did not affect GFAP in isolated astrocytes

A stro cy tes w ere  incubated  in the p resen ce  o f  A(3 or D M E M  for 4 0  m in , 120 tnin, 2 4 0  m in , 3 6 0  m in or 24  

hours, and G FA P  w a s determ ined  by w estern  im m unobiotting . D ata are presented  as m ean s ±  SE M .

A ) S am p le  im m u n ob lo ts in d ica tin g  d en sity  o f  G F A P  (551(D a) and (3-actin (4 2 k D a ).

B ) A(3 had no e ffe c t  on  G F A P  (A N O V A  F ( 5  , 5 ) = 0 .7 1 0 . p = 0 .6 2 4 ; n = 4). V a lu es  are exp ressed  in arbitrary 

units (a .u .)  ob ta in ed  from  ca lcu la tin g  the ratio o f  G F A P  to (3-actin prov ided  by d en sitom etric  analysis.
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Figure 4.9 Treatment with Ap did not affect RAGE in isolated astrocytes

A stro cy tes w ere  incubated  in the p resen ce  o f  A|3 or D M E M  for 4 0  m in , 120  m in , 2 4 0  m in, 3 6 0  m in or 24  

hours, and R A G E  w as determ ined  by w estern  im m u n ob iottin g . D ata  are presented  as m ean s ±  SE M .

A ) Sam ple im m u n ob lo ts in d ica tin g  d en sity  o f  R A G E  (42icD a) and P -actin  (421cDa).

B ) AP had no e ffe c t  on  R A G E  (A N O V A  F (5 3 0 ) = 1 .0  8 9, p = 0 .3 8 6 ; n = 7). V a lu es  are exp ressed  in arbitrary 

units (a .u .)  ob ta in ed  from  ca lcu la tin g  the ratio o f  R A G E  to P-actin  prov id ed  by d en sito m etr ic  analysis.
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F igure 4 .10  W ed elo la c to n e  atten u ated  A p-induced  increase in IL -ip , IL -6 and T N F a in isolated  
astrocytes

Astrocytes were incubated in the presence/absence o f Ap following a 1 hour pre-treatment with wedelolactone (50nM). 
After 24 hours, IL-lp, lL - 6  and TNFa mRNA, prepared from harvested cells and supernatant concentration o f IL -lp, 
IL- 6  and TNFa were determined by PCR and ELISA, respectively. Data are presented as means ± SEM.
A) Mean IL -lp  mRNA was significantly increased in AP-treated isolated astrocytes compared with controls (**p<0.01 
vs. controls). Pre-treatment with wedelolactone {’̂ p<O.OOI vs Ap controls) significantly attenuated the Ap-induced 
increase in IL -ip mRNA in astrocytes. ANOVA F(3 js) =45.12, p<0.0001; n=6 . B) Mean IL -lp  concentration was 
significantly increased in supernatant prepared from Ap-treated astrocytes compared with controls (**p<0.01 vs. 
controls). Pre-treatment with wedelolactone (***p<0.001 vs. Ap controls) significantly attenuated the Ap-induced 
increase in IL -ip  concentration in astrocytes. ANOVA Fy 15) =11.68, p=0.0003; n= 6 .
C) Mean IL - 6  mRNA was increased in AP-treated isolated astrocytes compared with controls (*p<0.05 vs. controls; 
Student t-test for dependent means; n=5). Dotted line represents the Student t-test analysis. D) Mean IL - 6  concentration 
was significantly increased in supernatant prepared from Ap-treated astrocytes compared with controls (***p<0.001 vs. 
controls). Pre-treatment with wedelolactone (^*p<0 01 vs Ap controls) significantly attenuated the AP-induced increase 
in lL - 6  concentration in isolated astrocytes. ANOVA F(j ,5 , =10.36, p=0.0006; n=6 .
E) Mean TNFa mRNA was not affected with Ap-treatment in isolated astrocytes. Astrocytes treated exclusively with 
wedelolactone showed a significant decrease in TNFa mRNA compared with controls (***p<0.001 vs. controls). Pre
treatment with wedelolactone (^^*p<0 001 vs Ap controls) significantly decreased the TNFa mRNA in isolated 
astrocytes. ANOVA F(3 15) =25.14, p<O.OOOI; n=6 . F) Mean TNFa concentration was significantly increased in 
supernatant prepared from AP-treated astrocytes compared with controls (*p<0.05 vs. controls). Pre-treatment with 
wedelolactone (^p<0.05 vs Ap controls) significantly attenuated the AP-induced increase in TNFa concentration in 
isolated astrocytes. ANOVA F|3 ,2 ) =4.093, p=0.032; n=6 .
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Figure 4.11 Wedelolactone attenuated the Ap-induced increase in p-InBa in isolated 
astrocytes

Astrocytes were incubated in the presence/absence o f  Ap fo llow ing a 1 hour pre-treatment with 
wedelolactone (50 |iM ). iKBa phosphorylation was determined by western im m unoblotting in cell lysates. 

Data are presented as m eans ±  SEM .

A ) Sample im m unoblots indicating density o f  p-lK B a (40kD a) and P-actin (42kDa).

B) p -IkB u w a s s ig n if ic a n tly  in crea sed  in  AP-treated isolated astrocytes com pared with controls 

(**p<0.01 vs. controls). Pre-treatment with wedelolactone (^p<0.05 vs. A p controls) significantly  

attenuated the AP-induced increase in p-lK B a in  a stro cy tes. A N O V A  F( 3  9 ) =6 .732 , p=0.011; n=4. Values 

are expressed in arbitrary units (a.u.) obtained from calculating the ratio o f  p -IkB u to P-actin provided by 
densitom etric analysis.
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Figure 4.12 GFAP, A ld h lL l and EAAT2 mRNA were not affected by treatment 
with wedelolactone or Ap in isolated astrocytes

Astrocytes were incubated in the presence/absence o f  AP following a 1 hour pre-treatment with 
wedelolactone (50|iM ). After 24 hours. GFAP, A ldh lL l and EAAT2 mRNA prepared from harvested cells 
were determined by PCR. Data are presented as means ± SEM.

Ap exerted no significant effect on GFAP mRNA (A), A ld h lL l mRNA (B) or EAAT2 mRNA (C) in 
isolated astrocytes and no significant effect o f  wedelolactone was observed.
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F igure 4 .13 D -J N K il a tten uated  A p -in du ced  increase in IL -ip  and IL -6 in iso lated  astrocytes

Astrocytes were incubated in the presence/absence o f Ap following a 1 hour pre-treatment with D-JNKi 1 (2^iM). After 
24 hours, IL-ip, lL - 6  and TNFa mRNA, prepared from harvested cells and supernatant concentration o f  IL -ip, lL - 6  

and TNFa were determined by PCR and ELISA, respectively. Data are presented as means ± SEM.

A) Mean IL -lp  mRNA was significantly increased in AP-treated isolated astrocytes compared with controls (**p<0.01 
vs. controls). Pre-treatment with D-JNKil failed to attenuate the Ap-induced increase in IL -lp mRNA in isolated 
astrocytes. ANOVA F(3 ,i5) =10.37, p=0.0006; n= 6  B) Mean IL -ip  concentration was significantly increased in 
supernatant prepared from Ap-treated astrocytes compared with controls (***p<0.001 vs. controls). Pre-treatment with 
D-JNKil {’̂ *p<0.01 vs Ap controls) significantly attenuated the Ap-induced increase in IL -ip concentration in isolated 
astrocytes. ANOVA F( 3 ]5) =14.18, p=0.0001, n=6 .

C) Mean lL - 6  mRNA was significantly increased in Ap-treated isolated astrocytes compared with controls (**p<0 01 
vs. controls). Pre-treatment with D-JNKil failed to attenuated the Ap-induced increase in IL- 6  mRNA in isolated 
astrocytes. ANOVA F(3 15) =7.481, p=0.0027; n=6 . D) Mean lL - 6  concentration was significantly increased in 
supernatant prepared from Ap-treated astrocytes compared with controls (***p<0.001 vs. controls). Pre-treatment with 
D-JNKil (^^p<0.01 vs. Ap controls) significantly attenuated the Ap-induced increase in IL- 6  concentration in isolated 
astrocytes. ANOVA F(3 15) =11.02, p=0.0004; n=6 .

E) Mean TNFa mRNA was not affected with AP-treatment in isolated astrocytes. Pre-treatment with D-JNKil 
significantly increased TNFa mRNA in astrocytes (^^’'p<0.001 vs. Ap controls; ANOVA F(3 ,5 ) =16.42, p<0.0001; 
n=6 ). F) No Ap or D-JNKil effects were observed in mean TNFa supernatant concentration in isolated astrocytes 
(ANOVA F(3 .i2 ) =2,081, p=0. 156; n=5).
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Figure 4.14 tnRNA expression of GFAP, A ldhlL l and EAAT2 were not affected by 
treatment with D-JNKil or Ap in isolated astrocytes

A strocytes w ere incubated in the presence/absence o f  A(3 follow ing a 1 hour pre-treatm ent w ith D -JN K il 
(2nM ). A fter 24 hours, G FAP, A ld h lL l and EAA T2 m R N A  prepared from  harvested  cells w ere 
determ ined by PCR. D ata are presented as m eans ± SEM.

A p exerted no significant effect on G FA P m R N A  (A ), A ld h lL l m R N A  (B ) or EA A T2 m RN A  (C ) in 
isolated astrocytes and no significant effect o f  D -JN K il w as observed.
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Ap TREATMENT TREATMENT + Ap TIME POINT

MTS assay No changes 24 hours
lL-13 protein Increased 360 min and 24 hours
lL-6 protein Increased 120 min, 360 min and 

24 hours
TN Fa protein Increased 240 min, 360 min and 

24 hours_____________
p-lKBa Increased 240 min, 360 min and 

24 hours
p-JNK Increased 40 min
p-c-Jun Increased 40 min, 120 min and 

240 min
GFAP No changes All time points
RAGE No changes All time points
IL-13m R N A Increased Wedelolactone Decreased 24 hours
IL-1P protein Increased Wedelolactone Decreased 24 hours
IL-6 mRNA Increased W edelolactone No changes 24 hours
IL-6 protein Increased W edelolactone Decreased 24 hours
TN Fa mRNA No changes Wedelolactone Decreased 24 hours
TNFa protein Increased Wedelolactone Decreased 24 hours
p-lKBg Increased Wedelolactone Decreased 24 hours
GFAP mRNA No changes Wedelolactone No changes 24 hours
A ldh lL l mRNA No changes Wedelolactone No changes 24 hours
EAAT2 mRNA No changes W edelolactone No changes 24 hours
IL-13 mRNA Increased D-JNKil No changes 24 hours
IL-13 protein Increased D-JNKil Decreased 24 hours
IL-6 mRNA Increased D-JNKil No changes 24 hours
lL-6 protein Increased D-JNKil Decreased 24 hours
TNFa mRNA No changes D-JNKil Increased 24 hours
TN Fa protein No changes D-JNKil No changes 24 hours
GFAP mRNA No changes D-JNKil No changes 24 hours
A ldhlL I mRNA No changes D-JNKil No changes 24 hours
EAAT2 mRNA No changes D-JNKil No changes 24 hours

Table 4.1. Summary of results Chapter 4.

Summary o f  the data presented in this chapter. Highlighted in bold are results which reached a statistically 
significant difference.
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Figure 4.15 Mechanistic figure o f Chapter 4

T he in terac tion  o f  AP w ith astrocy tes induced  the activation  o f  N F kB and JN K  signalling  pathw ays. N F kB 

activation  w as p resen t at 24 hours and induced an increase  in p ro -in flam m ato ry  cy tok ines. JN K  activation  

w as only p re sen t at 40  m in and is not c lear the ro le it p lays in A(3-induced astrocy tic  activation . A possib le 

recep to r th rough  w hich  AP in te rac ts w ith  astrocy tes w ill be explored in C hap ter 5.
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Chapter 5
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5.1. Introduction

There is clear evidence indicating that astrocytes react to the presence o f Ap. Astrocytes 

are known to migrate and localize in the proximity o f amyloid plaques in AD (Nagele et 

al., 2004) and AP-containing astrocytes have been observed in the human entorhinal 

cortex (Thai et al., 2000). Moreover, it has also been reported that Ap activates (Garcia- 

Matas et al., 2010) and is degraded (Wyss-Coray et al., 2003) by astrocytes in vivo and in 

vitro.

