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Ill; Abstract

One of the well-documented histopathological features of Alzheimer’s disease (AD) is 

the progressive accumulation of amyloid-[3 (A(3) within the brain, thought to result 

from inefficient clearance of Ap by phagocytes and/or increased processing of 

amyloid precursor protein (APP). While neuroinflammatory changes, largely mediated 

by glial cells, are believed to be intricately involved in the pathogenesis of this chronic 

neurodegenerative disorder, the effect of inflammation on A(3 clearance remains to be 

firmly established. One of the primary objectives of this study was to assess the 

impact of exogenous and endogenous Ap on microglia and astrocytes both in vitro 

and in vivo, with a specific interest in analysing its effect on astrocytes.

One of the most significant and novel findings is that astrocytes are efficient 

phagocytes. The data demonstrate that astrocytes, in addition to microglia, exhibit an 

enhanced capacity for phagocytosis following stimulation with A[3 in vitro. This was 

accompanied by increased mRNA expression of markers of glial activation, pro- 

inflammatory cytokines and putative Ap receptors. While such markers of 

inflammation were also increased in vivo following intracerebroventricular infusion of 

Ap for 28 days, only astrocytes were found to exhibit enhanced phagocytic potential 

following the treatment period, suggesting they have a more important role to play in 

clearing Ap in vivo under these experimental conditions. Results further demonstrate 

that three receptors, toll-like receptor 2 (TLR2), the scavenger receptors CD36 and 

CD47, play a part in the complex response of astrocytes to Ap, as Ap induced their 

expression in isolated astrocytes, and specific neutralising antibodies modulated the 

Ap-induced release of pro-inflammatory cytokines and phagocytosis.

In addition to the stimulatory effect of exogenously-delivered Ap, the data 

demonstrate that an age-related increase in soluble and insoluble Ap in the brains of 

transgenic mice genetically engineered to overexpress mutant forms of human APP 

and presenilin 1 (PS1) was accompanied by enhanced glial activation. Thus



expression of activation markers of microglia and astrocytes, including CD11b, CD68 

and glial fibrillary acidic protein (GFAP) were increased with age in transgenic mice. 

Furthermore, an enhanced inflammatory profile of markers of classical activation was 

evident in the brains of APP/PS1 mice, and this was paralleled by BBB breakdown 

and infiltration of T-cells, monocytes/macrophages and neutrophils into the brain 

parenchyma. Further characterisation of these infiltrating immune cells identified 

them as likely to reinforce the pro-inflammatory status in the brain, thus exacerbating 

the pathogenic capacity of glia.

In an effort to translate the findings, which indicate inflammation is a key component 

in age-related changes in a mouse model of AD, monocyte-derived macrophages 

(MDMs) were isolated from the blood of healthy elderly adults classified as IQ 

memory-discrepant (low-performing, LP) compared with those that were IQ memory- 

consistent (high-performing, HP). In line with a role for inflammatory changes in the 

very early stages of cognitive deterioration, MDMs from the LP group displayed 

hypersensitivity to lipopolysaccharde (LPS) evidenced by the enhanced release of 

pro-inflammatory cytokines, associated with increased expression of TLR2 and 

TLR4. These observations identify a potential blood-based biomarker that may 

correlate with progression of cognitive dysfunction and is appropriate for routine and 

repeated assessment.
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1.1 Glial cells

The human brain, described as a ‘marvellous, interconnected jungle of neurons and 

glia’, is reported to contain approximately 86.1 billion neurons roughly equalled by glial 

cells (Azevedo, 2009). Comprised of three principal subtypes, glia have vital roles in 

neural development, function and health. Microglia act as resident immune cells of the 

central nervous system (CNS), astrocytes are classically assigned with providing 

metabolic, trophic and structural support to neurons, and oligodendrocytes function to 

surround the axons of neurons, generating myelin sheaths and thus allowing the rapid 

conduction of action potentials. A further glial subtype, ependymal cells, line the 

ventricles and play an important role in maintaining the volume of cerebrospinal fluid 

(CSF).

Microglia, comprising 10 -  20% of the total glial population, were initially described by 

del Rio-Hortega in 1919 following his studies on the brains of young animals using a 

silver carbonate method of staining. These cells derive from primitive myeloid

progenitors that infiltrate the CNS during early embryonic development and

differentiate into brain resident microglia (Ginhoux et a!., 2010), consequently

displaying many surface antigens also present on macrophages. As the primary 

immune cells of the brain, microglia respond to insult and injury, playing a fundamental 

role in tissue repair (Harry and Kraft, 2012). Beyond their role inflammation and 

pathology, microglia have emerged as essential contributors to normal brain

physiology, in the healthy brain, microglia structurally and functionally interact with 

neuronal and non-neuronal elements, carrying out important processes such as 

synaptic pruning during development and active remodelling of the perisynaptic 

environment (Tremblay et al., 2011).

The density of microglia varies greatly between brain regiqns, for example the

substantia nigra and corpus callosum are reported to comprise roughly 12% and 5%

microglial cells respectively (Tremblay et al., 2011). Morphological differences are also
2



apparent, with white matter microglia displaying elongated somata and processes, 

while those in the circumventricular organs (CVOs) exhibit compact morphology with 

few short processes (Lawson et a!., 1990). Microglia possess numerous filopodia and 

pseupodia, in addition to well-developed cytoplasmic vacuoles, morphological features 

indicative of their phagocytic ability. These cells are considered to be the most 

perceptive sensors of brain pathology, with their many ramifications perpetually 

extending and retracting in order to survey the CNS parenchyma for evidence of insult 

or injury (Davoust et al., 2008). Upon detection of danger, microglia undergo a 

complex, multistage activation process resulting in their migration, proliferation, 

enhanced phagocytosis and the release of immunomodulatory mediators.

Astrocytes, the most abundant type of glia, are large, star-shaped cells originally 

regarded as merely providing ‘brain glue’ to support neuronal function. Three subtypes 

of mature astrocytes have been identified: spherically bushy protoplasmic astrocytes of 

the grey matter, less bushy process-bearing fibrous astrocytes of the white matter and 

elongated, non-excitable Bergmann glia of the cerebellum and Muller cells of the retina 

(Kimelberg and Nedergaard, 2010). This diverse group of cells represent a population 

with essential functions in homeostasis, neurotransmission, blood flow regulation, 

energy metabolism and immune defence within the CNS. Astrocytes express a large 

repertoire of receptors, including G-protein coupled and ionotropic receptors in addition 

to those for growth factors, chemokines, steroids and innate immune responses (Wang 

and Bordey, 2008).

In the healthy brain, astrocytes are responsible for processes such as K'̂  buffering,

control of extracellular pH, water transport, blood brain barrier (BBB) modulation, and

the conversion of glucose to lactate that acts as a major fuel source for neurons

(Kimelberg and Nedergaard, 2010). Following reports that astrocytes possess the

machinery to release glutamate and other neurotransmitters in a Ca^"^-dependent

manner (Parpura et al., 1994), their role in intracellular communication has been

identified. These cells also play an important role in recycling and metabolising
3



glutamate, helping to protect neurons against excitotoxicity. In addition, astrocytes 

carry out important antioxidant functions as they contain key proteins involved in the 

neutralisation of damaging free radicals (Jou, 2008).

1.2 The innate immune system

The immune system consists of a highly developed network of specialised cells and 

organs operating throughout the body in order to clear antigens that are foreign or 

perceived as being foreign, thus promoting host survival. The innate immune response 

relies on non-specific cellular and biochemical defence mechanisms designed to 

ensure a rapid response to pathogens, while the adaptive immune response provides 

long-lasting, highly specific reactions to particular inducing pathogens. The innate and 

adaptive immune responses function together, through the co-operation of numerous 

cells and molecules, in order to maintain homeostasis and successfully protect the 

host from antigenic challenge.

Elements of innate immunity are the major focus of this thesis, but it is appropriate to 

briefly refer to adaptive immunity, a far more elaborate and sophisticated coordination 

of defence. Cells of this system include B cells, which play a role in humoral immunity 

and the secretion of antibodies, and T cells. Intricately involved in cell-mediated 

responses. Without the restraint of reliance on germline-encoded receptors to 

recognise invading pathogens, adaptive immunity benefits from the ability to generate 

a diverse repertoire of antigen receptors on B and T cells. The subsequent activation 

and clonal expansion of cells carrying the appropriate antigen-specific receptor for a 

particular inducing pathogen allows for a highly specific and adaptive immune 

response (Schenten and Medzhitov, 2011). The additional benefit of cellular memory 

permits a stronger and faster response to subsequent infections, resulting in the
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infection being halted with less reliance on stimulation by the innate immune system 

(see table 1.1 for a brief comparison).

Property Innate immune system Adaptive immune system

Receptors

Fixed in genome

Rearrangement is not 
necessary

Encoded in gene segments 

Rearrangement necessary

Distribution
Non-clonal

All cells of a class identical

Clonal

All cells of a class distinct

Recognition Conserved molecular patterns 
(LPS, mannans, glycans)

Details of molecular structure 
(proteins, peptides, 
carbohydrates)

Self-nonself
discrimination

Perfect - selected over 
evolutionary time

Imperfect -  selected in individual 
somatic cells

Action time Immediate activation of 
effectors Delayed activation of effectors

Co-stimulatory molecules Clonal expansion

Response Cytokines Cytokines

Chemokines Chemokines

Table 1.1 A comparison of innate and adaptive immunity (adapted from

Medzhitov and Janeway, 1997).

In contrast, the innate immune system is described as a universal and ancient form of 

host defence, with similar effector molecules found in plants and animals (Janeway 

and Medzhitov, 2002). Cells of innate immunity include monocytes, macrophages, 

dendritic cells (DCs), mast cells, granulocytes and natural killer (NK) cells, while non- 

cellular components include barriers between the organism and its environment, such 

as the skin and epithelia, and complex pathways such as the complement cascade.
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The innate immune system has evolved to recognise conserved pathogen-associated 

molecular patterns (PAMPs), ranging from lipopolysaccharides (LPS) to mannans and 

bacterial DNA using a variety of germline-encoded pattern recognition receptors 

(PRRs). These receptors recognise conserved products of microbial metabolism, 

allow/ing the innate immune system to distinguish between infectious non-self and non- 

infectious self (Janeway and Medzhitov, 2002). Such receptors are expressed on the 

surface of numerous immune cells, as well as in intracellular compartments and 

secreted into the bloodstream and tissue fluids. Stimulation of these receptors leads to 

opsonisation, activation of complement and pro-inflammatory signalling cascades, 

phagocytosis and the induction of apoptosis (Medzhitov and Janeway, 1997).