Numerous proteins expressed on the cell surface of astroglial cells have been proposed to 

be involved in Ap binding (Farfara et al., 2008). RAGE binds to both monomeric and 

fibrillar forms of Ap, while CD36 and CD47 are reported to bind only to fibrils (Verdier 

et al., 2004) (Figure 5.1).

RAGE is a transmembrane protein and a member o f the immunoglobulin superfamily. 

RAGE identifies 3-dimensional structures o f proteins rather than specific amino acid 

sequences explaining why it has multiple ligands which include S I00 proteins, Ap and 

amphoterin (Han et al., 2011). SlOOp, in particular, has been linked to pathological 

changes in AD (Mori et al., 2010).

Another receptor present on astrocytes that has been considered to be involved in the 

pathophysiology o f AD is CD47. CD47 is a transmembrane protein, a member of the 

immunoglobulin superfamily, and the ligand for the extracellular region o f SIRPa. The 

interaction between CD47 and SIRPa is important for the regulation of migration and 

phagocytosis (Matozaki et al., 2009).

CD36 is a glycoprotein member o f the family o f scavenger receptors with diverse 

functions which include modulation o f behaviour, immunity and metabolism (Silverstein 

and Febbraio, 2009). CD36 has been reported to form a complex with CD47 and aePi 

integrin that interacts with fibrillar Ap (Koenigsknecht and Landreth, 2004), but CD36 

has also been shown to bind Ap on its own, activating microglia and inducing the 

production o f cytokines (Wilkinson et al., 2011).
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The aim o f  the study was to investigate the possible receptor through which Ap interacts 

with astrocytes and explore the signalling pathways and cytokines involved in this 

process.

5.2. Methods

Isolated astrocytes were obtained from the cortices o f  neonatal rats and plated into 24- 

well plates following the protocol detailed in section 2.6.3. Astroc>1;es were pre-treated 

with an anti-RAGE antibody (aR A G E ; 2.5|j.g/ml) or with SIOOP peptide (0.001|j.M) for 1 

hour and then were incubated in the presence o f AP or DMEM for 24 hours. Also, anti- 

CD47 (aC D 47; 2^g/m l), anti-SIR Pa (a S IR P a ; 2.5|ag/ml) and anti-CD 36 (aC D 36; 

2^g/m l) antibodies were incubated for I hour followed by A p or DMEM for 24 hours. 

IL -Ip , IL-6, TN Fa, M C P-I, RAGE, SIOOp, CD47 and SIR Pa mRNA prepared from the 

cell lysate were measured by PCR (see section 2.7. for details). The supernatant 

concentration o f  the cytokines was determ ined by ELISA (see section 2.8. for details). 

The phosphorylated forms o f  Ik B u and JNK were determ ined by western im m unoblotting 

(see section 2.10. for details).
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5.3. Results

5.3. Effects of Ap on cell-surface receptors in isolated rat cortical astrocytes

5.3.1. Effect o f  A p on RAGE in isolated rat cortical astrocytes

Ap has been shown to bind to several cell surface proteins; one of these is RAGE. To 

study the possibility that Ap exerts its effects by interacting with RAGE, isolated 

astrocytes were pre-treated with aRAGE (2.5ng/ml) for 1 hour and incubated in the 

presence o f Ap or DMEM for 24 hours. IL-ip, lL-6 and TNFa concentrations were 

measured in the supernatants and IL-ip, IL-6, TNFa and SlOOp mRNA were assessed in 

harvested cells. The phosphorylated form of iKBa and JNK were determined by western 

immunoblotting in samples o f cell lysate.

IL -ip mRNA was significantly increased in Ap-treated astrocytes compared with 

controls (p<0.01; ANOVA; Figure 5.2A); pre-treatment with aRAGE did not affect the 

Ap-induced increase in IL-ip mRNA (ANOVA; Figure 5.2A). IL -lp concentration was 

significantly increased in supernatants prepared from Ap-treated astrocytes (52.48 ± 

4.5pg/ml) compared with control astrocytes (24.46 ± 3.45pg/ml; p<0.001; ANOVA; 

Figure 5.2B); pre-treatment with aRAGE significantly attenuated the Ap-induced 

increase in IL -ip  (32.23 ± 2.32pg/ml; p<0.01; ANOVA; Figure 5.2B). 

lL-6 mRNA was significantly increased in AP-treated astrocytes compared with controls 

(p<0.05; ANOVA; Figure 5.2C); pre-treatment with aRAGE did not affect the AP- 

induced increase in lL-6 mRNA (ANOVA; Figure 5.2C). IL-6 concentration was 

significantly increased in supernatants prepared from AP-treated astrocytes (377.3 ± 

53.78pg/ml) compared with control astrocytes (127.7 ± 44.27pg/ml; p<0.01; ANOVA; 

Figure 5.2D); pre-treatment with aRAGE significantly attenuated the Ap-induced 

increase in IL-6 concentration (179.1 ± 51.66pg/ml; p<0.05; ANOVA; Figure 5.2D). 

TNFa mRNA was increased in AP-treated astrocytes but failed to reach statistical 

significance (ANOVA; Figure 5.2E); pre-treatment with aRAGE had no effect on TNFa 

mRNA (ANOVA; Figure 5.2E). TNFa concentration was significantly increased in 

supernatants prepared from Ap-treated astrocytes (34.47 ± 6.86pg/ml) compared with 

control astrocytes (10.59 ± 2.57pg/ml; p<0.01; ANOVA; Figure 5.2F); pre-treatment with
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aRAGE did not to attenuate the AP-induced increase in TNFa concentration (26.74 ± 

7.51pg/ml; ANOVA; Figure 5.2F).

Neither Ap nor a-RAGE affected SIOOP mRNA expression in isolated astrocytes 

(ANOVA; Figure 5.3).

iKBa phosphorylation was significantly increased in AP-treated astrocytes compared with 

controls (p<0.001; ANOVA; Figure 5.4B); pre-treatment with aRAGE significantly 

attenuated the AP-induced increase in p-lKBa (p<0.05; ANOVA; Figure 5.4B).

JNK phosphorylation was similar in AP-treated astrocytes compared with controls 

(ANOVA; Figure 5.5B) and pre-treatment with aRAGE had no significant effect on p- 

JNK in AP-treated astrocytes (ANOVA; Figure 5.5B).

5.3.2. Effect o f  SIOOPpeptide in isolated rat cortical astrocytes treated with Ap

SlOOp is a calcium-binding protein that acts as one o f the natural ligands o f RAGE. To 

study the relationship o f Ap with RAGE and RAGE intracellular pathways, isolated 

astrocytes were pre-treated with SIOOP peptide (0.00 l|aM) for 1 hour and incubated in 

the presence o f AP or DMEM for 24 hours. IL-ip, lL-6 and TNFa concentrations were 

measured in the supernatants and IL-ip, IL-6, TNFa and RAGE mRNA were assessed in 

harvested cells. The phosphorylated form of IkBu and JNK were determined by western 

immunoblotting in samples o f cells lysate.

IL -ip mRNA was significantly increased in AP-treated astrocytes compared with 

controls (p<0.001; ANOVA; Figure 5.6A); pre-treatment with SlOOp significantly 

attenuated the AP-induced increase in IL -ip mRNA (p<0.05; ANOVA; Figure 5.6A). IL- 

ip  concentration was significantly increased in supernatants prepared from AP-treated 

astrocytes (59.45 ± 13.97pg/ml) compared with control astrocytes (0 ± Opg/ml; p<0.001; 

ANOVA; Figure 5.6B); pre-treatment with SIOOP significantly attenuated the AP- 

induced increase in IL -ip concentration (32.56 ± 6.57pg/ml; p<0.05; ANOVA; Figure 

5.6B).

IL-6 mRNA was significantly increased in AP-treated astrocytes compared with controls 

(p<0.01; ANOVA; Figure 5.6C); pre-treatment with SIOOP did not affect the AP-induced 

increase in lL-6 mRNA (ANOVA; Figure 5.6C). IL-6 concentration was significantly
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increased in supernatants prepared from AP-treated astrocytes (1481 ± 447.8pg/ml) 

compared with control astrocytes (135 ± 30.62pg/ml; p<0.01; ANOVA; Figure 5.6D); 

pre-treatment with SlOOp significantly attenuated the Ap-induced increase in IL-6 

concentration (642.5 ± 219.2pg/ml; p<0.05; ANOVA; Figure 5.6D).

TNFa mRNA was not significantly changed in Ap-treated astrocytes (ANOVA; Figure 

5.6E); pre-treatment with SlOOp had no effect on TNFa mRNA (ANOVA; Figure 5.6E). 

TNFa concentration was increased in supernatants prepared from Ap-treated astrocytes 

(28.9 ± 14.52pg/ml) compared with control astrocytes (2.23 ± 1.48pg/ml) but the 

difference failed to reach statistical significance (ANOVA; Figure 5.6F); pre-treatment 

with SlOOp exerted no effect on TNFa concentration (32.96 ± 13.42pg/ml; ANOVA; 

Figure 5.6F).

Neither Ap nor SIOOP affected RAGE expression in astrocytes (ANOVA; Figure 5.7). 

iKBa phosphorylation was significantly increased in Ap-treated astrocytes compared with 

controls (p<0.01; ANOVA); pre-treatment with SlOOp attenuated the AP-induced 

increase in p-lKBa but the difference failed to reach statistical significance.

5.3.3. Effect o f  Afi on CD47 in isolated rat cortical astrocytes

CD47 is a transmembrane glycoprotein that interacts with integrins and CD36. To study 

the possibility that CD47 might mediate the effects o f Ap, isolated astrocytes were pre

treated with an anti-CD47 antibody (aCD47; 2|^g/ml) for 1 hour and incubated in the 

presence o f Ap or DMEM for 24 hours. IL-ip, IL-6 and TNFa concentrations were 

measured in the supernatants and IL-ip, IL-6, TNFa and MCP-1 mRNA were assessed in 

harvested cells.

IL-ip mRNA was increased in AP-treated astrocytes compared with controls (p<0.01; 

Student t-test for dependent means; Figure 5.8A); the analysis by ANOVA failed to 

identify a significant change but a Student t-test comparison between AP-treated 

astrocytes and controls achieved statistical significance. Ap-induced increase in IL-ip 

mRNA was further increased when astrocytes were pre-treated with aCD47 (p<0.05; 

ANOVA; Figure 5.8A). IL -ip concentration was increased in supernatants prepared from 

Ap-treated astrocytes (57.79 ± 17.41pg/ml) compared with control astrocytes (19.56 ±
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9.72pg/ml; p<0.01; Student t-test for dependent means; Figure 5.8B); Ap-induced 

increase in IL -ip concentration was further increased when isolated astrocytes were pre

treated with aCD47 (162.4 ± 11.43pg/ml; p<0.001; ANOVA; Figure 5.8B).

IL-6 mRNA was significantly increased in A^-treated astrocytes compared with controls 

(p<0.01; Student t-test for dependent means; Figure 5.8C); Ap-induced increase in IL-6 

mRNA was further increased when astrocytes were pre-treated with aCD47 (p<0.001; 

ANOVA; Figure 5.SC). IL-6 concentration was significantly increased in supernatants 

prepared from Ap-treated astrocytes (95.28 ± 19.95pg/ml) compared with control 

astrocytes (48.56 ± 16.4pg/ml; p<0.01; Student t-test for dependent means; Figure 5.8D); 

AP-induced increase in IL-6 concentration was further increased when astrocytes were 

pre-treated with aCD47 (550.9 ± 51.15pg/ml; p<0.001; ANOVA; Figure 5.8D).

TNFa mRNA was not affected in Ap-treated astrocytes (ANOVA; Figure 5.8E); pre

treatment with aCD47 significantly increased TNFa mRNA in AP-treated astrocytes 

(ANOVA; Figure 5.8E). TNFa concentration was increased in supernatants prepared 

from AP-treated astrocytes (55.26 ± 22.75pg/ml) compared with control astrocytes (32.96 

± 13.42pg/ml) but the difference failed to reach statistical significance (ANOVA; Figure 

5.14B); pre-treatment with aCD47 exerted no significant effect on TOFa concentration 

(96.56 ± 27.09pg/ml; ANOVA; Figure 5.8F).

MCP-1 mRNA was significantly increased in AP-treated isolated astrocytes compared 

with controls (p<0.001; Student t-test for dependent means; Figure 5.9); the AP-induced 

increase in MCP-1 mRNA was further increased when astrocytes were pre-treated with 

aCD47 (p<0.001; ANOVA; Figure 5.9).

5.3.4. Effect o f  Ap on SIRPa in isolated rat cortical astrocytes

SIRPa is a signal-regulatory protein, member o f the immunoglobulin superfamily capable 

o f binding to CD47. To investigate the possibility that SIRPa may mediate the effects of 

Ap, isolated astrocytes were pre-treated with an anti-SIRPa antibody (aSIRPa; 2.5ng/ml) 

for I hour and incubated in the presence o f AP or DMEM for 24 hours. IL-ip, IL-6 and 

TNFa concentrations were measured from the supernatants and IL-ip, IL-6, TNFa and 

MCP-I mRNA were assessed in harvested cells.
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IL -ip  m RNA was significantly increased in AP-treated astrocytes com pared with 

controls (p<0.001; ANOVA; Figure 5.10A); pre-treatm ent with aS lR P a did not affect the 

AP-induced increase in IL -ip  mRNA (ANOVA; Figure 5.10A). IL -ip  concentration was 

significantly increased in supernatant prepared from Ap-treated astrocytes (81.14 ± 

14.21pg/ml) com pared with control astrocytes (11.13 ± 4.94pg/m l; p<0.001; ANOVA; 

Figure 5.1 OB); pre-treatm ent with aS IR P a significantly attenuated the Ap-induced 

increase in IL -ip  concentration (47.0 ± 10.53pg/ml; p<0.05; ANOVA; Figure 5.10B).

IL-6 mRNA was significantly increased in Ap-treated astrocytes com pared with controls 

(p<0.001; A NO VA; Figure 5 .IOC); pre-treatm ent with aS lR P a did not affect the AP- 

induced increase in IL-6 mRNA (ANOVA; Figure 5 .IOC). lL-6 concentration was 

significantly increased in supernatant prepared from Ap-treated astrocytes (105.5 ± 

23.64pg/m l) com pared with control astrocytes (3.40 ± 3.14pg/ml; p<0.001; ANOVA; 

Figure 5.10D); pre-treatm ent with aS IR P a attenuated the A p-induced increase in IL-6 

concentration (79.33 ± 11.8pg/ml) but the difference failed to reach statistical 

significance (A N O VA; Figure 5.10D).

TN Fa m RNA was significantly increased in AP-treated astrocytes com pared with 

controls (p<0.05; ANOVA; Figure 5.10E); pre-treatm ent with aS IR P a failed to attenuate 

the A P 'induced increase in TN Fa mRNA in Ap-treated astrocytes (ANOVA; Figure 

5.10E). T N F a concentration was increased in supernatant prepared from Ap-treated 

astrocytes (40.89 ± 12.24pg/ml) com pared with control astrocytes (7.96 ± 6.45pg/m l) but 

the difference failed to reach statistical significance (ANOVA; Figure 5.1 OF); pre

treatment with aS IR Pa exerted no significant effect on the Ap-induced increase in TN Fa 

concentration (24.83 ± 14.72pg/ml; ANOVA; Figure 5.10F).

N either Ap nor aS IR P a affected the expression o f CD47 in astrocytes (ANOVA; Figure 

5.11).
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5.3.5. Effect o f  Afi on CD36 in isolated rat cortical astrocytes

CD36 is a glycoprotein member o f the family o f scavenger receptors with signal 

transduction and cell adhesion functions. To investigate the possibility that CD36 may 

mediate the effects o f Ap, isolated astrocytes were pre-treated with an anti-CD36 

antibody (aCD36; 2|ig/ml) for 1 hour and incubated in the presence o f Ap or DMEM for 

24 hours. IL-ip, lL-6 and TNFa concentrations were measured from the supernatants and 

IL-ip, IL-6, TNFa, CD47 and SIRPa mRNA were assessed in harvested cells.

IL -ip mRNA was significantly increased in aCD36-treated but not in Ap-treated 

astrocytes compared with controls (p<0.001; ANOVA; Figure 5.12A); pre-treatment with 

aCD36 significantly increased IL -ip  mRNA in Ap-treated astrocytes (p<0.001; ANOVA; 

Figure 5.12A). IL-lp concentration was significantly increased in supernatants prepared 

from AP-treated astrocytes (11.63 ± 4.06pg/ml) compared with control astrocytes (0.11 ± 

O .llpg/m l; p<0.05; Student t-test for dependent means; Figure 5.12B); the Ap-induced 

increase in IL -ip concentration was further increased when astrocytes were pre-treated 

with aCD36 (78.01 ± 19.63pg/ml; p<0.01; ANOVA; Figure 5.12B).

IL-6 mRNA was significantly increased in aCD36-treated but not in AP-treated 

astrocytes compared with controls (p<0.01; ANOVA; Figure 5.12C); pre-treatment with 

aCD36 significantly increased IL-6 mRNA in Ap-treated astrocytes (p<0.01; ANOVA; 

Figure 5.12C). IL-6 concentration was significantly increased in supernatants prepared 

from Ap-treated (140.3 ± 7.3pg/ml; p<0.01; Student t-test for dependent means; Figure 

5.21B) and aCD36-treated (1450 ± 45.83pg/ml; p<0.001; ANOVA; Figure 5.I2D) 

astrocytes compared with control astrocytes (50.87 ± 22.86pg/ml). Ap-induced increase 

in lL-6 concentration was further increased when astrocytes were pre-treated with aCD36 

(1843 ± 155.3pg/ml; p<0.00l; ANOVA; Figure 5.12D).

TNFa mRNA was significantly increased in aCD36-treated but not in Ap-treated 

astrocytes compared with controls (p<0.05; ANOVA; Figure 5.12E); TNFa mRNA was 

significantly attenuated in Ap-treated astrocytes pre-treated with aCD36 compared with 

control Ap-treated astrocytes (p<0.01; ANOVA; Figure 5.12E). TNFa concentration was 

significantly increased in supernatants prepared from aCD36-treated (385.6 ± 

41.47pg/ml; p<0.001; ANOVA; Figure 5.12F) but not from AP-treated (4.04 ± 

2.27pg/ml; ANOVA; Figure 5.12F) astrocytes compared with control astrocytes (0.12 ±
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0.12pg/ml). Ap-induced increase in TNFa concentration was further increased when 

astrocytes were pre-treated with aCD36 (378.6 ± 37.22pg/ml; p<0.001; ANOVA; Figure 

5.12F).

CD47 mRNA was significantly increased in aCD36-treated but not in Ap-treated 

astrocytes compared with controls (p<0.05; ANOVA; Figure 5.13A). Neither Ap nor 

aCD36 affected the mRNA expression o f SIRPa in astrocytes (ANOVA; Figure 5.13B).

5.3.6. Ejfects o f  simultaneous addition o f  aCD36 and aCD47 on Afi-treated isolated rat 

cortical astrocytes

To further study the relationship of Ap with the CD36/CD47 complex, isolated astrocytes 

were pre-treated simultaneously with aCD36 (2^g/ml) and aCD47 (2|ig/ml) for 1 hour 

and incubated in the presence o f Ap or DMEM for 24 hours. IL-6 and TNFa 

concentration was measured in the supernatants.

IL-6 concentration was significantly increased in supernatants prepared from AP-treated 

astrocytes (400.6 ± 81.39pg/ml; p<0.05; ANOVA; Figure 5.14A) and astrocytes 

incubated in the presence of aCD36+aCD47 (586.9 ± 54.04pg/ml; p<0.001; ANOVA; 

Figure 5.14A) compared with non-stimulated controls (222.2 ± 6S.13pg/ml). AP-induced 

increase in lL-6 concentration was further increased when astrocytes were pre-treated 

with aCD36+aCD47 (738.8 ± 62.83pg/ml; p<0.001; ANOVA; Figure 5.14A).

TNFa concentration was significantly increased in supernatants prepared from Ap-treated 

astrocytes (75.07 ± 9.51pg/ml; p<0.001; Student t-test for dependent means; Figure 

5.14B) and astrocytes incubated in the presence of aCD36+aCD47 (481.9 ± 34.28pg/ml; 

p<0.001; ANOVA; Figure 5.14B) compared with non-stimulated controls (0.0 ± 

O.Opg/ml). Ap-induced increase in TNFa concentration was further increased when 

isolated astrocytes were pre-treated with aCD36+aCD47 (514.3 ± 36.85pg/ml; p<0.001; 

ANOVA; Figure 5.148).
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5.4. Discussion

The objective o f  this study was to explore the interaction o f  Ap with different m em brane 

receptors present in astrocytes. The data show that incubation in the presence o f an anti- 

RAGE antibody significantly attenuated the A p-induced increase in IL -ip , IL-6 and IkBu 

phosphorylation. Incubation o f  astrocytes with anti-CD36 or anti-CD47 antibodies 

induced a pro-inflam m atory response and augm ented the AP-induced increase in 

cytokines (Table 5.1).

One o f  the most interesting findings in this study is that treatm ent with an anti-RAG E 

antibody significantly attenuated the AP-induced increase in pro-inflam m atory cytokines 

released from cultured astrocytes. RAGE is a transm em brane receptor, m em ber o f  the 

im munoglobulin superfam ily, present in the nervous system on astrocytes, m icroglia, 

neurons, endothelial cells and smooth muscle cells (Yan et al., 2009). It has been shown 

that RAGE binds to Ap resuhing in cellular oxidative stress, chem otaxis and cytokine 

production (Yan et al., 1996). In human brain tissue, individuals with AD presented 

astrocytes containing co-localized AGE-, RAGE- and AP- positive granules as opposed 

to brains from control individuals and diabetes mellitus individuals which not (Sasaki et 

a!., 2001). The results obtained in this work are consistent with these previously-reported 

observations which indicate that RAGE is a binding site for Ap. Interestingly, RAGE has 

been suggested to work as a transporter o f  AP into the brain, while LRP transports it out 

(D onahue et al., 2006). A dditionally, RAGE has been reported to be involved in the 

production o f  Ap as shown by Cho and colleagues (2009) in an AD m ouse model, where 

it stimulated the expression o f BA CEl through activation o f  nuclear factor o f  activated 

T-cells I (N F A T l), resulting in increased production and deposition o f  AP in the brain 

(Cho et al., 2009).

In the present work, IL -ip  and IL-6, but not TN Fa m RNA were increased by AP and 

release o f  IL -ip  and IL-6 were consistently observed, though release o f  TN Fa was not. 

The data indicate that the effect o f  Ap on release o f  IL - ip  and IL-6 was inhibited by anti- 

RAGE though m RNA was not affected. This suggests that RAGE m ediates the Ap- 

induced effect on release rather than on transcription. Production and release o f  cytokines 

and pro-inflam m atory agents through activation o f  RAGE has been reported before; in
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plasma obtained from aged humans, elevated endogenous secretory RAGE 

concentrations were associated with elevated IL-6 and reduced lL-1 receptor antagonist 

(Crasto et al., 2011). Kokkola and colleagues (2005), reported that HMGBl induced the 

production o f TNFa and NO through RAGE activation in rat macrophages and that 

RAGE'^‘ mice, stimulated with HM GBl, had a 70% reduction in the production o f IL-ip, 

IL-6 and TNFa compared with HM GBl-stimulated wild type mice, but still significantly 

higher than non-stimulated controls (Kokkola et al., 2005). Yan and colleagues (2000), 

showed that treatment with an anti-RAGE antibody inhibited the accumulation o f serum 

amyloid A and decreased IL-6 in in vivo and in vitro mouse models (Yan et al., 2000). 