Toll-like receptors (TLRs), fist identified in Drosophila in 1985, are particularly 

important in pathogen recognition and the initiation of an innate immune response. A 

total of 13 have so far been described in human and mouse, differing from each other 

in their ligand specificities, expression patterns and target genes (Hanamsagar et al., 

2012). For example, TLR1, TLR2 and TLR6 recognise bacterial lipoproteins; TLR3, 

TLR7, TLRS and TLR9 are specific for nucleic acids; TLRS binds to flagellin and TLR4 

has a wide spectrum of ligands, including LPS and fungal zymosan (Farina et al., 

2007). Binding of TLRs to their microbial ligands stimulates nuclear factor k B (NFkB) 

signalling pathways and leads to phagocytosis, the release of pro-inflammatory 

cytokines and anti-microbial peptides, and the direct killing of pathogens (Takeda et 

al., 2003). Activation of TLRs triggers maturation of phagocytic cells such as DCs, 

resulting in the expression of co-stimulatory molecules and increased antigen- 

presenting capacity, thus helping to direct adaptive immune responses (Janeway and 

Medzhitov, 2002).
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1.3 Cells of the peripheral innate immune response

The lifespan of many of cells involved in the innate immune response is thought to be 

in the order of hours to days, a relatively short time period compared to those involved 

in the adaptive immune response, which persist for months to years (Sun et a i, 2011). 

Monocytes, comprising 5-10% of white blood cells, originate in the bone marrow from 

a common myeloid progenitor shared with neutrophils. These cells are released into 

the bloodstream where they circulate for several days before entering tissues to 

replenish tissue macrophage and DC populations (Gordon and Taylor, 2005). 

Monocytes show distinct morphological heterogeneity, including variability of size, 

granularity and nuclear morphology, thought to reflect the specialisation of function 

adopted by macrophages in different anatomical locations (Kurihara et a i, 1997). 

Monocytes, and their macrophage and DC progeny, serve three main functions in the 

immune system, namely phagocytosis, antigen presentation and cytokine production. 

DCs are believed to play an important role in linking innate and adaptive immunity via 

the induction of T cell responses. While immature DCs have high endocytic activity, 

they do not express T cell co-stimulatory signals and therefore have a low activation 

potential of these cells. Following exposure to pathogens, maturation of DCs and the 

subsequent upregulation of co-stimulatory molecules such as CD40, CD80 and CD86, 

results in potent activation of T cell responses (Janeway and Medzhitov, 2002).

Granulocytes, comprising neutrophils, eosinophils and basophils, are so named due to 

the presence of numerous granules within their cytoplasm. These granules contain a 

variety of molecules that act to destroy invading pathogens, including antimicrobial 

peptides and proteases such as cathepsin G, neutrophil elastase and proteinase 3 

(Pham, 2006). Neutrophils, which constitute 50-70% of circulating white blood cells, 

originate from bone marrow myeloid precursor cells. They circulate in the blood and 

migrate rapidly to sites of infection via chemotaxis, resulting in the phagocytosis and 

destruction of invading pathogens, generation of reactive oxygen species (ROS) and
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the release of microbicidal substances from their cytoplasmic granules. Eosinophils 

and basophils, whilst far less numerous, are involved in modulating immune responses 

in a similar manner, and reportedly play an important role acting as effector cells in 

allergic inflammation (Hogan et a!., 2008, Schroeder, 2009).

NK cells are a type of cytotoxic lymphocyte whose primary functions are described in 

the killing of virally- and cancer-infected cells through initiation of the granule 

exocytosis pathway. Following cell-cell interactions, NK cells form a cytotoxic synapse 

with their target, resulting in the release of granzymes that enter the infected cell with 

the aid of perforin, which forms pores in the cell membrane, leading to the initiation of 

apoptosis or osmotic cell lysis (Leong and Fehniger, 2011).

1.4 Mediators of the innate immune response

Activation of the innate immune system is associated with release of a plethora of 

inflammatory mediators, such as cytokines, chemokines and ROS. These 

inflammatory mediators appropriately direct cells of the adaptive immune response to 

change their phenotype in order to eliminate a particular inducing pathogen.

CD4'" T helper (Th) cells play an important role in adaptive immune responses by

recruiting and activating B cells, C D S '"! cells, macrophages and neutrophils (Zhu and

Paul, 2010). Based on their functions and cytokine secretion, Th cells can be are

classified into four major lineages, Th1, Th2, Th17 and T regulatory (Treg) cells. These

phenotypes are characterised by the cytokines they produce, with Th1 and Th2

responses effective against intracellular and extracellular pathogens respectively

(Zygmunt and Veldhoen, 2011). Th1 cells produce interferon y (IFNy) and tumour

necrosis factor a (TNFa), which activate macrophages and are responsible for cell-

mediated immunity, while Th2 cells produce interleukin-4 (IL-4), interleukin-10 (IL-10)

and interleukin-13 (IL-13), responsible for antibody production and the inhibition of
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several macrophage functions (Zhu and Paul, 2010). It is important to note that these 

cytokines rarely act in isolation, with many having somewhat overlapping physiological 

effects. The pattern of cytokine release from Th cells further affects antigen-presenting 

cells (APCs) which adopt diverse phenotypes depending on the environment they are 

exposed to (Classen etal., 2009).

Interleukin-12 (IL-12) was originally identified as a product of Epstein-Barr virus 

transformed human B cell lines that could activate NK cells and induce IFNy 

production and T cell proliferation (Stern et a i, 1990). A heterodimer, composed of a 

p35 light chain and p40 heavy chain, IL-12 signals through its cognate IL-12 receptor 

(IL-12R), expressed mainly on activated T cells and NK cells (Presky et al., 1996). 

Microbial products such as bacteria, intracellular parasites, fungi, double-stranded 

RNA and bacterial DNA induce the production of IL-12 by phagocytes such as 

macrophages, neutrophils and DCs (Ma and Trinchieri, 2001). IL-12 strongly evokes 

expression of IFNy, thus favouring a Th i immune response and providing a bridge 

between innate and adaptive immunity (Trinchieri, 2003). Some of its other functions 

include enhancing the cytotoxic activity of NK and CDS* T cells, in part by inducing the 

transcription of genes encoding cytotoxic granule-associated molecules such as 

granzymes and perforin, and by upregulating expression of various adhesion 

molecules (Trinchieri, 1998).

IFNs, first discovered in 1957, were originally described as agents that interfere with 

viral replication (Isaacs and Lindenmann, 1957). IFNy is the sole type II IFN, signalling 

through the IFNy receptor (IFNyR), comprised of IFNyRI and IFNyRII subunits. IFNy is 

a hallmark cytokine of the Thi immune response, acting to induce antimicrobial and 

antitumor mechanisms in addition to upregulating antigen processing and presentation 

pathways (George et al., 2012). IFNy directs the migration, maturation and 

differentiation of numerous leukocyte subsets, in addition to activating NK cells and 

regulating B cell functions such as antibody production (Schroder et al., 2004).
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lnterleukin-1p (IL-1(3) is often referred to as the ‘prototypic’ inflammatory cytokine 

(Rothwell and Luheshi, 2000). The most studied members of the IL-1 family, IL-1a and 

IL-ip  are less than 30% homologous, yet they bind to the same cell surface receptors 

and mediate similar biological effects. IL-1 receptor I (IL-1RI) is expressed on almost 

all cell types, acting as the key receptor in IL-1(3-mediated responses, while IL-1 

receptor II (1L-1RII) acts as a decoy by competitively inhibiting IL-1 (3 from binding to IL- 

1RI. IL-1 (3 increases the expression of vascular adhesion molecules and further 

induces a number of pro-inflammatory cytokines, chemokines, and inflammatory 

molecules that form an amplifying immune cascade. The net effect of this is to recruit 

and activate macrophages, lymphocytes and neutrophils to fight infection and 

stimulate wound healing in response to tissue damage (Dinarello, 1996). IL-1 (3 release 

is often accompanied by that of TNFa and IL-6, with these cytokines having many 

redundant physiological effects (Rachal Pugh et a i, 2001).

TNFa, a further multifunctional pro-inflammatory cytokine, is originally synthesised as a 

membrane bound 26kDa polypeptide precursor, proteolytically cleaved by a 

membrane-associated metalloproteinase to release a 17kDa polypeptide. Three of 

these polypeptide chains then polymerise to form the circulating 51kDa protein 

(Munoz-Fernandez and Fresno, 1998). TNFa exerts its effects through activation of 

two distinct TNF receptors, but it is TNF receptor I (TNF-RI) thought to be responsible 

for mediating most of the biological actions of TNFa, including its antiviral activity and 

ability to induce apoptosis and cytokine production (Chen and Goeddel, 2002). TNFa, 

chiefly produced by activated macrophages, is described as a 'master regulator’ of 

pro-inflammatory cytokine production, and plays a key role in stimulation of the acute- 

phase response (Parameswaran and Patial, 2010).

Interleukin-6 (IL-6) is described as a pleiotropic cytokine that influences antigen- 

specific immune responses and inflammatory reactions. The receptor system for IL-6, 

expressed on the surface of many immune cells, comprises IL-6 receptor (IL-6R) and

gp130, a signal transducing component of cytokines related to IL-6 (Taga et a i,  1989).
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IL-6 is released in response to infection and plays a key role in acute-phase protein 

induction as well as being particularly involved in the stimulation of T and B 

lymphocytes to effector cells (Barton, 1997). IL-6 can itself have a direct effect on cells, 

or be co-agonistic or antagonistic in combination with other cytokines (Tamm, 1989).

In contrast, IL-10 is an anti-inflammatory cytokine that plays an important role in the 

prevention of pro-inflammatory and autoimmune pathologies. Acting to keep 

inflammatory events under control, IL-10 serves to protect against excessive immune 

responses and tissue damage (Glocker et al., 2011). IL-10 is expressed by many cells 

of the innate immune system, including DCs, macrophages, NK cells, eosinophils and 

neutrophils (Saraiva and O'Garra, 2010). In order to exert its effects, IL-10 dimerises 

and binds to a surface-bound cytokine receptor made up of two molecules of the IL-10 

receptor a-chain (IL-10RI) and two molecules of the accessory IL-10 receptor |3-chain 

(IL- 10RII) (Moore et al., 2001). The many roles of IL-10 include downregulating the 

expression major histocompatibility (MHC) antigens, co-stimulatory molecules and 

release of pro-inflammatory Thi cytokines such as TNFa, IL-ip, IL-6 and IL-12, 

(Zhang et al., 2010).

Nitric oxide (NO) is a radical effector of the innate immune response that can act to 

directly block pathogen replication by inhibiting the synthesis of, and causing double- 

stranded breaks in, bacterial DNA (Fang, 1997). Inducible NO synthase (iNOS) is 

expressed following activation of various immune cells and results in the production of 

NO for periods of time lasting from hours to days (Kroncke et al., 1997). iNOS utilises 

oxygen and electrons from nicotinamide adenine dinucleotide phosphate (NADPH) to 

oxidise L-arginine into the intermediate OH-L-arginine, which is then converted to NO 

and L-citrulline (Lowenstein and Padalko, 2004).