Functional inactivation o f RAGE and deficiency o f RAGE signalling in mouse microglia 

significantly suppressed AP-induced IL-ip production (Origlia et al., 2010). Although the 

investigations previously mentioned were not done in astroglia, the findings are 

consistent with and can be extrapolated to the results presented in this study regarding 

cytokine production through stimulation o f RAGE in astrocytes. In the present work, IL- 

ip  and IL-6 showed differences in expression and release compared with TNFa, this 

could be explained by evidence that indicates TNFa may have different activation 

pathways from other cytokines, such as IL-6, when induced through RAGE. Treatment of 

microglial mouse cells, stimulated with chicken albumin, with an anti-RAGE antibody, 

showed downregulation o f NO, TNFa and IL-6, reporting differential pathways for TNFa 

and IL-6 since NOS inhibitors did not decreased TNFa secretion but reduced 

significantly IL-6 secretion (Dukic-Stefanovic et al., 2003). Another possible explanation 

involves the time of production and release of cytokines, as it has been shown that TNFa 

is induced at an earlier time than IL-ip or IL-6 (Kim et al., 2002); is possible that TNFa 

values are already in decline at 24 hours explaining why changes in TNFa induced by Ap 

stimulation observed in this study are not reliable. Microglial cells, not astrocytes, are 

regarded as the main source o f TNFa and NO within the brain (Delgado et al., 1998).

Treatment with an anti-RAGE antibody significantly attenuated the AP-induced increase 

in phosphorylated iKBa while, as expected in this study, neither Ap nor aRAGE had any 

effect on phosphorylated JNK. RAGE activation o f the N FkB pathway has been reported 

before; Du Yan and colleagues (1997) shown that Ap binds to RAGE inducing M-CSF 

expression through NFKB-dependent pathway activation in human neuroblastoma cells
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(Du Yan et al., 1997). M oreover, it has been observed that oxidative stress induces 

activation o f the RAGE-N FkB pathway in m uscle biopsy samples from patients with 

facioscapulohum eral m uscular dystrophy (M acaione et al., 2007). In diabetic neuropathy, 

RA GE-dependent sustained activation o f  N F kB contributed to reduced nociception 

(Lukic et al., 2008). Additionally, the use o f  an anti-RA GE antibody inhibited N F kB 

activation in microglial m ouse cells and down-regulated the production o f  NO, IL-6 and 

TN F-a (Dukic-Stefanovic et al., 2003). As both RAGE and N F kB are present in 

astrocytes, is reasonable to suggest that the AP-induced pro-inflam m atory effects 

observed in this study involved activation o f  the RA GE-N FkB pathway.

In this study, astrocytes were treated with SlOOp, which is a ligand for RAGE, in order to 

com pare its effects on RAGE and cytokine production with those o f  Ap. SIOOP peptide, 

in contrast to Ap, did not induce a pro-inflam m atory response, as IL -ip , IL-6 and TN Fa 

were not changed in S 1 OOP-treated astrocytes com pared with controls. In fact, treatm ent 

with SIOOP peptide significantly attenuated the AP-induced increase in IL -ip  and IL-6 

and also reduced the AP-induced increase in phosphorylated IkBu but w ithout reaching 

statistical significance. SIOOP is a calcium -binding protein abundant in glial cells, 

including astrocytes, and implicated in a diverse range o f  intracellular functions involving 

protein phosphorylation, regulation o f  cytoskeleton constituents, protection form 

oxidative damage, inflam m ation and cell proliferation (Donato, 1999). SIOOP is also one 

o f  the described ligands for RAGE and has been shown to activate N F kB pathway 

through RAGE (Huttunen et al., 2000). In this study, SlOOp and Ap showed different 

effects when activating RAGE and its subsequent intracellular cascades; this m ay be 

explained by the following observations. RAGE is a m ulti-ligand receptor that binds 

ligands through different m echanism s m aking it a prom iscuous receptor; SlOOp is 

recognized by RAGE through an entropic process involving hydrophobic interaction 

dependent on Ca^"  ̂ while RAGE interaction with advanced glycation end products (AGE) 

is dependent on negative charges recognition o f AGE-proteins (Park et al., 2010). The 

particular structural characteristics o f  RAGE and the varied nature o f  its ligands m ay help 

explain why RAGE can activate num erous signalling cascades which include N F kB, 

M AP kinase and Jak/STAT am ong others (Han et al., 2 0 1 1). It has been suggested that 

specific signalling cascades activated by ligand-RAGE interaction reflect both cell type
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and duration o f  cellular stimulation and that the “form ” in which ligands are presented to 

the receptor m ay impact on the specific pathways triggered through RAGE activation 

(Clynes et al., 2007). M oreover, it has been reported that S l O O p  and Ap have different 

binding sites in RAGE, with S l O O p ,  AGEs, Ap oligomers and transthyretin binding to the 

V dom ain w hile AP aggregates bind to the C l dom ain (Leclerc et al., 2010). S l O O p  

induces different cellular responses through RAGE that can vary from trophic to toxic 

according to the concentration. It has been shown that S l O O p  at nM concentrations 

stimulates astrocyte proliferation (Selinfreund et al., 1991) and neurite outgrow th (Haglid 

et al., 1997), w hile at concentrations becomes toxic to neurons (Hu et al., 1997) and 

astrocytes (Hu et al., 1996). Businaro and colleagues (2006), showed that S l O O p  at nM 

concentration protects human LAN-5 neuroblastom a cells from Ap, while at |iM  

concentrations not only S I O O P  was cytotoxic by itself, but it also was additive to the 

negative effects o f  Ap (Businaro et al., 2006). Furthermore, incubation o f  cultured 

astrocytes with S l O O p  induced an increase in IL-6 and TN Fa secretion in a concentration- 

and time- dependent manner, with IL-6 reaching peak levels at 32 hours while TN Fa did 

so earlier at 6 hours (Ponath et al., 2007). In the present study, astrocytes were incubated 

with S l O O p  at nM  concentrations and consistent with the literature, S l O O p  attenuated the 

Ap-induced inflam m ation possibly indicating a protective response. This may also help 

explain why RAG E-m ediated cellular responses can vary from pro-inflam m atory (Ap) to 

anti-inflam m atory ( S I O O P ) .

In this study, blocking CD47 receptor in astrocytes with an anti-CD 47 antibody, 

significantly augm ented the AP-induced increase in IL -ip , IL-6 and M CP-1, but not in 

TNFa. CD47 has been implicated in the pathophysiology o f AD as a consequence o f its 

capacity to bind A p (V erdier et al., 2004). CD47, a transm em brane protein present in 

astrocytes (Junker et al., 2009), is also a ligand for the extracellular region o f  SIRPa 

(Jiang et al., 1999) and associates with different integrins (Brown and Frazier, 2001). 

Sick and colleagues (2011), reported that activation o f  CD47 with 4 N I, a CD47 agonist 

derived from the C-term inal domain o f thrombospondin-1 (T SP-I), caused increased 

proliferation o f  hum an U87 and U373 astrocytom a cells but not norm al astrocytes, 

although expression levels were sim ilar in the three cell types (Sick et al., 2011). Ligation 

o f  CD47 by TSP-1, 4N1 and 1F7 (another CD47 binding partner) induced G,a-dependent,
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but caspase-independen t, apop tosis in activa ted  T cells (M anna and Frazier, 2003). Red 

blood cells lacking C D 47 w ere phagocy tosed  by sp len ic  m acrophages w hile  the b ind ing  

o f  C D 47  to S lR P a  prevented  the rem oval o f  red b lood  cells, ind icating  C D 47 as a 

“m arker o f  s e l f ’ in these cells (O ldenborg  et al., 2000). In terestingly , suppression  in the 

p roduction  o f  p ro -in flam m ato ry  cy tok ines in dendritic  cells, including IL - 6  and T N F a, 

and preven tion  o f  the  pheno typ ic  and  functional changes associa ted  w ith  dendritic  cell 

m atu ra tion  has been reported  after ligation  o f  C D 47 to  T S P  (D em eure et al., 2000). It w as 

suggested  in m icroglia l cells tha t C D 47  in teraction  w ith  A p involves the  co n stitu tion  o f  a 

m ultirecep to r com plex  including  C D 36, C D 47  and aeP i-in teg rin  w hich  m ediate  the 

b ind ing  o f  A p fib rils and the ac tivation  o f  in tracellu lar signalling  pathw ays (B am b erg er et 

al., 2003). A m ore recent study  by M iller and  co lleagues (2010) using  bovine, m urine  and 

hum an cells, p roposed  that A p inh ib ition  o f  cG M P -dependen t signalling  requ ires the 

presence o f  C D 47; how ever, it w as suggested  that C D 36  is the recep to r w hich  interacts 

d irectly  w ith  A p  instead o f  C D 47, as A p w as unable to d isp lace the S lR P a /C D 4 7  ligation 

(M iller et al., 2010). A sim ilar find ing  w as reported  by P ersaud -S aw in  and co lleagues 

(2009), w here  recru itm en t o f  C D 36, but not C D 47, to  lipids rafts w hich are considered  to 

be necessary  for m icroglia l phagocy tosis o f  A P i.4 2 , suggests that C D 47, if  involved, m ay 

act m ain ly  as a negative regu la to r o f  m icrog lia l phagocy tosis  (P ersaud-S aw in  et al., 

2009). T hese prev ious reports indicate th a t C D 47  possess a m ain ly  regu la to ry  function  

and tha t the nature o f  its response is h ig h ly  dependen t on its b ind ing  partnersh ip . This 

agrees w ith  the data o f  the  p resen t study  w here  C D 47 seem s to  be exerting  a m odula to ry  

effect on astrocy tic  in flam m atory  cy tok ine  production .

In th is study, trea tm en t o f  astrocy tes w ith  an an ti-S IR P a  an tibody  show ed  a sign ifican t 

reduction  in the A p-induced  increase in IL - ip  and a m odera te  decrease in IL - 6  and T N F a  

but had no e ffec t on C D 47 expression . A s m entioned  prev iously , the associa tion  o f  

S IR P a  w ith  C D 47  is critical in the  recogn ition  and c learance o f  red blood  cells 

(O ldenborg  et al., 2000), but th is is no t the on ly  regu la to ry  function  ascribed  to  this 

partnersh ip  as C D 4 7 -S IR P a  in teraction  w as observed  to  regulate  the  h om eostasis  o f  

hum an N K  cells, T  cells and eo sinoph ils  (L egrand et al., 2011, V erjan  G arc ia  et al., 

2011). C D 47 and S IR P a  in teract w ith  each  o ther th rough  th e ir  ex trace llu lar reg ions and 

are th o ugh t to  initiate in tracellu lar s ignalling  in a b id irectional m anner (K usakari et al.,
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2008). S IR P a cy top lasm ic  region binds to  SH P initiating  in tracellu lar responses 

stim u la ted  by d iffe ren t factors such as C D 47 ligation or cy tok ines (van  B eek  et al., 2005). 

S IR P a  is considered  a negative regulator o f  cellu lar s ignalling  bu t ev idence  in the 

lite ra tu re  ind icates it is involved in the activation  o f  certain effec to r functions as show n in 

m acrophages w here  S IR P a prom oted  the production  o f  N O  via S IR P a-asso c ia ted  JA K 2 

(A lb las et al., 2005). A dditionally , it has been reported tha t S IR P a  can be a positive 

reg u la to r for the deve lopm en t o f  T h I7 -re la ted  au to im m une patho log ies and the 

dev e lo p m en t o f  dendritic  cells (M atozaki et al., 2009). D ata from  the p resen t study 

suggest tha t S IR P a  m ay be involved in a p ro -in flam m atory  reaction  increasing  prim arily  

IL - ip  w hen  astrocy tes are stim ulated  w ith Ap.

The da ta  p resen ted  here indicated  that b locking  C D 36 recep to r in astrocy tes w ith  an an ti- 

C D 36  an tibody  sign ifican tly  increased the production  o f  p ro -in flam m ato ry  cy tok ines and 

augm en ted  the A p-induced  increase in IL -ip , IL - 6  and T N F a . M oreover, aC D 3 6 - 

trea tm en t increased C D 47 expression  but not S IR P a expression . S IR P a  (also  know n as 

C D  172a) has been found to  be expressed  in neural p rogen ito r ce lls  (V ogel e t al., 2003), 

neurons and in astrocytes (S ergen t-T anguy  et al., 2006). T here  is s ign ifican t ev idence 

ind ica ting  C D 36  as a recep to r for AP fibrils and its partic ipa tion  in initiation  o f  

in tracellu lar s ignalling  cascades in m icroglia and m acrophages (M oore et al., 2002). 

C D 36  exp ression  correla ted  w ith  the presence o f  am yloid  p laques bu t no t w ith  A D  in 

brain sam ples taken  from  hum an frontal cortices o f  cogn itively  norm al ind iv iduals w ith 

d iffuse am ylo id  p laques and o f  A D  patients (R icciarelli e t al., 2004). A part from  the 

a lready -m en tioned  C D 36/C D 47/a6P i-in tegrin  com plex, C D 36  has been associa ted  w ith 

ano ther he tero trim eric  com plex  involv ing  T L R 4 and T L R 6  tha t signals th rough N FkB  

and induces a p ro -in flam m ato ry  response w hen in the p resence  o f  A p in m acrophages 

(S tew art et al., 2010). U rsolic  acid has been reported  to inh ib it the associa tion  o f  A p w ith 

C D 36  a ttenuating  m icroglia l A p-induced  activation  ev idenced  by  a reduction  in the 

production  o f  R O S (W ilk inson  et al., 2011). P re-treatm ent o f  m icrog lia l cells w ith 

an tibod ies against C D 36 or the C D 36  ligand TSP-1 blocks the in teraction  betw een  C D 36 

and fib rilla r A P resu lting  in inhibition  o f  ROS and hydrogen p e rox ide  p roduction  (C oraci 

et al., 2002). In addition , C D 36  seem s to  be critical in the regu la tion  o f  N A D P H  ox idase- 

dependen t v ascu lar ox idative  stress and neurovascular dysfunction  induced  by A p i . 4 0  in
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mice (Park et al., 2011). Although most reports in the literature associate CD36 with pro- 

inflam m atory activation, there is evidence indicating that CD36 may have immune 

m odulatory actions as well. Bottcher and colleagues (2006) reported that when 

m acrophages are engaged in phagocytosis CD36 can suppress proinflam m atory cytokine 

signalling in hum an apoptotic cells (Bottcher et al., 2006). PPARy agonists are known to 

inhibit production o f  m onocytes inflam m atory cytokines (Jiang et al., 1998a) and also 

PPARy has been shown to regulate the expression o f  CD36 (Tontonoz et al., 1998). 

Asada and colleagues (2004), showed that activation o f  PPARy expressed in hum an 

alveolar macrophage, led to inhibition o f LPS-induced T N F-a production and induction 

o f  CD36 expression (Asada et al., 2004). M oreover, a link between the anti-inflam m atory 

cytokine lL-10 and CD36 has been proposed as CD36 may directly induce the production 

o f  lL-10 (Parsons et al., 2008). In this study, CD36 seems to behave in a sim ilar manner 

to CD47, exerting a m odulatory effect on the production o f  pro-inflam m atory cytokines.

It is concluded from the present data that the interaction o f  A(3 with RAGE triggers the 

N F kB pathway in astrocytes and increases the production o f  pro-inflam m atory cytokines 

IL -ip  and IL-6 but not TNFa. The Ap-induced response was partially mimicked when 

astrocytes were incubated with SIOOP peptide, suggesting that the interaction o f SIOOP at 

nM concentration with RAGE exerts a m odulatory response indicating a possible 

protective role. In contrast, CD36 and CD47 interact with Ap in a sim ilar way, pointing 

to a shared m odulatory effect o f  these surface proteins on the production o f  inflam m atory 

cytokines in astrocytes. This was supported with the increase in lL-6 and T N Fa observed 

when A p-stim ulated  astrocytes were sim ultaneously pre-treated with a-CD 36 and 

aCD 47. Crosstalk between RAGE pro-inflam m atory signalling and CD 36 and CD47 

m odulatory signalling in Ap-treated astrocytes requires further exploration (Figure 5.15).
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C)

Figure 5.1 RAGE, CD36 and CD47 receptors.

Numerous astrocytic receptors have been proposed to bind Ap. RAGE, CD36 and CD47 were explored in 
this study.

A) RAGE is a 45kDa transmem brane protein mem ber o f  the im munoglobulin superfamily. It structure 
consists o f  an extracellular variable V-domain. two extracellular constant C type domains, a single 
transmem brane region and a short C-terminal cytoplasmic tail.

B) CD36 is an 88kDa glycoprotein member o f  the family o f  scavenger receptors. It is composed o f  a large 
extracellular loop and two transmem brane a-helices, one at the amino and the other at the carboxi termini.

C) CD47 is a 47-52kD a transmem brane protein mem ber o f  the im munoglobulin superfamily. It possesses a 
single IgV-like domain at its N-terminus, a hydrophobic stretch with five mem brane-spanning segments 
and an alternatively-spliced cytoplasmic C-terminus.
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Figure 5.2 Anti-RAGE antibody attenuated the A^-induced increase in IL -ip  and IL-6 in isolated  
astrocytes

A strocytes obtained from the cortices o f  neonatal W istar rats were cultured in the presence o f  a  cocktail o f  A p ,.4 o 
(4 .2nM ) and A Pi .4 2  (5 .6 |iM ) follow ing 1 hour pre-treatm ent w ith an anti-RA G E antibody (oRA G E; 2 ,5 |ig /n il). A fter 
24 hours, IL -ip , lL - 6  and T N F a  m R N A  and supernatant concentration o f  IL - ip , lL - 6  and T N F a w ere determ ined by 
PCR and ELISA, respectively. D ata are presented as m eans ± SEM.

A ) M ean IL - lp  m RN A  was significantly  increased in A p-treated astrocytes com pared with controls (**p<0.01 vs. 
controls). P re-treatm ent w ith aR A G E  failed to attenuate the A p-induced increase in IL - lp  m RN A  (A N O V A  F(3 ,2 ) 
= 18.13, p<O.OOOI; n=5). B) M ean IL - ip  concentration w as significantly  increased in supernatant obtained from  A p- 
treated astrocytes com pared w ith controls (***p<O.OOI vs. controls). Pre-treatm ent w ith aR A G E  significantly  
attenuated the A P-induced increase in IL - lp  concentration (” p<0.01 vs. A p controls; A N O V A  F ^  12) =17.31, 
p=0.0001; n=5).
C ) M ean IL - 6  m RN A  w as significantly  increased in A P-treated astrocytes com pared w ith controls ('''p<0.05 vs. 
controls). P re-treatm ent w ith aR A G E  failed to attenuate the A P-induced increase in IL - 6  m R N A  (A N O V A  F(3 9 ) 
=  10.10, p = 0 .0 0 3 l; n=4). D) M ean IL - 6  concentration was significantly increased in supernatant obtained from Ap- 
treated astrocytes com pared w ith controls (**p<0.01 vs. controls). Pre-treatm ent w ith aR A G E  significantly  attenuated 
the A P-induced increase in IL - 6  concentrafion (^p<0.05 vs. AP controls; A N O V A  F(3 js) =7.404, p=0.0029; n= 6 ).
E ) M ean T N F a m RN A  was not affected by treatm ent w ith Ap or aR A G E  in astrocytes (A N O V A  F p  1 2 ) =3.752, 
p=0.041; n=5). F) M ean T N F a  concentration w as significantly  increased in supernatant obtained from  A P-treated 
astrocytes com pared w ith controls (*p<0.05 vs. controls). P re-treatm ent w ith aR A G E failed to attenuate the AP- 
induced increase in T N Fa concentrafion (A N O V A  F(3 , 9 ) =3.514, p=0.035; n = 6 ).
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Figure 5.3 Anti-RAGE antibody had no effect on SlOOp mRNA expression in Ap* 
treated isolated astrocytes

A stro cy tes w ere  incubated in the presen ce  o f  A(3 fo llo w in g  1 hour pre-treatm ent w ith  aR A G E  antibody  

(2 .5 |ig /m l) . A fter  2 4  hours, S I 00(3 m R N A  prepared from harvested  c e lls  w a s determ in ed  by PC R . D ata are 

presented  as m ean s ±  SE M .

M e a n  SlOOp m R N A  w as not a ffected  by treatm ent w ith  A(3 or aR A G E  in astrocytes (A N O V A  F(3 1 2 ) 

= 0 .8 0 2 , p = 0 .5 16; n = 5).
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Figure 5.4 Anti-RAGE antibody attenuated the Ap-induced increase in piKBa in 
isolated astrocytes

Astrocytes were incubated in the presence o f  Ap follow ing 1 hour pre-treatment with aR A G E antibody 

(2 .5ng/m l). IkB q phosphorylation was determined by western im m unoblotting. Data are presented as 
m eans ±  SEM.

A ) Sam ple im m unoblots indicating density o f  p -IkB o (40kD a) and P-actin (42kD a).

B) p-lKBa was significantly increased in cell lysates prepared from Ap-treated astrocytes compared with 
controls (* * ’''p<0.001 vs. controls). Pre-treatment with aR A G E significantly attenuated the AP-induced  
increase in p-lK B a (^p<0.05 vs. Ap controls; A N O V A  F ( 3  9 ) =26 .03 , p<0.0001; n=4). Values are expressed  

in arbitrary units (a.u.) obtained from calculating the ratio o f  p-lK B a to P-actin provided by densitometric  

analysis.
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Figure 5.5 Anti-RAGE antibody had no effect on pJNK in Ap-treated isolated 
astrocytes

A strocy tes w ere incubated  in the  p resence o f  A(3 follow ing 1 hour p re-treatm en t w ith aR A G E  antibody 

(2 .5 |ig /m l). IN K  p h o sp h ory la tion  w as de term ined  by w estern  im m unoblo tting . D ata  are p resen ted  as m eans 
± S E M .

A ) Sam ple  im m u n o b lo ts  ind ica ting  density  o f  p -JN K  (upper band: 54kD a; low er band: 46kD a) and P-actin  
(42kD a).

B) p -JN K  w as no t a ffec ted  by trea tm en t w ith A p or aR A G E  in A P-treated  astrocy tes (A N O V A  F (3  3 5 ) 
= 0 .449 , p= 0 .719 ; n=10. V alues are expressed  in a rb itrary  units (a .u .) ob tained  from  calcu la ting  the ra tio  o f  
p-JN K  to P-actin  p ro v id ed  by densitom etric  analysis.
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Figure 5.6 SlOOp attenuated the AP-induced increase in IL -ip  and IL-6 in isolated astrocytes

A stro cy tes  w ere  in c u b a ted  in th e  p re sen c e  o f  A p  fo llo w in g  1 h o u r p re - tre a tm e n t w ith  SlO O p p ep tid e  (0  O O luM ). A fte r 
24  ho u rs , I L - ip ,  IL -6  and  T N F a  m R N A , p re p a re d  Iro m  h a rv e s te d  ce lls  an d  su p e rn a ta n t c o n ce n tra tio n  o f  I L - ip ,  IL -6  
and  T N F a  w e re  d e te rm in e d  by  PC R  an d  E L IS A , re sp ec tiv e ly . D a ta  a re  p re sen te d  as m ea n s  ±  S E M

A ) M ean  I L - ip  m R N A  w as s ig n ific a n tly  in c rea se d  in A p -trea te d  a stro cy tes  c o m p a re d  w ith  co n tro ls  (*** p < 0 .0 0 1  vs. 
co n tro ls). P re - tre a tm en t w ith  SIOOP s ig n ific a n tly  a tte n u a te d  th e  A P -in d u ced  in c rea se  in I L - ip  m R N A  (*p< 0 .05  vs. A p  
co n tro ls ; A N O V A  F(3 , 2 ) = 1 5 .8 9 , p = 0 .0 0 0 2 ; n= 5). B ) M ean  IL - ip  c o n ce n tra tio n  w as s ig n ific an tly  in c re a se d  in
su p e rn a ta n t o b ta in e d  fi’o m  A P -trea ted  a s tro cy tes  c o m p a re d  w ith  co n tro ls  (* * * p < 0 .0 0 1  vs. con tro ls). P re - tre a tm en t w ith  
Sloop s ig n ific a n tly  a tte n u a te d  the  A P -in d u ced  in c re a se  in  I L - lp  c o n ce n tra tio n  (^p< 0 .05  v s A p  co n tro ls ; A N O V A  
F(3 , , 5) = 1 2 .3 0 , p = 0 .0 0 0 3 ; n=5).