Ghemokines, derived from a shortened version of ‘chemotactic cytokines’, comprise a 

family of small soluble proteins whose main function is to act as chemoattractants for 

cell migration, adhesion and chemotaxis (Bajetto et a!., 2002). Divided into four
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families, depending on the location of their first two cysteine residues, the 50 members 

of the chemokine family often show similar, somewhat overlapping, specificities. The 

CC chemokine family encompasses monocyte chemotactic protein-1 (MCP-1; CCL2), 

macrophage inflammatory protein-1 (M lP -la ; CCL3) and ‘regulated and normal T-cell 

expressed and secreted’ protein (RANTES; CCL5). Together they function to attract 

monocytes, basophils, eosinophils, NK cells and T lymphocytes to sites of infection, 

but have little or no action on neutrophils (Bajetto et ah, 2002). Keratinocyte 

chemoattractant protein (KC; CXCL1) and IFNy-inducible protein-10 (IP-10; CXCL10) 

are members of a second CXC subfamily of chemokines, which can be subdivided into 

two groups depending on the presence or absence of a glutamic acid-leucine- 

argninine (ELR) motif near the N-terminus. CXC chemokines containing this ELR 

motif, such as CXCL1, provide specificity for neutrophils, whereas those without it, 

such as IP-10, act primarily on lymphocytes and monocytes (Savarin-Vuaillat and 

Ransohoff, 2007).

1.5 Phagocytosis

The ability of a cell to internalise material from its surroundings is important for many 

biological processes including the uptake of essential nutrients, the removal of dead or 

damaged cells from the body and defence against invading pathogens. Endocytosis, 

the process by which a cell absorbs fluids and macromolecules from its surroundings, 

is therefore vital for its survival. Three forms of endocytosis can be distinguished 

according to the size of vesicle formed, its contents and the uptake machineries 

involved. Phagocytosis typically involves the internalisation of solid particles from the 

external milieu via large endocytic vesicles called phagosomes, while pinocytosis is 

associated with uptake of fluids and solutes via smaller pinocytic vesicles. Receptor- 

mediated endocytosis is a mechanistically distinct process stimulated by ligand binding

12



to specific cell-surface receptors resulting in the internalisation of receptor and ligand 

via clathrin-coated or uncoated vesicles.

Phagocytosis, first described by Eli Mechnikov in 1882, is generally defined as the 

internalisation of particles with a diameter greater than 0.5pm, such as bacteria, 

viruses, parasites, large immune complexes, apoptotic cells and cell debris (Ernst, 

2006). While in unicellular eukaryotes such as protozoa, phagocytosis is an important 

feeding mechanism, in humans and animals it has developed as a vital element of the 

innate immune response, critical for the ingestion, destruction and processing of 

infectious or foreign material in response to infection (Aderem, 2003). Phagocytosis is 

not only effective in the clearance of pathogenic microorganisms, it also acts to 

process internalised targets, thus enabling antigen presentation to T cells, and 

resulting in the production of pro-inflammatory cytokines and chemokines that 

orchestrate the development of adaptive immune responses (Underhill and Goodridge, 

2012 ).

In mammals, macrophages, DCs and neutrophils act as the professional phagocytic

cells of the innate immune response. One litre of human blood contains an average of

six billion polymorphonuclear and mononuclear phagocytes, with each group differing

in structure and function depending on its origin (Hoffbrand, 2005). Macrophages,

originating from monocytes, migrate into tissues to become multifunctional tissue-

specific phagocytes following differentiation. The transformation from a monocyte to a

macrophage involves the cell enlarging up to ten-fold, increasing the number and

complexity of its intracellular organelles and producing higher levels of hydrolytic

enzymes in order to increase its phagocytic capability. Macrophages usually enter

tissue within hours to a few days following the initiation of inflammation, where their

main biological function is to ingest and destroy foreign material and subsequently

process and present it to lymphocytes. Activated macrophages also produce cytokines

that serve an important role in innate and adaptive immune responses. Neutrophils

migrate faster and react more aggressively to infection than do macrophages,
13



generally being the first cell to arrive at a site of inflammation, where they kill invading 

pathogens using lytic enzymes and bactericidal substances present in their 

cytoplasmic granules.

The process of phagocytosis can be divided into a number of distinct stages as shown 

in figure 1.1. The phagocyte binds to the target particle via any of a number of cell- 

surface phagocytic receptors, stimulation of which results in activation of multiple 

intracellular signalling pathways leading to membrane motility and the initiation of 

downstream effector functions. The plasma membrane extends to surround the 

pathogen and pinches off around it, resulting in internalisation of the target particle by 

the ingesting cell. Following engulfment, the ingested material is localised in an 

acidified cytoplasmic vacuole called a phagosome. These phagosomes acquire 

proteolytic activity through sequential fusion with lysosomes, eventually resulting in the 

ingested material being destroyed.

Phagocytosis is an adhesion-dependent process that involves numerous receptors, 

cytoskeletal elements and signalling cascades (see figure 1.2). Professional 

phagocytes such as macrophages display several classes of phagocytic receptors, 

including TLRs and scavenger receptors (SRs), which bind pathogens and mediate 

their internalisation. Within 30-60 minutes of TLR stimulation in vitro, phagocytic cells 

redeploy their actin cytoskeletons to enhance antigen capture (West et al., 2004). In 

order to aid phagocytosis, pathogens may be coated with naturally occurring soluble 

factors such as immunoglobulin G (IgG) antibodies, complement molecules and 

lectins, that act to enhance phagocyte binding. These molecules, known as opsonins, 

may be constitutively present in serum or released following stimulation (Hart et al., 

2004). Once pathogens are opsonised, phagocytosis can occur more efficiently via 

activation of Fc and complement receptors.
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Figure 1.1 Stages of phagocytosis.

(1) Phagocyte binds to the target particle via any of a number of cell-surface 

phagocytic receptors resulting in the extension of pseudopods and internalisation of 

the pathogen by the ingesting cell (2) Following engulfment, the ingested material is 

localised within an acidified cytoplasmic vacuole (3) Phagosomes acquire proteolytic 

activity through the sequential fusion with lysosomes, eventually resulting in the 

ingested material being destroyed (4) Digested pathogens are processed for display 

on the cell surface by MHC peptide complexes where they are presented to cells of the 

adaptive immune response (5) Leftover fragments are released by exocytosis. 

(adapted from http;//www.fotolia.com/id/32157847).
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Figure 1.2 Cellular receptors Involved in phagocytosis.

Multiple receptors simultaneously recognise pathogens via direct and indirect receptor 

binding, engagement of which induces numerous intracellular signals that can act in an 

overlapping manner. Stimulation of these pathways serves to activate or inhibit further 

phagocytosis and/or pathogen-induced responses (adapted from Underhill and 

Ozinsky, 2002).

Stimulation of phagocytic receptors results in the activation of a series of intracellular 

signalling pathways leading to dynamic and rapid reorganisation of the actin 

cytoskeleton (Kong and Ge, 2008). One of the initial events in cytoskeletal 

reorganisation is actin polymerisation, controlled by proteins belonging to the family of 

Rho GTPases, such as Rac and Cdc42 (Groves et al., 2008). The effects of these 

small GTPases are mediated by GTP-dependent interactions with downstream 

effectors such as Wiskott-Aldrich syndrome protein (WASP). WASP family proteins
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activate actin nucleation, allowing rapid filament growth and the extension of 

pseudopods around target particles (Insall and Machesky, 2009). In addition to 

reorganisation of the actin cytoskeleton, stimulation of phagocytic receptors leads to 

enhanced expression of MHC peptide complexes and co-stimulatory molecules, which 

play an important role in recruiting cells to the site of inflammation and initiating an 

adaptive imrhune response.

Following engulfment, scission from the plasma membrane and entry into the cell, the 

ingested material is trapped in a localised acidic phagosome. This initially innocuous 

vacuole undergoes a dramatic transformation in order to acquire the microbicidal and 

degradative features associated with innate immunity. Following sequential fusion with 

early endosomes, late endosomes and lysosomes, the resultant phagolysosome has a 

highly acidic, oxidative and degradative internal milieu (Flannagan et ai,  2009). 

Phagosomal pH generally drops from pH5.5 to pH 4.5 between early and late 

phagosomes, with acidification achieved through insertion of additional proton- 

pumping V-ATPases and tightening of the H'̂  ‘leak’. Collectively, this creates a hostile 

environment which favours the activity of many hydrolytic enzymes with acidic pH 

optima. Phagosomes are also equipped with an assortment of defensins, cathelicidins, 

lysozymes, lipases, proteases, hydrolases and endopeptidases that assist in 

degrading various pathogenic components (Kagan e ta i ,  1994).

The process of phagosomal maturation is achieved through a series of fusion and 

fission events with involvement of proteins such as members of the Rab family of small 

GTPases and lysosomal-associated membrane proteins (LAMPs). In particular, Rab5 

appears to be involved in the fusion of phagosomes with early endosomes, and Rab7 

mediates fusion with late endosomes (Ernst, 2006). N-ethylmaleimide-sensitive factor 

attachment protein receptors (SNAREs) are also important in phagosomal maturation, 

playing a vital role in membrane fusion and recycling.
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Cells such as macrophages and DCs act as APCs by displaying antigen from digested 

pathogens associated with MHC peptide complexes on their cell surfaces. Following 

formation of a phagolysosome, contents of the phagosome interact with MHC 

molecules where they are transported to the cell surface and present pathogens to T 

cells to initiate an adaptive immune response. The goal of MHC class I molecules is to 

report on intracellular events, such as vial infection, to CD8'^ T cells, while that of MHC 

class II molecules is to sample the extracellular milieu and present antigens to CD4'^ T 

cells (Vyas et al., 2008).

Finally, phagocytosis stimulates a process known as ‘respiratory burst’, where 

increased cellular oxygen consumption results in the production of a series of highly 

toxic oxygen derived compounds such as superoxide, hypochlorous acid, hydrogen 

peroxide and NO (Knight, 2000). The production of these highly reactive microbicidal 

agents is achieved by a multi-component NADPH oxidase complex that assembles on 

the phagosomal membrane (Minakami and Sumimotoa, 2006). These ROS are 

produced for the purpose of killing invading microorganisms and initiating an 

inflammatory response, however they can also inflict damage on neighbouring tissues 

and are thought to be of pathogenic significance in a number of diseases (Babior, 

2000).

Innate immunity in the CNS

In comparison to the periphery, the CNS is relatively immune-privileged as it lacks a 

lymphatic drainage system and is shielded from the circulatory system by the BBB. As 

the brain has limited regenerative potential, it is important to maintain its integrity in 

order to reduce the loss of postmitotic neurons following immune-mediated toxicity 

(Colton, 2009). In the normal brain, low expression of cytokines are observed, however 

upregulation of molecules involved in the innate immune response is induced by the



presence of pathogens, in response to brain injury and also in a variety 

neurodegenerative disorders (Vitkovic etal., 2000).

An innate immune response in the brain can be achieved through stimulation of a 

number of PRRs, including TLRs. Increasing evidence indicates that TLRs play a role 

in several inflammatory conditions within the CNS and, for example, genetic 

polymorphisms in human TLR4 have been linked to increased susceptibility in 

developing meningitis (Emonts et al., 2003). Furthermore, the extent of TLR 

expression appears to correlate with neurodegenerative changes in diseases such as 

Alzheimer’s disease (AD), Parkinson’s disease (PD) and multiple sclerosis (MS) (Carty 

and Bowie, 2011). TLR expression and signalling has been demonstrated in many 

resident CNS cells, with evidence of increased expression following bacterial and viral 

infection (Carpentier et al., 2008). Stimulation of TLRs on microglia and astrocytes is 

likely a contributing factor to the induction of neuroinflammation, resulting in the 

activation of neighbouring cells which both amplifies the initial response, modifies BBB 

permeability, and leads to recruitment of cells from the periphery that support initiation 

of an adaptive immune response (Hanisch et al., 2008).