C ) M ean  IL -6  m R N A  w as s ig n ific a n tly  in c rea se d  in A P -trea ted  a s tro cy tes  co m p a re d  w ith  c o n tro ls  (**p< 0 .01  vs. 
c o n tro ls). P re - tre a tm en t w ith  SlOOp a tte n u a te d  th e  A p -in d u c e d  in crease  in IL -6  m R N A  b u t the  d iffe ren c e  fa iled  to 
reach  s ta tis tic a l s ig n if ic a n ce  (A N O V A  F (3  i 2 ) = 1 0 .8 7 , p = 0 .0 0 1 ; n= 5). D ) M ea n  IL -6  c o n cen tra f io n  w as s ig n ific a n tly  
in c rea se d  in su p ern a tan t o b ta in ed  from  A p -trea te d  a s tro cy tes  c o m p a red  w ith  co n tro ls  (**p< 0 .01  vs. con tro ls). P re 
tre a tm en t w ith  SlOOp s ig n ific a n tly  a tte n u a te d  th e  A p -in d u c e d  in c rease  in IL -6  co n ce n tra tio n  (^p< 0 .05  vs. A p  co n tro ls ; 
A N O V A F (3 ,,2 )= 9 .I0 7 ,p = 0 .0 0 2 ; n= 5).

E ) M ean  T N F a  m R N A  w a s  n o t a ffec ted  b y  tre a tm e n t w ith  A p  o r SlO O p in A p -trea te d  a s tro cy tes  (A N O V A  F(3 i2 ) 
=  1 .433, p = 0 .2 8 l ;  n = 5). F ) M ean  T N F a  c o n ce n tra tio n  w as in c rea sed  in  su p ern a ta n t o b ta in e d  fi-om A P -trea ted
astro cy tes  c o m p a re d  w ith  co n tro ls  b u t th e  d iffe ren ce  fa iled  to  reach  s ta tis tic a l s ig n ifican ce . P re - tre a tm en t w ith  SIOOP 
h a d  no  e ffec t on  T N F a  co n cen tra tio n . A N O V A  F ( 3  9 ) = 5 .5 4 6 , p=O.OOI9; n=4.
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Figure 5.7 SlOOp had no effect on RAGE mRNA in Ap-treated isolated astrocytes

A strocytes w ere incubated In the presence o f  Ap fo llo w in g  1 hour pre-treatm ent w ith SIOOp (0.001 nM ). 

After 24  hours, R A G E  m R N A  prepared from harvested ce lls  w as determ ined by PCR. Data are presented  

as m eans ±  SEM .

M ea n  R A G E  m R N A  w as not a ffected  by treatment with Ap or SlOOp in astrocytes (A N O V A  F(3j 2) 

= 1 .812, p= 0 .198; n=5).
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Figure 5.8 A nti-C D 47 antibody augm ented  the A ^-induced in crease in IL -ip  and IL-6 in isolated  
astrocytes

Astrocytes were incubated in the presence o f Ap following I hour pre-treatment with an anti-CD47 antibody (aCD47; 
2.5|xg/ml). After 24 hours. IL-ip, IL - 6  and TNFa mRNA. prepared from harvested cells and supernatant concentration 
of IL-ip, IL - 6  and TNFa were determined by PCR and ELISA, respectively. Data are presented as means ± SEM. 
Dotted line represents the Student t-test analysis.
A) Mean IL -ip  mRNA was significantly increased in Ap-treated astrocytes compared with controls (**p<0.01 vs. 
controls; Student t-test for dependent means). Pre-treatment with aCD47 augmented the Ap-induced increase in IL-ip 
mRNA Cp<0.05 vs. Ap controls; ANOVA F(3 js) =8.871, p=O.OI3; n=6 ). B) Mean IL-ip concentration was 
significantly increased in supernatant obtained from Ap-treated astrocytes compared with controls (**p<0.01 vs. 
controls; Student t-test for dependent means). Pre-treatment with aCD47 augmented the Ap-induced increase in IL-1 p 
concentration (*^^p<0.001 vs. Ap controls; ANOVA Fp î ) =36.58, p<O.OOOI; n=5).
C) Mean IL - 6  mRNA was significantly increased in Ap-treated astrocytes compared with controls (**p<O.OI vs. 
controls; Student t-test for dependent means). Pre-treatment with aCD47 augmented the .4p-induced increase in IL - 6  

mRNA (^^^p<O.OOI vs. Ap controls; ANOVA F(3 1 2) =26.01, p<O.OOOI; n=5). D) Mean IL- 6  concentration was 
significantly increased in supernatant obtained from Ap-treated astrocytes compared with controls (**p<0.01 vs. 
controls; Student t-test for dependent means). Pre-treatment with aCD47 augmented the Ap-induced increase in IL - 6  

concentration ("^*^p<0.001 vs. Ap controls; ANOVA F(3 , 5 ) =97.85, p<0.0001; n=6 ).
E) Mean TNFa mRNA was not affected by treatment with Ap. Pre-treatment with aCD47 significantly increased TNFa 
mRNA in Ap-treated astrocytes Cp<0.05 vs. Ap controls; ANOVA F(3 1 5) =9.932, p=0.0007; n=6 ). F) Mean TNFa 
concentration was increased in supernatant obtained from Ap-treated astrocytes compared with controls but the 
difference failed to reach statistical significance. Pre-treatment with SIOOP had no significant effect on TNFa 
concentration (ANOVA F(3 1 5 ) =3.691, p=0.0035; n=6 ).
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Figure 5.9 Anti-CD47 antibody augmented the Ap-induced increase in MCP-1 
mRNA expression in isolated astrocytes

A strocytes w ere incubated in the presence o f  Ap fo llo w in g  1 hour pre-treatm ent w ith  aC D 4 7  antibody  

(2 .5 |ig /m l). A fter 24  hours, M CP-I m R N A  prepared from  harvested ce lls  w as determ ined by PCR. Data are 

presented as m eans ±  SEM .

M ean M CP-1 m R N A  w as sign ifican tly  increased in AP-treated astrocytes com pared w ith controls 

(***p < 0 .001  vs. controls; Student t-test for dependent m eans). Pre-treatment w ith  a C D 4 7  augm ented the  

A p-induced increase in M CP-1 m R N A  (^"’ p<0.001 vs. AP controls; A N O V A  F(3 1 2 ) = 1 9 .3 1 , p< 0 .0001; 

n=5). Dotted line represents the Student t-test analysis.
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Figure 5.10 A n ti-SIR P a antibody attenuated  the A ^-induced increase in IL -lp  in iso lated  astrocytes

Astrocytes were incubated in the presence of Ap following 1 hour pre-treatment with an anti-SIRPa antibody (aSlRPa; 
2.5ng/ml). After 24 hours. IL-ip, IL- 6  and TNFa mRNA prepared from harvested cells and supernatant concentration 
of IL-lp, lL - 6  and TNFa were determined by PCR and ELISA, respectively. Data are presented as means ± SEM.

A) Mean IL-ip mRNA was significantly increased in Ap-treated astrocytes compared with controls (***p<0.001 vs. 
controls). Pre-treatment with aSIRPa failed to attenuate the Ap-induced increase in IL-ip mRNA (ANOVA F(3 U) 
=17.17, p<0.0001; n=6 ). B) Mean IL-lp concentration was significantly increased in supernatant obtained from Ap- 
treated astrocytes compared with controls (***p<0.001 vs. controls). Pre-treatment with aSIRPa significantly 
attenuated the Ap-induced increase in IL-lp concentration (^p<0.05 vs. Ap controls; ANOVA P(3 ,i5 ) =24.52, p<O.OOOI; 
n=6 ).
C) Mean IL - 6  mRNA was significantly increased in Ap-treated astrocytes compared with controls (***p<0.001 vs. 
controls). Pre-treatment with aSIRPa failed to attenuate the Ap-induced increase in IL- 6  mRNA (ANOVA F^ 1 5) 
=18.18, p<0.0001; n=6 ) D) Mean IL - 6  concentration was significantly increased in supernatant obtained from Ap- 
treated astrocytes compared with controls (***p<0.001 vs. controls; ANOVA). Pre-treatment with aSIRPa attenuated 
the Ap-induced increase in IL - 6  concentration but the difference failed to reach statistical significance (ANOVA F(3 ,i2 ) 
=18.79, p<0.0001; n=5).
E) Mean TNFa mRNA was significantly increased in AP-treated astrocytes compared with controls (**p<0.01 vs. 
controls). Pre-treatment with aSIRPa failed to attenuate the Ap-induced increase in TNFa mRNA (ANOVA F(3 , 5 ) 
=11.26, p=0.0004; n=6 ). F) Mean TNFa concentration was increased in supernatant obtained from Ap-treated
astrocytes compared with controls but the difference failed to reach statistical significance. Pre-treatment with aSIRPa 
had no effect on the TNFa concentration (ANOVA F(3 ,5 ) =3.981, p=0.028; n=6 ).
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Figure 5.11 Anti-SIRPa antibody had no effect on CD47 mRNA in Ap-treated 
isolated astrocytes

A strocytes w ere incubated in the presence o f  AP fo llo w in g  1 hour pre-treatm ent w ith aS IR P a  antibody  

(2 .5 |xg /m l). After 24  hours, C D 47  m R N A  prepared from harvested c e lls  w as determ ined by PCR. Data are 

presented as m eans ±  SEM .

M ean C D 47  m R N A  w as not affected  by treatm ent w ith Ap or aS IR P a  in astrocytes (A N O V A  F(3 , 5 ) 
= 1 .4 4 2 , p = 0 .27; n = 6 ).
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Figure 5.12 A nti-C D 36 antibod y augm ented the A p-induced increase in IL -ip  in isolated  astrocytes

Astrocytes were incubated in the presence o f A(3 following 1 hour pre-treatment with an anti-CD36 antibody (aCD36; 
2(jg/ml). After 24 hours. IL-lp mRNA prepared from harvested cells and supernatant concentration of IL-lp were 
determined by PCR and ELISA, respectively. Data are presented as means ± SEM. Dotted line represents the Student t- 
test analysis.
A) Mean 1L-1(? mRNA was not affected by treatment with A[5. but was significantly increased in aCD36-treated 
astrocytes compared with controls (***p<0,001 vs, controls). Pre-treatment with aCD36 showed a significant increase 
in the IL-ip mRNA C^^p<0.001 vs. Ap controls; ANOVA F(3 ,5 ) =28.62, p<0.0001; n=6 ). B) Mean IL-ip 
concentration was significantly increased in supernatant obtained from Ap-treated astrocytes compared with controls 
(*p<0,05 vs. controls; Student t-test for dependent means). Pre-treatment with aCD36 augmented the Ap-induced 
increase in IL-ip concentration C^p<0.001 vs. Ap controls; ANOVA P(3 1 5 ) =11.65, p=0.0003; n=6 ).
C) Mean lL - 6  mRNA was not affected by treatment with AP, but was significantly increased in aCD36-treated 
astrocytes compared with controls (**p<O.OI vs. controls). Pre-treatment with aCD36 showed a significant increase in 
the lL - 6  mRNA C^p<0,0l vs. Ap controls; ANOVA F(3 1 5) =13.49, p=0.0002; n=6 ). D) Mean IL - 6  concentration was 
significantly increased in supernatant obtained from Ap-treated (**p<0.01 vs. controls; Student t-test for dependent 
means) and aCD36-treated (***p<O.OOI vs. controls; ANOVA) astrocytes compared with controls. Pre-treatment with 
aCD36 augmented the Ap-induced increase in IL- 6  concentration (*^^p<O.OOI vs. Ap controls; ANOVA F(3 1 )̂ =123.3, 
p<0 .0 0 0 1 ; n=6 ).
E) Mean TNFa mRNA was not affected by treatment with Ap, but was significantly increased in aCD36-treated 
astrocytes compared with controls (*p<0.05 vs. controls). Pre-treatment with aCD36 showed a significant decrease in 
TNFa mRNA of Ap-treated astrocytes (^^p<O.OI vs. Ap controls; ANOVA F(3 1 5) =10.37, p=0.0006; n=6 ). F) Mean 
TNFa supernatant concentration was not affected by treatment with Ap, but was significantly increased in aCD36- 
treated astrocytes compared with controls (***p<0.001 vs. controls). Pre-treatment with aCD36 significantly increased 
TNFa concentration in Ap-treated astrocytes C^p<0.001 vs. Ap controls; ANOVA F(3 1 2) =48,3, p<0,000l; n=5).
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Figure 5.13 Anti-CD36 antibody increased CD47 mRNA expression in isolated 
astrocytes

A strocytes w ere incubated in the presence o f  A p fo llow ing 1 hour pre-treatm ent w ith aC D 36 antibody 
(2ng/m l). A fter 24 hours, C D 47 m R N A  and S IR P a m R N A  prepared from  harvested  cells w as determ ined 
by PGR. D ata are presented as m eans ± SEM.

A) M ean C D 47 m R N A  w as not affected by treatm ent w ith Ap, but w as significantly  increased in aC D 36- 
treated astrocytes com pared w ith controls (*p<0.05 vs. controls; A N O V A  F(3 , 5 ) =5.26, p = 0 .0 1 1; n= 6 ).

B) Mean S IR P a m R N A  w as not affected by treatm ent w ith AP or aC D 36 in astrocytes (A N O V A  F(3 1 5 ) 

=0.649, p=0.595; n= 6 ).
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Figure 5.14 Anti-CD36 antibody in combination with anti-CD47 antibody increased 
the concentration of IL-6 and TNFa in Ap-treated isolated astrocytes

A strocytes w ere incubated in the presence o f  AP follow ing 1 hour pre-treatm ent w ith aC D 36 (2ng /m l) and 
aC D 47  (2 .5 |ig /m l) antibodies. A fter 24 hours, supernatant concentration  o f  lL - 6  and T N F a  w ere 

determ ined  by ELISA . D ata are p resented  as m eans ± SEM .

A ) M ean IL - 6  concentration  w as significantly  increased in supernatant obtained  from  A P-treated  (*p<0.05 
vs. contro ls) and aC D 36+ aC D 47-trea ted  (***p<0.001 vs. contro ls) astrocytes com pared w ith controls. Pre
treatm en t w ith aC D 36+ aC D 47  augm ented the A p-induced increase in IL - 6  concentration  (^ p < 0 .0 0 1  vs. 

A p contro ls; A N O V A  F(3 , 5 ) =27.56, p<0.0001; n= 6 ).

B) M ean T N F a concentration  w as significantly  increased in supernatan t obtained from  A P-treated 
(***p < 0  0 0 1  vs. contro ls; S tudent t-test for dependent m eans) and aC D 36+ aC D 47-trea ted  (***p<0.001 vs. 
contro ls; A N O V A ) astrocy tes com pared w ith controls. P re-treatm ent w ith aC D 36+ aC D 47-trea ted  
augm ented  the A p-induced increase in T N F a concentration  ( ’̂ ^p<0.001 vs. AP contro ls; A N O V A  F (3 i5 ) 
=124 , p< 0.0001; n= 6 ). D otted  line represents the S tudent t-test analysis.
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Ap TREATM ENT TREATM ENT + Ap

IL-IB mRNA Increased aRAGE N o changes
IL-IB protein Increased aRAG E Decreased
IL-6 mRNA Increased aRAGE No changes
lL-6 protein Increased aRAGE Decreased
TN Fa mRNA No ciianees aRAGE No changes
TN Fa protein Increased aRAGE No changes
SlOORmRNA No changes aRAGE No changes
p - IkB o Increased aRAGE Decreased
p-JNK No changes aRAGE No changes
IL-K3 mRNA Increased SI 00(3 Decreased
IL-IB protein Increased SIOOB Decreased
IL-6 mRNA Increased SI 003 No changes
lL-6 protein Increased SIOOB Decreased
T N Fa mRNA No changes SIOOB No changes
T N Fa protein No changes SIOOB No changes
RAGE mRNA No changes SIOOB No changes
IL-IB mRNA Increased aCD47 Increased
IL-lB protein Increased ttCD47 Increased
lL-6 mRNA Increased aCD47 Increased
IL-6 protein Increased aCD47 Increased
T N Fa mRNA No changes aCD47 Increased
T N Fa protein No changes aCD47 N o changes
M CP-I mRNA Increased aCD47 Increased
IL -lB m R N A Increased aSIR Pa No changes
!L-1(3 protein Increased aSIR Pa Decreased
IL-6 mRNA Increased aSIR Pa No changes
IL-6 protein Increased aSIR Pa No changes
TN Fa mRNA Increased aS lR Pa No changes
TN Fa protein No changes aSIR Pa No changes
CD47 mRNA No changes aSIR Pa No changes
IL-IB mRNA No changes aCD36 Increased
IL-I0 protein Increased aCD36 Increased
IL-6 mRNA No changes aCD36 Increased
IL-6 protein Increased aCD36 Increased
TN Fa mRNA No changes aCD36 Decreased
TN Fa protein No changes aCD36 Increased
CD47 mRNA No changes aCD36 No changes
SIRPa mRNA No changes uCD36 No changes
IL-6 protein Increased aCD36 + aCD47 Increased
TN Fa protein Increased aCD36 + aCD47 Increased

Table 5.1. Summary of results Chapter 5.

Summary o f  the data presented in this chapter. Highlighted in bold are results which  
reached a statistically significant difference. The tim e point for all experim ents shown in 

this chapter w as 24 hours.
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Figure 5.15 Mechanistic figure of Chapter 5

RAGE and its ligand S I00(3, CD47 and its ligand SIRPa and CD36, were studied in isolated astrocytes 
incubated in the presence o f  AP for 24 hours. Treatment with an antibody anti-RAGE, SIOOP peptide and 
an antibody anti-SIR Pa showed a reduction in the production o f  pro-inflam m atory cytokines while 
treatment with an antibody anti-CD47 and an antibody anti-CD36 induced an increase in the production o f  
pro-inflamm atory cytokines. The data presented in this chapter suggests that the interaction o f  AP with 
RAGE induces a pro-inflam m atory response while SlOOp, CD47 and CD36 may exert modulatory 
responses.
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Discussion

171



The objectives o f  this study were to determine, in vivo, the effects chronic icv treatm ent 

with A p has in the brains o f  aged and young rats and to explore age-related changes, and, 

in vitro, to examine the effects Ap treatm ent has on cytokine production and release and 

to investigate the signalling pathways and m em brane receptors involved in this process, 

in rat isolated astrocytes. The data showed that icv treatm ent with A p induced the 

appearance o f immunoreactive structures accom panied by increased GFAP and decreased 

CD l i b  in the brains o f  aged, but not young rats; no changes were observed in other 

m arkers o f  microglial activation, spatial learning or in pro-inflam m atory cytokines. The 

data obtained in vitro  showed that AP induced a tim e-related increase in pro- 

inflam m atory cytokines paralleled with IkBo phosphorylation, which indicates activation 

o f  NFkB signalling pathway and this process was mediated by RAGE. Interestingly, 

incubation o f  astrocytes with anti-CD36 or anti-CD47 antibodies induced a pro- 

inflam m atory response and augm ented the AP-induced increase in pro-inflam m atory 

cytokines (Figure 6.1).

A rodent model o f  chronic delivery o f A p into the brain via icv adm inistration was used 

in this study. The results indicate that A p was successfully pumped into the CSF and then 

transported into the brain stimulating the formation o f  A p-positive im munoreactive 

structures in aged (18-22 months) but not young (2-4 m onths), rats. Similarly, treatm ent 

with A p resulted in an increase in the hippocampal concentration o f  soluble A P 1.40 and 

insoluble A Pi^ 2  in aged but not in young, rats. In spite o f this increase in A p 

accum ulation following AP treatment, no effect on the escape latency in the M orris water 

maze was observed, although young anim als performed better than the aged animals. 

Treatm ent with AP also reduced the age-related increase in C D l lb , although it increased 

the hippocam pal expression o f  GFAP and GFAP im m unostaining in cortex and 

hippocam pus o f  aged rats. In this study, the only A p-induced changes present in young 

rats were observed in LTP, where a significant attenuation in mean epsp was observed. 

All these results com bined indicate that an age-related difference is present in the brain 

m echanism s involving A p transport and clearance between aged and young rats. 

Expression o f  GFAP, RANTES, C D l lb  and CD 6 8  in the hippocam pus as well as 

fluorescent intensity o f  M HC-Il and expression o f GFAP in the cortex showed an age- 

related increase in control-treated rats. Age-related increase in m arkers o f  astrocytic and
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m icrog lia l ac tiv ity  including  G FA P (A m enta  et al., 1998), R A N T E S (M ello  C oelho  et al., 

2009), C D l l b  (H orrillo  et al., 2011), C D 6 8  (W ong  et al., 2005) and M H C  II (Sheffield  

and B erm an, 1998) have been reported  in the literature, ind ica ting  tha t astrocytes and 

m icrog lia  adop t a reactive conform ation  w ith  aging.

A m ajo r question  is w hy young  rats cope better w ith an icv A P  challenge than  aged rats 

o r w h y  the ag ing  brain seem  m ore susceptib le  to A P -induced  changes. T he choroid 

p lexus cells show  age-related  m orpho log ical changes tha t include ep ithe lium  flattening, 

basem en t m em brane th ick en in g  and lipofuscin  deposits, all these changes are not only 

p resen t but also  s ign ifican tly  increased in A D  (P reston , 2001). A ltera tions in C SF  

hyd ro d y n am ics have been observed  in aging and in A D  (S tivaros and Jackson , 2007). A 

decrease  in C S F  secretion  rates and tu rnover, accom pan ied  by increased levels o f  

a lbum in  in C S F  are observed  w ith  age (C hen e t al., 2010). F urtherm ore, it has been 

observed  tha t ind iv iduals w ith A D  have increased concen tra tions o f  C S F  p ro te in s such as 

a -l-a n tic h y m o try p s in  (A C T ) suggesting  the C SF  system  is not fu lly  functional 

(P orcellin i et al., 2008). A study done by E riksson and co lleagues (1995) show ed that in 

vitro A C T  b inds to A P and affects the rate o f  am ylo id  fibril fo rm ation  (E riksson  et al., 

1995). Rats perfused  icv w ith a '^^1-labelled A p  peptide show ed tha t the choro id  p lexus 

uptake o f  A p  w as a lm ost 3 tim es h igher in 9 m onth-o ld  rats com pared  w ith  3 m onth-o ld  

rats and 17 tim es h igher in 30 m onth-o ld  rats com pared  w ith  3 m onth-o ld  rats (P reston, 

2001). A dd itionally , it has been reported  that ag ing  increases the  suscep tib ility  o f  the 

brain to  A P neuro tox ic ity  (G eula  e t al., 1998) and that leukocyte  in filtra tion  and loss o f  

cortical vo lum e after traum atic  brain  in jury are increased w ith  age (C laus e t al., 2010). It 

is still not c lear w hich transpo rter o r specific  m echanism  enab les A P to cross from  the 

C S F  into the brain. A n im portan t question  is how  A P m oves th rough the in terstitial brain 

flu ids as it m ay  reflect the  w ay  A P accum ulation  spreads in A D .