Microglia are the resident immunocompetent, phagocytic and APCs within the CNS, 

playing a similar role to macrophages in the periphery. These cells remain quiescent in 

the brain until injury or infection activates them to perform inflammatory and APC 

functions. So called ‘resting’ microglia in the healthy adult brain are characterised by a 

small cell body with fine, ramified processes and low expression of surface antigens 

(Garden and Moller, 2006). Once activated, microglia actively participate in the 

neurological immune response by secreting inflammatory cytokines, NO, increasing 

expression of MHC and co-stimulatory molecules, and acquiring an array of cell 

surface receptors that trigger or amplify innate immune responses (Hanisch, 2002).
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Evidence is emerging to suggest that astrocytes are also intricately involved in innate 

immunity within the brain. These cells display a wide array of molecules involved in an 

innate immune response, including TLRs, mannose receptor, SRs, double-stranded 

RNA-dependent protein kinase and components of the complement system (Farina et 

a i, 2007). Following stimulation via TLRs, astrocytes actively participate in innate 

immune reactions, acting as a key CNS source of inflammatory mediators such as 

complement, IL - I3 , IL-6 , and chemokines MCP-1, CXCL1 and IP-10 (Ransohoff and 

Brown, 2012).

Although microglia are described as the resident phagocytic and APCs within the CNS, 

reports indicate that astrocytes also have phagocytic potential. For example, 

astrocytes have been shown to play a phagocytic role in axon elimination during 

embryonic and early post-natal development (Berbel and Innocenti, 1988). In addition, 

astroglial filaments have been found adjacent to demyelinating myelin sheaths in 

experimental gliomas, which they were shown to phagocytose and process (Lantos, 

1974). More recently, a population of constitutively-phagocytic astrocytes, capable of 

engulfing large axonal evulsions were identified in the postlaminar optic nerve head 

myelination transition zone, and these cells were found to express Mac-2, a protein 

typically present in phagocytic cells (Nguyen et al., 2011).

Astrocytes have also been shown to become phagocytic subsequent to brain trauma, 

evidenced by their ability to engulf colloidal carbon particles following their injection 

into the brain (al-Ali and al-Hussain, 1996) and phagocytic astrocytes appear in the 

middle molecular layer of the dentate gyrus six days after lesioning the entorhinal 

cortex (Bechmann and Nitsch, 1997). Interestingly, astrocytes in vitro have been 

shown to present antigen to T cells in a manner restricted by MHC, and thus a role for 

these cells in immune and phagocytic responses within the CNS is of great interest 

(Fontana et al., 1984).
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Alzheimer’s disease

AD was initially described as an ‘intriguing pathologic condition’ by the German 

psychiatrist and neuropathologist, Alois Alzheimer, in 1906. The first documented 

case, detailed during a lecture at the 37*  ̂ Conference of South-West German 

Psychiatrists in Tubingen, was identified by Alzheimer as ‘an unusual disease of the 

cerebral cortex’ which had affected a woman by the name of Auguste D. Prior to her 

untimely death at the age of 55, Auguste suffered from progressive cognitive 

impairment, disorientation, hallucinations and psychosocial incompetence. Following 

her death in 1906, post-mortem analysis of her brain showed various abnormalities 

including ‘atrophy’, the appearance of ‘neurofibrils’ and ‘miliary focuses [senile 

plaques] resulting from the deposition of a peculiar substance in the cerebral cortex’.

Over 100 years later, AD is described as an age-related, progressive

neurodegenerative disorder that affects over 35.6 million people worldwide (Ittner and 

Gotz, 2011). Clinically, patients present with short-term memory loss followed by a 

progressive decline in cognitive and executive functioning (Bekris et a i, 2010). In

addition to extensive neuronal and synapse loss, the post-mortem AD brain is

characterised by the build-up of two hallmark proteins, amyloid-(3 (A(3), which

accumulates in extracellular senile plaques, and microtubule-associated tau, which 

localises to intracellular neurofibrillary tangles (NFTs). These abnormal protein 

accumulations are believed to act in concert to cause the progressive neuronal 

degradation that leads to subsequent symptoms of the disease.

Little is known about the normal function of tau, although it appears to act as a

microtubule-binding protein that regulates their stability and transport (Dixit et al.,

2008). Interestingly, the accumulation of hyperphosphorylated and aggregated tau

within neurons in the AD brain has been shown to proceed the formation of senile

plaques and their appearance to better correlate with neurodegeneration and cognitive

impairment (Braak and Braak, 1991). Transgenic overexpression of a human tau
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variant in mice resulted in animals developing progressive, age-related NFTs, neuronal 

loss and behavioural impairments (Santacruz et al., 2005). While tau can clearly be 

described as a major player in AD, it is Ap, the second hallmark protein associated 

with disease pathology that is the focus of this thesis.

AD is associated with significant neuroinflammation, which likely plays a fundamental 

role in disease pathogenesis. Evidence from epidemiological studies has revealed that 

treatment with non-steroidal anti-inflammatory drugs (NSAIDs) reduces the risk and 

delays the onset of developing AD (Pasinetti, 2002). Numerous mediators of 

inflammation are increased in the AD brain, including chemokines, cytokines, ROS and 

complement. This inflammation is suggested to occur in response to plaques and 

tangles associated with dystrophic neurons as well as reactive microglia and 

astrocytes (Rubio-Perez and Morillas-Ruiz, 2012). Such chronic, self-propagating, 

cytokine-mediated inflammation helps to explain the progressive neurodegeneration 

and dementia that occurs in AD. Therapeutic strategies aiming to control this 

inflammation may therefore be extremely valuable in halting progression of the 

disease.

1.8 Amyloid-P

Ap is a proteolytic product derived from amyloid precursor protein (APP), an integral 

type I transmembrane protein expressed in many tissues throughout the body but 

principally concentrated in the synapses of neurons (Priller et al., 2006). The primary 

function of APP is largely unknown, however it has been implicated as a regulator of 

synapse formation and plasticity, with its expression found to be upregulated during 

neuronal differentiation and following neuronal injury (Turner ef a/., 2003).

APP contains three main proteolytic cleavage sites, two close to the membrane (a and

P) and one within the transmembrane domain (y). The cleavage of each of these
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domains is catalysed by a-, (3- and y-secretases respectively (see figure 1.3), and can 

occur via one of two pathways:

1. In the amyloidogenic pathway, APP is initially cleaved by P-secretase, resulting 

in the production of a soluble NH2 terminal fragment, sAPPp, and a membrane 

bound COOH terminal fragment, C99, which is further cleaved by y-secretase 

to yield A(3.

2. In the non-amyloidogenic pathway, APP is initially cleaved by a-secretase, 

resulting in the production of a soluble NH2 terminal fragment, sAPPa, and a 

membrane bound COOH terminal fragment, C83, which is further cleaved by y- 

secretase to yield P3.

As a-secretase cleaves within the A(3 peptide domain, it precludes generation of the 

Ap peptide, and therefore methods to increase its biological activity are being 

investigated in the treatment of AD. The large extracellular domains liberated by a- or 

P-secretase cleavage appear to participate widely in neurotrophic activity, intercellular 

communication and membrane-to-nucleus signalling (Turner et al., 2003). However, 

while these fragments differ in size by only 17 amino acids at the carboxyl terminus, 

the effects induced by sAPPa are reported to be roughly 100 times more potent than 

those induced by sAPPp (Mattson etal., 1993).
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Figure 1.3 Schematic view of the cleavage sites of APP.

Cleavage of APP by (3-secretase results in the formation of sAPP(3 and C99, which is 

further cleaved by y-secretase to yield A(3 and the APP intracellular domain (AlCD). 

Alternatively, cleavage of APP by a-secretase results in the formation of sAPPa and 

C83, which is further cleaved by y-secretase to yield P3.

The membrane-bound fragments, C83 or C99, are subsequently cleaved by y- 

secretase. Cleavage of C99 results in formation of the A[3 peptide, whilst C83 cleavage 

generates a shortened A(3-like fragment termed P3 (Turner et a i, 2003). Interestingly, 

cleavage of C99 by y-secretase can occur at a number of sites, thus generating 

multiple A(3 species of varying lengths. A p i .4 0  is the species most predominantly 

produced, compared to trace amounts of the more insoluble A P i^ 2 -

AP is initially produced as a single monomer, with its transition to dimers, trimers and 

higher oligomers resulting in its aggregation and pathogenic transformation (Nag et al., 

2011). Further aggregation yields protofibrils and fully-fledged fibrils that constitute the 

bulk of senile plaques found in the AD brain (Walsh et al., 1999). Interestingly, lower
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order oligomers appear to be the most potent neurotoxins, and, as AP1 .4 2  

spontaneously aggregates to form these oligomers, it is thus considered the most toxic 

species. Recent studies have suggested there is a relatively weak correlation between 

the severity of dementia and the density of fibrillar amyloid plaques in the AD brain; a 

more robust association has been observed between levels of oligomeric Ap, synaptic 

loss and cognitive impairment (Walsh and Selkoe, 2007).

1.9 Phagocytosis of Ap

Microglia act as tissue macrophages within the CNS and have been shown to play an 

important role in the internalisation and degradation of Ap (Lee and Landreth, 2010). 

The presence of large numbers of activated microglia in the AD brain, specifically 

surrounding Ap plaques, suggests they play a significant role in disease progression. 

Evidence that Ap is phagocytosed by microglial cells comes from several sources. In 

vitro, microglia have been shown to actively phagocytose monomeric, oligomeric and 

fibrillar Ap (Lee and Landreth, 2010). In vivo, numerous ultrastructural studies have 

reported that microglia in the AD cortex contain intra-cytoplasmic fragments of Ap 

(Lewandowska et a i,  2004).

Microglia, endowed with numerous cell-surface molecules capable of detecting 

physiological disturbances, are thought to interact with Ap through receptors such as 

the SRs, TLR2, TLR4 and the receptor for advanced glycation endproducts (RAGE) 

(see figure 1.4), Engagement of these molecules results in the activation of multiple 

parallel signalling cascades responsible for the complex cellular responses to Ap 

(Lucin and Wyss-Coray, 2009). SRs, a family of cell-surface molecules that bind to a 

variety of unrelated ligands, were the first receptors reported to be involved in Ap 

uptake (Paresce et al., 1996). Mononuclear phagocytes, such as microglia, are known 

to express multiple SRs, including SR-A, SR-BI and CD36. A role for TLRs as Ap
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receptors was identified subsequent to the observation that blocking TLR signalling via 

interference with receptor-ligand interactions decreased A(3-induced signalling and 

phagocytosis (Bamberger et a i, 2003). A(3 binding to RAGE is a powerful activator of 

microglial inflammation and analysis of RAGE expression in non-demented and AD 

brains indicates that an increase in RAGE protein and RAG E-expressing microglia 

parallels disease severity (Lue eta!., 2001).

Although microglia have the ability to internalise Ap via receptor-mediated uptake, it 

has been suggested they may be unable to degrade it efficiently. Studies have shown 

that inactivated microglia have weakly acidic lysosomes and need to be stimulated by 

inflammatory agents in order to allow them to degrade and remove Ap efficiently 

(Majumdar et al., 2007). It has been postulated that as AD progresses, the inability of 

microglia to clear the mounting Ap leads to ‘frustrated phagocytosis’, contributing to 

the persistent release of pro-inflammatory mediators and widespread neuronal 

degeneration observed in later stages of the disease (El Khoury and Luster, 2008).

In comparison to microglia, the role of astrocytes in clearance of Ap from the AD brain 

is less well characterised. Adult mouse astrocytes placed in situ on Ap-laden brain 

sections from transgenic AD mice were shown to associate with Ap deposits and 

reduce the presence of Ap in these sections (Wyss-Coray et al., 2003). Furthermore, 

when adult mouse astrocytes were transplanted into the hippocampi of transgenic 

mice, a 57% reduction in Ap burden was observed compared with WT animals (Pihlaja 

et al., 2008). This study was followed up with the demonstration that astrocytes 

respond to human Ap by upregulating expression of neprilysin, a zinc-dependent 

metalloprotease enzyme that degrades Ap (Pihlaja et al., 2011). When astrocytes were 

incubated with an inhibitor of neprilysin, the removal of Ap was significantly reduced.

26



0 1 .1,>

^  TNFu

iijijintegrin

CD36,
SR A ^

CD47
«  MCP 1 (CCL2)N 0S 2

TLR4
Fractaline (C X B C Ll)

CD14,

o M IP 1.<(CCI3)TLR2
P2X7

O IF 'IO (C X C L IO )RAGE

Figure 1.4 Pathways of microglial activation by Ap

Microglia are endowed with num erous receptors capable of detecting physiological 

disturbances. A(3 has the ability to stim ulate m icroglia through a variety of cell surface 

m olecules (left), including CD36, SR-A, TLR2, TLR4 and RAGE. Stimulation of these 

receptors results in the release of cytokines, neurotoxic substrates (right), and 

activation o f cellu lar pathways such as phagocytosis (adapted from  Heneka et al., 

2010 ).

In post-m ortem  human AD brains, A(3 im m unopositive material has been demonstrated 

w ithin astrocytes throughout the entorhinal cortex (Nagele e t al., 2003). Additionally, 

prim ary human astrocytes derived from AD and non-AD brains have been shown to 

bind to and internalise aggregates o f A(3 i ^ 2  (N ielsen e t al., 2009). Interestingly, this 

study dem onstrated that foetal astrocytes were m ore efficient at internalising A P i^ 2  

than adult astrocytes, and that both foetal and adult astrocytes were better at 

internalising fluorescent A p i .42 than prim ary adu lt m icroglia (Fam ilian et al., 2007,
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Nielsen e f a/., 2010). Interestingly, astrocytes were also reported to be more efficient in 

phagocytosing o ligom eric compared with fibrillar species of A P i^ 2  (Nielsen et al., 

2010). The m echanisms by which astrocytes internalise and degrade A(3 are largely 

unknown. SRs such as SR-B1 and the macrophage receptor w ith collagenous 

structure (MARCO) have been implicated (Alarcon et al., 2005), however the role of 

receptors involved in m icroglial phagocytosis o f Ap, such as RAGE, TLR2, TLR4, 

CD36 and CD47, rem ains to be seen.

1.10 Genetics of AD

Age is the single b iggest risk factor fo r AD, with incidence o f the disease doubling 

every 5 years after the age o f 65. This leads to a prevalence greater than 25% in 

people over the age of 90 (Qiu et al., 2009). The cause o f late-onset sporadic AD is, as 

o f yet, unknown, however it is likely to be the result of a com plex interaction between 

ageing and num erous environmental and genetic risk factors.

M olecular analyses o f fam ilies with early-onset AD, accounting for roughly 5% o f total 

cases, have identified mutations in three main genes to be responsible fo r the disease 

(Hoenicka, 2006). To date, over 230 mutations in PS1 and PS2, the catalytic subunits 

o f Y-secretase, and APP have been associated with early-onset AD, most of which 

affect the synthesis and proteolysis o f APP (Wu et al., 2012). A  double mutation in 

APP reported in a Swedish fam ily (APPswe) that leads to increased cleavage of APP 

by P 'secretase, has been shown to result in up to an 8 -fold increase in Ap production 

in vitro (Citron e t al., 1992). Mutations in PS1 and PS2 are reported to be associated 

w ith favouring the production o f AP 1.42 over AP i^o (Albani et al., 2007). Taken together, 

th is is further supportive evidence o f a causal role for Ap in AD pathogenesis.

Interestingly, a recently reported coding mutation w ithin the P-secretase cleavage site

o f APP (A673T) has been dem onstrated to protect against AD and cognitive decline in
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humans. When this mutation was cloned into 293T human embryonic kidney cells in 

vitro, it resulted in an approximate 40% reduction in the formation of Ap (Jonsson et 

al., 2012). Roughly 0.5% of Icelanders are reported to be carriers of this mutation, as 

are 0.2-0.5% of Finns, Swedes and Norwegians. It has been stated that harbouring 

the A673T mutation makes carriers five times more likely to reach 85 without 

developing AD (Callaway, 2012).

The most significant genetic risk factor of AD described to date is harbouring the £4 

variant of the lipid transport protein apolipoprotein E (apoE) (Huang, 2010). ApoE, a 

protein involved in cholesterol transport, exists in three major isoforms: e2, e3 and e4 

(Zhong and Weisgraber, 2009). In both sporadic and familial forms of AD, the 

prevalence of the apoE e4 allele increases from 14% in the control population to 

roughly 40% in those suffering from AD (Poirier et a!., 1993). While the reasons for this 

are still largely unknown, it has been suggested that it could be due to interactions of 

apoE with Ap, or as a result of its involvement in the mediation of CNS cholesterol and 

lipid homeostasis (Laws eta!., 2003).

1.11 Transgenic models of AD

The use of transgenic mouse models of AD provides an invaluable tool to investigate 

disease progression, in addition to assessing therapeutic interventions and biomarkers 

that could potentially prove effective in humans. Although transgenic mice undoubtedly 

mimic a number of the pathological hallmarks of AD, such as plaque deposition, 

neuroinflammation and cognitive deficits, they by no means recapitulate all aspects of 

the disease, in particular showing only moderate neuronal loss (Johnston etal., 2011).

The first transgenic model of AD was generated using a platelet-derived growth factor

(PDGF)-promoter driving a human APP770 minigene with a V717F mutation (PDAPP),

(Games et al., 1995). These mice expressed high levels of mutant human APP and
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progressively developed many pathological hallmarks of AD, including Ap deposits, 

neuritic plaques, synapse loss and gliosis. PDAPP mice showed significant memory 

impairments in the Morris water maze, radial arm maze, operant bar pressing and 

visual object recognition tasks compared with age matched controls (Chen et a i, 2000, 

Dodart et a i, 1999, Mullan et al., 1993). Numerous other models incorporating 

mutations in APP have since been generated, including Tg2576 mice that overexpress 

human APP695 with a K670N M671L double mutation (Hsiao et al., 1996).

Perhaps the most commonly used transgenic model of AD today incorporates 

mutations in both APP and PS1. The APPswe/PS1dE9 model used in the current 

study contains one transgene encoding a chimeric APP with a double K595N M596L 

mutation, and a second encoding PS1 with a deltaE9 mutation, linked to increased Ap 

plaque formation and early-onset AD respectively. These animals develop large 

numbers of Ap plaques in the cerebral cortex and hippocampus far earlier than singly 

transgenic Tg2576 littermates (Borchelt et al., 1997).

A 5XFAD transgenic model has recently been generated carrying 5 familial AD 

mutations, including a human APP transgene with Swedish, Florida, and London 

mutations, and a PS1 transgene carrying a double M146L L286V mutation (Oakley et 

al., 2006). Compared with other models of AD, these animals develop synaptic loss, 

neurodegeneration, neuroinflammation and memory deficits unusually early by 4 

months of age (Oakley et al., 2006). More recently again, an APPSwDI/N0S2(-/-) 

mouse model has been developed, reported to closely model AD by exhibiting 

extensive Ap pathology, hyperphosphorylated and aggregated normal mouse tau, 

significant neuronal loss, and cognitive deficits (Wilcock et al., 2008). While one has to 

exercise caution in interpreting findings from transgenic models of AD, they present 

key features of the human disease and are thus a valuable tool in attempting to 

elucidate the molecular basis of cognitive impairment that occurs during the course of 

this debilitating disease.
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1.12 Treatment of AD

There are currently only five drugs approved by the US Food and Drug Administration 

(FDA) for the symptomatic treatment of AD. Although these drugs are partially effective 

in improving symptoms, they do not halt progression of the disease or address the 

fundamental processes underlying AD. Four of these drugs target cholinergic function, 

which is compromised in AD following early loss of basal forebrain cholinergic neurons 

(Van der Zee et al., 2011). Current treatments focus on inhibiting acetylcholinesterase 

(AChE), an enzyme involved in breakdown of the neurotransmitter acetylcholine 

(ACh). The first of these drugs, approved in 1993, was tacrine hydrochloride, an AChE 

inhibitor purported to slow the loss of cholinergic-mediated neural pathways important 

in memory function and cognition (Osborn and Saunders, 2010). AChE inhibitors 

approved since include donepezil, rivastigmine and galantamine. Meta-analyses based 

on randomised controlled trials have demonstrated that AChE inhibitors confer 

moderate and short-term improvements in cognition and global outcome, in addition to 

limited evidence of modest enhancements in mood and social interaction (Corbett and 

Ballard, 2012).

The most recent drug approved by the FDA, memantine hydrochloride, acts as an 

antagonist of the N-methyl-D-aspartate (NMDA) receptor, and is licensed for the 

treatment of moderate to severe AD, either on its own or in combination with AChE 

inhibitors. Neuronal excitotoxicty, following excessive exposure to the neurotransmitter 

glutamate, has long been associated with AD and thus targeting NMDA receptors was 

a novel approach in treatment of the disease following the limited efficacy of drugs 

targeting the cholinergic system.

A further innovative approach in the treatment of AD was stimulation of Ap clearance

by immunisation with Ap antigens (active vaccination) or anti-Ap antibodies (passive

vaccination). The first vaccine of a pre-aggregated preparation of synthetic human Ap,

AN 1792, was abandoned in 2002 due to the occurrence of meningoencephalitis in
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approximately 6% of treated patients (Birmingham and Frantz, 2002). Follow up 

studies of Phase lla participants have shown that AN1792 immunisation induced a 

modest but significant positive effect on some cognitive and functional outcome 

measures, including a significant reduction in Ap load (Serrano-Pozo et a i, 2010). 