Lee and co lleagues (2007) using rats chron ica lly  infused w ith  A p i .4 0  reported  a 

s ign ifican t decrease  in the  w ater m aze escape la tency  o f  A p-trea ted  rats com pared  w ith 

con tro l-trea ted  rats (Lee et al., 2007). A dd itionally , Li and co lleagues (2010) observed 

behav ioural d efic its  in rats w hich received  a sing le  in trah ippocam pal in jection  o f  A P i .4 2  

(Li et al., 2010). T hese behavioural changes m ay be exp la ined  by d ifferen t experim ental
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procedures such as a reduction in the number o f  trials in the study by Lee and colleagues 

(2007) compared with this study, or by the use o f  an acute and higher dose o f  A p  in a 

different brain area (hippocampus as opposed to lateral ventricles used in this study) as Li 

and colleagues (2010) reported.

in aged animals glial cells responded differently to chronic infusion with A p. A strocytes 

show ed an increase in both expression o f  G FAP and GFAP im m unoreactivity w hile A p  

infusion in aged rats resulted in decreased GDI lb  m RNA. Sim ilarly, treatment with A p  

exerted no changes in the expression and release o f  IL-1P, lL-6 or TN Fa in hippocam pus 

o f  aged rats. M icroglia could offer an explanation for these results, as m icroglia are 

considered to be the main produces o f  pro-inflammatory cytokines in the brain (A loisi, 

2001). This lack o f  inflammatory response may also be partially explained by the absence 

o f  tau in this animal m odel, as it has been shown that the presence o f  truncated tau 

protein induces an increase in the release and expression o f  IL -ip , IL-6, TN Fa and N O  

(K ovac et al., 2011). It has been shown that formation and maintenance o f  A p plaques in 

transgenic m ice occurs independently o f  the presence o f  m icroglia (Grathwohl et al., 

2009). Furthermore, the literature indicates that m icroglia can phagocyte A p in vitro, 

although the ability to do so is dim inished in the presence o f  fibrillar A P (Floden and 

Com bs, 2006). It is still not clear if  m icroglia are the main ce lls  responsible for AP  

clearance in the brain, as the results reported in the literature in A D  and in in vivo  animal 

m odels are controversial (Jucker and Heppner, 2008). On the other hand, data from this 

study suggest that astrocytes, not microglia, are the cells that interact primarily with Ap. 

It is known that astrocytic expression o f  GFAP is upregulated in response to brain injury 

or toxic stimuli (Eng et al., 2000) and that G FAP is increased in the brains o f  individuals 

with A D  (Korolainen et al., 2005). Astrocytes accum ulate A p in A D  (N agele et al., 2003) 

and are able to bind and internalize A P i^ 2  in vitro  (N ielsen  et al., 2009). Furthermore, 

ACT overexpression, driven by the GFAP promoter in astrocytes, induces increased A p  

deposition and plaque formation in the brain o f  transgenic m ice, suggesting that ACT  

interferes with AP clearance (Abraham, 2001). A  recent report demonstrated the presence 

o f  A p annular protofibrils associated with activated astrocytes in the brains o f  individuals 

with A D  (Lasagna-R eeves and Kayed, 2011).
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The results obtained in this study prompted a more detailed exploration of the 

relationship between astrocytes and Ap and this was conducted in vitro. Incubation of 

astrocytes with AP induced a time-dependent increase in the supernatant concentration of 

cytokines, peaking between 360 min and 24 hours. Phosphorylation o f IkBo increased in 

a time-dependent manner in Ap-stimulated astrocytes with significant increases observed 

at 240 min, 360 min and 24 hours, resembling the Ap-induced time-dependent change in 

cytokine production. Additionally, pre-treatment with the NFkB pathway inhibitor 

wedelolactone, attenuated the Ap-induced increase in p-lKBa and also significantly 

reduced the expression o f IL-ip and the supernatant concentration o f IL-ip, IL-6 and 

TNFa. Interestingly, treatment with an anti-RAGE antibody significantly attenuated the 

AP-induced increase in pro-infiammatory cytokines and in phosphorylated IkBu but had 

no effect on phosphorylated JNK. These results indicate that astrocytes stimulated with 

Ap increase the production o f inflammatory cytokines through activation o f the RAGE- 

NFkB pathway. The JNK pathway was also analyzed in this study but, although p-JNK 

and p-c-Jun were increased in the presence of Ap, the time relationship o f the activation 

did not parallel the time-related change in cytokine production. Furthermore, treatment 

with D-JNKil, an inhibitor o f the JNK pathway, showed no effect on IL-ip or lL-6 

expression but significantly reduced the supernatant concentration o f both cytokines. 

These results suggest that JNK may be more involved in astrocytic regulation o f cytokine 

release than in production and may indicate a complementary role to the more steady 

NFkB inflammatory response. This results are in agreement with the work o f Alves and 

colleagues (2005) which showed that RAGE leads to activation o f NFkB pathway 

inducing sustained oxidative stress and pro-inflammatory cytokine expression in lacrimal 

glands o f diabetic rats (Alves et al., 2005). NFkB pathway activation via up-regulated 

RAGE has been suggested to produce the constant inflammatory and oxidative stress 

state frequently observed in patients with end-stage renal disease which require 

haemodialysis (Rodriguez-Ayala et al., 2005). Additionally, the use o f an anti-RAGE 

antibody inhibited NFkB activation in microglial mouse cells and down-regulated the 

production o f NO, lL-6 and TNF-a (Dukic-Stefanovic et al., 2003). Furthermore, it has 

been shown in endothelial cells that AP induces activation o f NFkB pathway and that 

addition o f an anti-RAGE antibody impedes the binding of Ap to RAGE reducing NFkB
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activation (Yan et al., 1996). As far as 1 know, this is the first study that reports AP- 

induced activation o f  RAGE-NFkB pathway and increased pro-inflam m atory cytokines 

in astrocytes.

In this study the effects o f  antibodies to CD36 and CD47 showed sim ilar m odulatory 

effects on the production o f  pro-inflam m atory cytokines in astrocytes as opposed to 

SIR Pa which seems to be more involved in a pro-inflam m atory role. Blocking o f  the 

CD36 receptor with an anti-CD36 antibody significantly increased the production o f  pro- 

inflam m atory cytokines and augm ented the A ^-induced increase in IL -lp , IL-6 and 

TNFa. Similarly, blocking the CD47 receptor with an anti-CD 47 antibody significantly 

augm ented the Ap-induced increase in IL -ip , IL-6 and M CP-1, but not TNFa. 

Furtherm ore, the data showed that incubation o f astrocytes with an anti-CD36 antibody 

increased CD47 expression but not SIRPa expression. In contrast, blocking o f SIRPa 

receptor with an anti-SIR Pa antibody significantly attenuated the AP-induced increase in 

IL -ip  and showed a moderate decrease in lL-6 and TN Fa but had no effect on CD47 

expression. These results suggest that CD36 and CD47 m ay play a role in the regulation 

o f  AP-induced pro-inflam m atory cytokines production or release as opposed to SIRPa. It 

has been shown that CD36 and CD47 receptors possess sim ilar binding sites for ligands 

such as TSP-1 (Kaur et al., 2010) and Ap (Park et al., 2011, Koenigsknecht and Landreth, 

2004). In m icroglia, CD36, CD47 and aePi-integrin, form a m ultireceptor com plex which 

mediates the binding o f  Ap fibrils and the activation o f  intracellular signalling pathways 

(Bam berger et al., 2003). In m acrophages, CD36 has also been reported to form a 

m ultiple functional com plex with TLR2 and TLR4 which signals through N F kB pathway 

inducing pro-inflam m atory responses in the presence o f  A p (Stewart et al., 2010). CD36 

has been suggested to be a better ligand for A p than CD47 as Ap is not strong enough to 

break the ligation o f  CD47 with SIRPa (M iller et al., 2010). To m y knowledge these 

CD36, CD47 and SIR Pa responses are novel and have not been described before in 

astrocytes incubated in the presence o f  Ap.

RAGE has been reported to interact with CD36 but not w ith CD47. Sim ilar to RAGE, 

CD36, as well as other m em bers o f  the scavenger receptor family, recognize AGE 

proteins m ediating endocytic uptake and subsequent intracellular degradation (Ohgami et 

al., 2001). In a rat model for diabetes type 2, RAGE, N F kB and CD36 were found to be
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increased compared with nondiabetic rats; it was suggested that the overexpression o f 

CD36 was, in part, a response related to AGEs stimulation o f RAGE and NFkB (de 

Oliveira Silva et al., 2008). It has been shown that the soluble form of RAGE (sRAGE) 

binds selectively to CD36, preventing lipid accumulation and foam cell formation 

(Marsche et al., 2007). In human monocytes, RAGE expression was blocked using 

siRNA resulting in significant inhibition o f CD36 expression and ROS production, 

suggesting a positive interaction between RAGE, CD36 and ROS in monocytes (Xanthis 

et a!., 2009). A crosstalk between RAGE pro-inflammatory signalling and CD36 and 

CD47 modulatory signalling may be present with Ap stimulation, this concept will 

require further exploration.

The complex balance o f the neuronal-glial relation can be altered by different processes 

such as aging or the development of neuropathological disorders including AD. 

Astrocytes in the aged brain are in an activated state and respond more profoundly to 

challenges, perhaps contributing to the development of neurodegenerative changes. 

Astrocytic interaction with Ap induces the activation o f diverse signalling cascades but 

the pathophysiological meaning of these responses remains unknown. However, glial 

cells may also offer protective effects and a greater understanding of their function may 

identify potential therapeutic targets in the future.

The results obtained in this work are encouraging for future experiments both in vitro and 

in vivo that will further explore the relation of Ap with astrocytes. In vitro, it would be 

interesting to explore, if present, a crosstalk between RAGE and CD36 or CD47. Also, a 

similar set o f experiments could be done using soluble Ap instead o f aggregated AP to 

explore how astrocytes interact with different presentations o f Ap. The impact of Ap- 

induced activation of JNK signalling pathway in astrocytes and the possible interaction of 

JNK with other signalling pathways could also be further explored. In vivo, a transgenic 

mouse model with AD-related mutations such as APP and which lacks expression of 

RAGE, CD36 or CD47 could be developed to help understand the dynamics o f AP and 

its interaction with astrocytes. Additionally, drugs that interact with RAGE, CD36 or 

CD47 could also be tested in in vivo animal models.
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Figure 6.1. Mechanistic figure o f the interaction between astrocytes and Ap.

The data in this study showed that Ap interacts with astrocytes inducing a pro-inflam m atory response. A|3 
activates diverse astrocytic receptors including RAGE, CD36 and CD47. RAGE activates the N FkB 
signalling pathway and induces the production o f  IL -ip  and IL-6 while CD36 and CD47 seem to play a 
regulatory role in the process, suggesting a possible signalling crosstalk between these astrocytic receptors.
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Solutions
Complete Lysis Buffer (pH 9.5) Krebs buffer with C aC h  (pH 7.5)
Tris-HCl lOmM NaCl 136mM
NaCl 50mM KCl 2.54mM
Na4P2 0 7  IOH2O lOmM KH2PO4 1.18mM
NaF 50mM Mg2S04 1.18mM
IGEPAL 1% NaHCOs 16mM
Na3V04 ImM Glucose lOmM
PMSF ImM CaCb 1.13mM
PIC 1 / 1 0 0 0  dilution

Phosphate buffered saline (pH 7.5) PHEM  buffer (pH 6.9)
NaCl 137mM PIPES 60mM
KCl 2.7mM HEPES 25mM
Na2HP04 8 . ImM EDTA lOmM
KH2PO4 1.5mM MgCb 2mM

Artificial CSF TBS-T{pH  7.4)
NaCl 296mM Tris-HCl 20mM
K 3mM NaCl 150mM
Ca 1.4mM Tween-20 0.05%
Mg 0.8mM
P ImM

Tris-glycine sample buffer (pH 6 .8 ) Gel buffer + SD S{S?k-, pH 8 .8 )
Tris-HCl 0.03125M Tris base 1.5M
Glycerol 12.5% SDS 0 .2 %
SDS 1%
P-mercaptoethanol 2.5%
Bromophenol blue powder

Stacking buffer (pH 6 .8 ) lOx Electrode running buffer
Tris base 0.5M Tris base 25mM
SDS 0.4% Glycine 192mM
Bromophenol blue powder SDS 0 .1%

lOx Transfer buffer (pH 8.3)
Tris base 25mM
Glycine 192mM
Methanol 20%

220