Several second-generation A(3 vaccinations have since been developed, including 

solanezumab and bapineuzumab. Solanezumab is a humanised monoclonal antibody 

developed with affinity for the central region of A(3 that selectively binds to soluble Ap 

with little or no binding capacity for fibrillar forms (Delrieu et al., 2012), whereas 

bapineuzumab binds Ap plaques more strongly than it does soluble Ap (Kerchner and 

Boxer, 2010). Unfortunately, phase III clinical trials of both drugs very recently failed to 

meet specified end-points in slowing cognitive and functional decline in AD, and their 

development is to be halted.

Emerging antibody therapies include crenezumab, due to be studied in asymptomatic 

subjects with a PS1 E280A mutation that predisposes carriers to early onset of AD 

(Miller, 2012). Further therapeutic approaches include modulation of the secretase 

enzymes, for example CTS-21166 which acts as an inhibitor of p-secretase. Several 

compounds that inhibit y-secretase have also been identified, the most advanced of 

which is LY-450139, now in Phase III clinical development. Compounds that stimulate 

a-secretase activity are also being studied, including EHT-0202, which has recently 

commenced evaluation in a Phase II study. However while these drugs look promising, 

if the risk factors and pathogenic mechanisms involved in AD were more clearly 

understood, novel treatments, and perhaps even a cure for this devastating disease 

may be uncovered. Similarly, if an early diagnostic marker were to be identified, the 

efficacy of both current and future treatments would surely be enhanced.
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1.13 Aims of study

The initial objective of this study was to examine the impact of exogenous Ap on 

microglia and astrocytes in vitro, with specific regard to its effect on phagocytosis, 

markers of cellular activation, cytokine release and expression of putative A(3 receptors 

by both cell types. A significant issue was to investigate how astrocytes respond to Ap 

by using a range of neutralising antibodies to establish the involvement of specific 

receptors and signalling pathways in these cells, both in terms of phagocytosis and 

cytokine release. The second objective was to examine the effect of exogenously- 

administered Ap and the accumulation of endogenous Ap (in APP/PS1 mice) on 

similar markers of glial activation. In APP/PS1 mice, the age-related expression profile 

of markers of alternative activation, acquired deactivation and classical activation was 

also examined. Finally, a cohort of human subjects with IQ-discrepant memory was 

recruited with the objective of assessing whether plasma concentrations of Ap might 

correlate with phenotypic or functional changes in peripheral monocytes/macrophages.
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2: Materials & Methods
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2.1 Cell culture

2.1.1 Aseptic technique

All cell culture work was carried out in a laminar flow hood and aseptic technique was 

employed throughout. Use of the laminar flow hood ensured a constant supply of 

filtered air to the work area thus preventing the entry of normal air-borne pathogens 

from the surrounding atmosphere. To ensure the laminar flow hood remained sterile, 

the interior was sprayed with 70% ethanol (EtOH) in autoclaved distilled water 

(dH20) prior to use. Following use, the hood was exposed to ultraviolet (UV) light for 

30 minutes. UV light causes adjacent thymine molecules in DNA to dimerise thus 

inhibiting replication of pathogens. Any materials passed into the flow hood were 

sprayed with 70% EtOH. Pipette tips and dH20 were sterilised prior to use by 

autoclaving at 121°C for 1 hour and sterile disposable plasticware was employed 

where possible to further ensure asepsis. Disposable latex gloves were worn at all 

times and hands were sprayed with 70% EtOH before being placed in the hood. 

Dissection equipment was sterilised by thorough cleaning with Virkon followed by 

overnight baking at 200°C. Cells were maintained in an incubator at 37°C in a 5% 

carbon dioxide (CO2) humidified atmosphere. Both the incubator and the laminar flow 

hood were cleaned regularly with Biocidal ZF™, Mycoplasma-OFF, Virkon and 70% 

EtOH to maintain a continually-sterile environment.

2.1.2 Preparation of culture media and test compounds

Primary glial culture media: Heat-inactivated foetal bovine serum (FBS; 50ml; 10%), 

penicillin-streptomycin (5ml; 1%) and fungizone (500pl; 0.25|jg/ml) were filter- 

sterilised into a bottle of Dulbecco’s modified Eagle’s medium (DMEM; 500ml) using 

a syringe filter (0.2[jm) to give complete DMEM (cDMEM) which was used in the 

preparation of all primary glial cell cultures. cDMEM was stored at 4°C for up to 2 

weeks.
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Cytochalasin-D : A stock solution (3mM) was prepared by dissolving cytochalasin-D 

(1mg; FW 507.6g/m ol) in dim ethyl sulfoxide (DM SO) and frozen at -20°C. Stock 

solution was diluted to working concentrations in pre-warmed cDMEM prior to use. 

Vehicle control was prepared containing DMSO as appropriate.

Macrophage colony-stim ulating facto r (M -CSF): A stock solution (lOOpg/ml) was 

prepared by reconstituting M-CSF (50|jg) in bovine serum albumin (BSA; 0.1% ) in 

sterile 1X phosphate-buffered saline (PBS). Stock solution was frozen at -20°C and 

diluted to a working concentration o f 20ng/m l in pre-warmed cDMEM prior to use.

Granulocyte m acrophage colony-stim ulating facto r (GM-CSF): A  stock solution 

(50|jg/m l) was prepared by reconstituting GM -CSF (50^ig) in BSA (0.1%) in sterile IX  

PBS. Stock solution was frozen at -20°C and diluted to a working concentration of 

10ng/ml in pre-warmed cDMEM prior to use.

Af3i.40, Api-42 and A ^ 4 o- i : Lyophilised peptide ( Im g ) was dissolved in high 

performance liquid chrom atography (HPLC) grade water at 6mg/m l and diluted to 

1mg/ml with IX  PBS taking account of the peptide content for each batch used. In 

order to prepare a more aggregated species, stock solutions were incubated for 24 

hours at 37°C with continuous rotation at 220 revolutions per m inute (rpm). A(3 

aggregation states were assessed using a thioflavin T (ThT) assay (see figure 2.1) 

and sodium  dodecyl sulphate (SDS) gel electrophoresis followed by silver nitrate 

staining. ThT is a benzothiazole dye that fluoresces strongly upon binding to the 

cross (3-sheet quaternary structure of amyloid fibrils (Abs/Em =440/490nm ). Stock 

solutions were frozen at -20°C and diluted to a working concentration in pre-warmed 

cDMEM prior to use.

HiLyte Fluor™  488-labeled A ^ i.4 2 : Lyophilised peptide (0.1 mg) was dissolved in 

ammonium hydroxide (NH4OH; 1%) and diluted to a 0.25|jg/m l stock solution using 

1X PBS. In order to prepare a more aggregated species, stock solutions were 

incubated fo r 24 hours at 37°C with continuous rotation at 220rpm. Stock solutions
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were frozen at -20°C and diluted to a working concentration in pre-warm ed cDMEM 

prior to use.

Figure 2.1 Representative ThT graph

An increase in ThT fluorescence occurs fo llow ing incubation o f A(3i^o and A P i^ 2  at 

37°C with continuous rotation fo r 24 hours.

Wedelolactone: A  stock solution (lOOmM) was prepared by reconstituting 

W edelolactone (1mg; FW 314.3g/m ol) in DMSO. Stock solution was frozen at -20°C 

and diluted to a working concentration (25|jM ) in pre-warm ed cDMEM prior to use. 

Vehicle control w as prepared containing DMSO as appropriate.

Neutralising antibodies (see table 2.1) and IgG controls: All antibodies were diluted to 

a working concentration (2 .5 [jg /m l) in p re -w arm ed  cDMEIVI p rio r to  use and added 

to ce lls in the  p resence  o f aggregated  A(3 for 24 hours.
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Antibody Company

CD36 Antibody Rabbit Polyclonal IgG #  scqT m

CD47 Antibody Mouse Monoclonal IgG Cat^#*^sc707%

TLR2 Antibody Mouse Monoclonal IgG S t^ #  H^M°1054

RAGE Antibody Goat Polyclonal IgG C a t# ^ F 1 6 7 6

Table 2.1 Neutralising antibodies.

2.1.3 Preparation of primary mixed glial cultures.

Primary m ixed glial cell cultures were prepared from  the brains of 1-3 day old male 

neonatal W ista r rats. An incision was made along the m idline o f the scalp with a 

small sterile scissors and the skin was peeled back to reveal the skull. A  cut was 

made along each side of the skull cap at the level o f the ears and it was removed 

using a curved forceps. A straight forceps was used to discard the meninges along 

w ith any adherent blood vessels and cortical tissue was pinched out from both 

hem ispheres o f 3 rat pups and pooled in a few  drops o f pre-warmed cDMEM. Tissue 

w as finely cross-chopped using a sterile scalpel, transferred to a sterile falcon tube 

containing warm ed cDMEM (6ml) and placed in an incubator for 20 minutes. 

Subsequently, tissue was gently triturated using a sterile Pasteur pipette until all 

v is ib le  c lum ps were removed. The cell suspension was passed through a nylon cell 

stra iner (40[jm ) into a sterile falcon tube and centrifuged at 850 x g fo r 3 m inutes at 

20°C. Supernatant was discarded and the cell pellet re-suspended in cDMEM (1ml) 

using a Pasteur pipette. A t this stage, cells were counted using the trypan blue 

exclusion method (as described in section 2,1.7). Cells were split over 6-well plates 

a t a density o f 5x10® cells/m l. Plates were placed in an incubator and the cells were 

left to adhere fo r a m inimum of 2 hours, at which point each well was flooded with 

cDMEM  (1.5ml). Cells were maintained at 37°C in a 5% CO 2 hum idified atm osphere
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and culture media was replaced every 3-4 days. Cells were treated when confluent 

and periodically stained for CD11b and GFAP in order to assess purity (as described 

in section 2.4.1).

2.1.4 Preparation of enriched microglial cultures

Enriched primary microglial cultures (see figure 2.2A) were prepared as described in 

2.1.3 above with the following adaptations. Cells were initially seeded onto T25cm^ 

tissue culture flasks and 24 hours later media was replaced with cDMEM containing 

M-CSF (20ng/ml) and GM-CSF (lOng/ml). On day 7, the necks of the flasks were 

wrapped in parafilm, placed on an orbital shaker and agitated at ~130rpm until 

microglia were dissociated into solution. Flasks were tapped to detach any remaining 

adherent microglia and the supernatant centrifuged at 850 x g for 5 minutes. The 

pellet was resuspended in cDMEM, a cell count was carried out and microglia were 

plated onto 6-well plates at a density of 5x10® cells/ml. Plates were placed in an 

incubator and the cells were left to adhere for a minimum of 2 hours, at which point 

each well was flooded with cDMEM (1.5ml). Microglia were maintained at 37°C in a 

5% CO2 humidified atmosphere for 2 days prior to treatment.

2.1.5 Preparation of enriched astrocytic cultures

Enriched cultures of primary astrocytes (see figure 2.2B) were prepared as described

in section 2.1.3 above with the following adaptations. On day 10-12, the necks of the

flasks were wrapped in parafilm and placed on an orbital shaker at ~200rpm until

microglia were dissociated into solution. Flasks were tapped vigorously to detach any

remaining adherent microglia. The supernatant was removed, discarded and

replaced with trypsin-ethylenediaminetetraacetic acid solution (EDTA; 2ml). Flasks

were placed in the incubator for 5 minutes or until cells were sufficiently loosened at

which point cDMEM was added to terminate the action of trypsin-EDTA. Cells were

centrifuged at 850 x g for 3 minutes, counted and plated onto 6-well plates at a
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density of 5x10® cells/ml. Plates were placed in an incubator and the cells were left to 

adhere for a minimum of 2 hours, at which point each well was flooded with a further 

1.5ml cDMEM. Astrocytes were maintained at 37°C in a 5% CO2 humidified 

atmosphere for 2 days prior to treatment.

V

50 titn

. SO p m

Figure 2.2 Confocal images demonstrating the purity of microglial and 

astrocytic cultures.

GDI 1b (A; green) and glial fibrillary acidic protein (B; green) immunocytochemistry 

was used to demonstrate the purity of enriched microglial and astrocytic cultures. 

Nuclei were counterstained using 4'-6-diamidino-2-phenylindole (DARI).
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2.1.6 Preparation of coverslips for immunocytochemistry

Glass coverslips for cell culture were first sterilised with 70% EtOH for 30 minutes 

and left under the UV light for an additional 30 minutes. Poly-o-lysine (25mg) was 

reconstituted in autoclaved d h 2 0  and thoroughly vortexed to yield a stock solution of 

1 mg/ml which was sterilised using a syringe filter (0.2|jm), aliquoted and frozen at - 

20°C. Prior to use, poly-o-lysine was diluted to a final concentration of 40|jg/ml using 

autoclaved dH20. Coverslips were immersed in poly-o-iysine at 37°C for 30 minutes, 

washed twice with autoclaved dH20 and left to fully dry prior to use. When dry, 1 

coverslip was added to each well of a 24-well plate for immunocytochemistry.

2.1.7 Cell counting

Cells were resuspended in a known volume of media and viable cells counted using 

the trypan blue exclusion method. Live cells possessing intact cellular membranes 

have the ability to exclude trypan blue dye whereas dead cells do not. Cell 

suspension was diluted in trypan blue (1:10) and a plastic haemocytometer used to 

count the cells under a light microscope. The number of cells/ml was determined 

using the formula: cell count x dilution factor x 10''.

2.2 Cell viability assays

2.2.1 Lactate dehydrogenase CytoTox 96® assay

Lactate dehydrogenase (LDH), which catalyses the interconversion of pyruvate and 

lactate, is a stable cytosolic enzyme that is released upon cell lysis. Release of LDH 

into supernatants is assessed by evaluating the conversion of a tetrazolium salt (INT) 

to a red formazan product; the colour produced is proportional to the number of lysed 

cells.
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The LDH CytoTox 96® assay was carried out as per manufacturer’s instructions. 

Prior to collecting cell supernatants, appropriate wells were incubated with lysis 

buffer in cDMEM (1:10) for 1 hour. Assay buffer (12ml) was used to reconstitute a 

bottle of substrate mix. Aliquots of supernatants (50jjl) were transferred in duplicate 

to a 96-well flat-bottomed plate. The following controls were set up (1) wells 

containing cDMEM only (2) wells containing supernatant from cells incubated with 

lysis buffer for 1 hour (3) lysis buffer in cDMEM and (4) a LDH positive control in IX  

PBS (1:5000). Reconstituted substrate mix (SOpI) was added to each well and the 

plate was incubated in the dark at room temperature for 30 minutes. Stop solution 

(50pl) was added to each well and absorbance was read at 490nm using a BioTek 

Elx800 Microtitre Plate Reader. Experimental LDH release was calculated using the 

following equation:

Experimental LDH release ( O D 4 9 0 )

% Cytotoxicity =   X 100
Maximum LDH release ( O D 4 9 0 )

2.2.2 Alamar blue cell viability assay

A stock solution of alamar blue (440pM) was prepared by dissolving resazurin 

(25mg; FW 251.17g/mol) in dH20 and stored in a dark bottle for future use. The 

alamar blue assay is based upon the ability of viable cells to reduce resazurin to 

resorufin with the amount of fluorescence produced being proportional to the number 

of living cells. Damaged and non-viable cells have lower innate metabolic activity and 

thus generate a proportionally lower signal when compared with healthy cells.

The dye was added to the cells at a 1:10 dilution in cDMEM. In addition, resazurin

was added to a set of wells that contained cDMEM only and to cells that had been
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treated with lysis buffer for 1 hour (see LDH assay protocol). Plates were incubated 

at 37°C until a colour change was observed i.e. pink in non-treated cells and dark 

blue in lysed cells. Once this change was observed, aliquots of supernatant (lOOpI) 

from each well were transferred in duplicate to a fresh 96-well flat-bottomed plate. 

Absorbance was read at 595nm using a BioTek £1*800 Microtitre Plate Reader and 

percentage cell viability was calculated using the following equation:

% Cell viability = ((Am - As)/(Am- Ac)) x 100

where Am = Average absorbance of wells containing cDMEM only

Am = Average absorbance of wells containing cells without treatments 

As = Absorbance of a particular sample

Opsonised zymosan assay

This assay was used to compare the oxidative burst that occurs following 

phagocytosis in primary rat microglia and astrocytes, using rat peripheral blood 

mononuclear cells (PBMCs) as a positive control (see section 2.12.2 for isolation 

procedure). Zymosan, a protein present in the unicellular yeast Sachromyces 

cervisae, is opsonised by complement and immunoglobulins (IgG) in plasma in order 

to facilitate its phagocytosis. The assay is based on luminol-dependent 

chemiluminescence that results from reactive oxygen species (ROS) released during 

the oxidative burst that follows phagocytosis.

In order to opsonise zymosan, serum was obtained from whole rat blood by 

centrifugation at 3400 x g at 4°C for 15 minutes. Zymosan was diluted in IX  Hank’s 

balanced salt solution (HBSS; 1 mg/ml) and incubated with serum at a ratio of 3 parts 

zymosan; 1 part serum for 30 minutes at 37°C. Samples were centrifuged at 500 x g



for 10 minutes and the opsonised zymosan pellet was washed, centrifuged again and 

resuspended in 1X H BSS (1ml).

Luminol (1m M ) was prepared by dissolving 5-am ino-2,3-dihydro-1,4- 

phthalazinedione in sodium hydroxide (N aO H ; 0.1 M). Opsonised zymosan (50|jl) 

was added to each well of a black 96-well microplate containing microglia, astrocyte 

or P B M C  suspension (50 |jl) in IX  HBSS (3x10® cells/ml) and luminol solution (Im M ;  

50pl). Chem ilum inescence measurem ents w ere taken with appropriate controls using 

a BioTek Synergy HT Multi-Mode Microplate Reader. Readings were carried out at 2 

minute intervals with a total run time of 44 minutes.

2.4 Immunocytochemistry

2.4.1 CD11b and GFAP immunocytochemistry

Fluorescent immunocytochemistry was routinely carried out on mixed glial cells and 

isolated microglia/astrocytes grown on glass coverslips in order to assess purity (see  

figure 2 .2 ) and to visualise the uptake of fluorescent latex beads ( Ip m  diam eter) and 

HiLyte Fluor™ 488-labeied  AP1.42. Cells w ere fixed using ice-cold methanol for 5 

minutes at -20°C  and washed 3 times ( IX  PBS containing 0 .02%  Triton X -100). Cells 

w ere blocked at room tem perature for 2 hours ( 10% normal goat serum in wash  

buffer) and incubated with primary antibody (see table 2.2; in 5%  goat serum in wash  

buffer) overnight at 4°C . Negative controls were performed by replacing the primary 

antibody with wash buffer.

Following overnight incubation, coverslips w ere washed 3 times with wash buffer and 

incubated in the dark for 2 hours with secondary antibody (in 5%  goat serum in wash  

buffer). Cells w ere washed 3 times, mounted onto glass slides using Vectashield
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mounting medium with DAPI, sealed with nail polish and stored at 4°C for fluorescent

microscopy.

Antibody Company Dilution

Primary

Secondary

Mouse anti-rat CD11 b 

Rabbit anti-GFAP 

Alexa Fluor 633 goat anti-mouse 

Alexa Fluor 633 goat anti-rabbit

Serotec 
Cat # MCA2759

Dako 
Cat # Z0334

Invitrogen 
Cat# A21050

Invitrogen 
C a t#  A 21070

1:200 

1:2000 

1:4000 

1:4000

Table 2.2 Antibodies used for immunocytochemistry.

2.4.2 Confocal microscopy

Images were acquired using a LSM 510 Confocal Laser Scanning Microscope and 

visualised using LSM Image Browser Rel. 4.2. All images were obtained using a 40x 

objective lens with immersion oil and default configurations: 512 x 512, 8-bit data 

depth, bidirectional scanning and linear mode. Z-stacking was used to obtain images 

of planes at various depths in order to confirm that fiuorescently-labelled latex beads 

or A p i^ 2  had been phagocytosed by the cells of interest.
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2.5 In vivo studies

2.5.1 Groups and maintenance of animals

Animals w ere maintained under constant veterinary supervision in a specific 

pathogen-free environment at the Bioresources Unit of Trinity College Dublin, housed 

in groups of 2 or 3 per cage, at 22-23°C  with a 12-hour light-dark cycle. All animals 

used in these studies had free access to food and w ater and were fed a standard 

laboratory diet. Experiments were carried out under licence obtained from the 

D epartm ent of Health and Children (Ireland) under the Cruelty to Animals Act 1876, 

the European Community Directive, 86 /609 /E E C , and in agreem ent with 

experim ental procedures laid down by the local ethics committee. Every effort was  

m ade to minimise stress to the animals at all stages of studies undertaken.

2.5.2 Chronic Ap infusion study

M ale W istar rats aged 3 -4  months were used in these studies. Sterile technique was  

employed during filling and handling of pumps as well as throughout the surgical 

implantation procedure. Rats w ere randomly divided into 2 groups (n=8),  half of 

which received intracerebroventricular infusion of a cocktail of aggregated APi_4o 

(26 .9p M ) and A(3i^2 (36 .9 |jM ; Miller et al., 2008), while the other half received  

artificial cerebrospinal fluid (aC SF; see Appendix).

A LZE T  mini-osmotic pumps (model 2004 ) were primed at 37°C  in saline (0 .9% ) prior 

to use and loaded with Ap cocktail or aC S F  (250pl) for a calculated delivery rate of 

0.25|jl/h  (±0 .05  pi) for 28 days.

Prior to pump implantation, animals w ere placed in an induction cham ber and 

anaesthesia was induced with 5%  isofluorane in 100%  oxygen at a delivery rate of 1 

litre/minute. Respiration rates w ere closely monitored until deep anaesthesia was
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confirmed by loss of the pedal reflex. Once anesthetised, the rat was moved to a 

stereotaxic frame and the rate of flow of isofluorane was maintained at -2%  in 100% 

oxygen.

The surgical area was shaved and 2 aseptic washes were carried out using 

povidone-iodine scrub and solution. Starting slightly behind the eyes, a midline 

sagittal incision (roughly 2.5cm long) was made with a sterile scalpel to expose the 

skull. The skin and subcutaneous tissue were clamped with forceps to open the 

surgical field and, using a bone scraper, the exposed skull was scraped to remove 

the periosteal connective tissue until bregma and lambda were clearly visible. 

Remaining tissue was removed from the periosteum using a few drops of hydrogen 

peroxide (H2O2 ) to improve the visual field.

The location for intracerebroventricular cannula placement was determined and 

marked using the stereotactic coordinates 0.9 mm posterior to bregma, 1.3 mm 

lateral to the midline and 4 mm ventral to the dura. A hole was drilled through the 

skull at the marked location and the cannula attached to the ALZET pump was 

inserted. The cannula was affixed to the skull using cryanoacetate gel and secured in 

place using a smooth covering of dental cement. A subcutaneous pocket, in which 

the mini-osmotic pump was placed, was prepared in the midscapular area behind the 

neck by opening and closing a hemostat. The pump was inserted into the 

subcutaneous pocket leaving a generous amount of slack to permit free motion of the 

animals head and neck.

Following pump implantation, the scalp wound was closed using interrupted sutures. 

Post-operative care consisted of topical application of lidocaine hydrochloride (4%) 

and a subcutaneous injection of the analgesic, rimadyl (5 mg/kg). Rats were closely 

monitored and kept under a heat lamp to prevent hypothermia until fully recovered.

After 28 days, rats were perfused and sacrificed by decapitation. Animals were 

anaesthetised by injection of urethane (~1g/kg) and a scalpel used to make a median
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incision from underneath the chin to below the sternum. The connective tissue 

beneath was cut away and an incision made in the diaphragm to gain entry to the 

thoracic cavity. The ribs were removed to expose the heart, and a cannula connected 

to a perfusion pump was inserted into the left ventricle. The right atrium was pierced 

using a forceps and ice-cold sterile 1X PBS was peristaltically pumped through the 

heart into the vascular system. Following perfusion, areas of the cortex and 

hippocampus were dissected out on a Petri dish containing dry ice for microglial and 

astrocytic isolation (see section 2.6) or snap frozen in nuclease-free tubes in liquid 

nitrogen and stored at -80°C for RNA extraction (see section 2.8).

2.5.3 APP/PS1 studies

APP/PS1 mice contain 2 transgenes inserted at a single locus; a chimeric APP and a 

deltaE9 mutation of human PS1. Genotyping was carried out as described in section 

2.5.4.

In the first study, groups of middle-aged (13-14 months; n=7-8) and aged (23-24 

months; n=4-8) WT and APP/PS1 mice were used. The second study consisted of a 

cohort of slightly older middle-aged animals (17-19 months, n=8). For the first study, 

mice were sacrificed by decapitation whilst under anaesthesia induced by inhalation 

of isofluorane. For the second study, animals were perfused with ice-cold 1X PBS 

prior to sacrifice in order to remove any contaminating cells from peripheral blood. 

Brains were placed on a Petri dish containing dry ice, the cerebellum was removed 

and cortex and hippocampus were dissected out. Portions of cortex and 

hippocampus were snap-frozen in liquid nitrogen and stored at -80°C in nuclease- 

free tubes for mRNA and protein analysis. In the first study, the remaining brain 

tissue was used for isolation of microglia and astrocytes as described in section 

2.6.2, while in the second study all mononuclear cells were isolated as described in 

section 2.6.3.
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2.5.4 Genotyping

Tail snips (0 .5  cm ) w ere collected from all anim als following sacrifice and stored at - 

80°C  for D N A  isolation using a Qiagen D N easy kit as per m anufacturer’s instructions.

Tail snips w ere placed into nuclease-free tubes and ATL buffer (ISOpI; supplied in 

Qiagen D N easy kit) was added followed by proteinase K (20|jl). Tubes w ere vortexed  

well and incubated at 56°C  overnight until tissue was completely lysed. AL buffer 

(200^1) was then added followed by ethanol (200^1; 96 -  100% ), samples w ere  

transferred to D N easy Mini spin columns in collection tubes and centrifuged at 6 ,000  

X g for 1 minute. Colum ns were placed in new  collection tubes, AW1 (500 |jl) buffer 

was added and the centrifugation step was repeated. Columns w ere removed and 

placed in new collection tubes, A W 2 (500 |jI) buffer was added and centrifuged at 

20,000  X g for 3 minutes. D N easy Mini columns w ere placed in nuclease-free tubes  

and AE buffer (lOOpI) was pipetted onto the m em brane and incubated for 1 minute at 

room tem perature. This was followed by centrifugation for 1 minute at 6 ,000  x g to 

elute DNA  which was assessed for yield using a NanoDrop® N D 1000  

spectrophotometer (as described in section 2 .8 .4 ).

The presence of A PP sw e and P S1dE9 transgene products in wild-type and APP/PS1  

mice was assessed using polymerase chain reaction (P C R ) and visualised by 

running products on agarose gels. Primers (as described in table 2 .2 ) w ere  

reconstituted using nuclease-free H 2O to yield stock solutions of 125pmol/pl.

A PPsw e and P S1dE 9 PC R  reactions (in 25|jl volum es) w ere set up separately using 

DNA (10.5|jl; ~5ng), forward and reverse primer for the transgene of interest (1pl 

each; O.SpM) and GoTaq® Green M aster Mix (12 .5pl) in order to enable efficient 

amplification of D N A  tem plates. Positive control reactions (prion) w ere prepared to 

indicate whether D N A  was suitable for use. P C R  cycling param eters consisted of 5 

stages (as described in table 2.4).
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Primer Sequence Product

Prion forward 5'-CTAGGCCACAGAATTGAAAGATCT-3'

Prion reverse 5'-GTAGGTGGAAATTCTAGCATCATCC-3' 324bp product

APPswe forward 5'-AGGAGTGAGGACTCGACCAG-3'

APPswe reverse 5'-CGGGGGTCTAGTTCTGCAT-3' 377bp product

PS1dE9 forward 5'-AATAGAGAACGGGAGGAGCA-3'

PS1dE9 reverse 5'-GCCATGAGGGCACTAATCAT-3' 608bp product

Table 2.3 Primers used for DNA amplification.

Step Temperature Duration Note

Step 1 94°C 3 minutes

Step 2 94°C 30 seconds

Step 3 

Step 4 

Step 5

54°C

72°G

72°C

1 minute

1 minute

2 minutes

Steps 2-4 were repeated for 
35 cycles

Table 2.4 PCR cycling parameters for DNA amplification.
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Equal volumes of PCR product from each sample (10|jl) and a 100 pair base ladder 

(6pl) were loaded onto agarose gels (1.5% w/v) made up in Tris/Borate/EDTA buffer 

containing GelRed™ (1:10,000 dilution) in order to visualise products. Gels were run 

at 100V for 45 minutes and visualised under UV light (see figure 2.3).
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Figure 2.3 Representative gels from APP/PS1 genotyping.

Prion products were present at 324 bp in all samples (A), indicating DNA was 

suitable for PCR. APPswe (B) and PS1dE9 (C) products were present at 377 bp and 

608 bp respectively in APPswe/PS1dE9 mice whilst being absent in WT mice.
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2.6 Ex vivo cell isolation

2.6.1 Microglia

Prior to the separation procedure, a stock isotonic Percoll (SIP) solution was 

prepared by mixing 9 volumes of Percoll with 1 volume of 10X PBS. Two ice-cold 

Percoll gradients of 75% and 25% were prepared from SIP using 1X PBS.

Following sacrifice, brains were immediately placed in medium A (see Appendix). 

Tissue was cross-chopped using a sterile scalpel and placed in a hand-held 

homogeniser where it was mechanically dissociated. The suspension was triturated 

using fire-polished Pasteur pipettes with 3 decreasing diameters and flushed onto a 

filter (70|jM) where the flow-through was collected and brought to 25ml with medium 

A. Cells were pelleted by centrifugation at 200 x g for 10 minutes at 4°C with the 

brakes turned off. The resultant pellet was re-suspended in 75% Percoll (10ml) and 

overlaid with 25% Percoll (10ml) and IX  PBS (6ml). The gradient was centrifuged at 

800 X g for 30 minutes at 4°C with the brakes turned off. Following centrifugation, a 

thick myelin-containing layer collected at the 0-25% Percoll interface and an enriched 

microglial population at the 25-75% interface (see figure 2.4). Cells were gently 

removed using a Pasteur pipette and washed in 3 volumes of Roswell Park Memorial 

Institute media-1640 (RPMI) for the phagocytic assay (section 2.7.1) or FACS buffer 

(see Appendix) for cell surface immunofluorescence analysis by flow cytometry. The 

purity of isolated GDI 1b'" microglia was assessed using flow cytometry as described 

in section 2.7.2.
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astrocytes

Myelin layer

25%
Percoll

75%
Percoll

Microglial layer

Figure 2.4 Percoll gradient, following centrifugation, for the isolation of glial 

cells from brain tissue

A 3-layer Percoll gradient was set up as illustrated above and centrifuged at 800 x g 

for 30 minutes. An enriched microglial population was present at the at the 25-75% 

interface while the layers above were taken for further processing to result in a 

population of enriched astrocytes.

2.6.2 Astrocytes

To obtain an enriched ex vivo astrocyte population, the myelin layer down to the 25- 

75% interface (as shown in figure 2.4) was removed using a Pasteur pipette and 

washed with medium A. The resultant pellet was re-suspended in OptiPrep™ so that 

the final iodixanol concentration was 9%. This was centrifuged at 800 x g for 30 

minutes, the myelin discarded and the cell containing fraction washed in 3 volumes 

of RPMI for the phagocytic assay or FACS buffer for cell surface 

immunofluorescence analysis. The purity of isolated GLAST'" astrocytes was 

assessed using flow cytometry as described in section 2.7.2.
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2.6.3 Mononuclear cell isolation

A slightly modified version of the protocol described in section 2.6.1 was used to 

isolate all mononuclear cells from the brain. Briefly, the brain was isolated to a 6-well 

plate containing ~2ml RPMI, homogenised using a hand-held homogeniser, 

dissociated through a cell strainer (70|jM) into a falcon tube and centrifuged for 7 

minutes at 300 x g. The pellet was re-suspend in 1X PBS (10ml) and centrifuged 

again for 7 minutes at 300 x g. The pellet was re-suspend in 70% Percoil (9ml), 

underlaid with SIP (5ml), and overlaid with 57% Percoil (9ml), 21.5% Percoil (9ml) 

and IX  PBS (9ml). The gradient was centrifuged at 1250 x g for 45 minutes with the 

brakes off. Cells were removed from the third and fourth interfaces, taking roughly 

9ml, washed with IX  PBS and stained as described in section 2.7.

2.7 Flow cytometry

2.7.1 Phagocytic assay

Primary mixed glial cells and ex vivo microglia and astrocytes were set up at a 

density of -5x10® cells/ml in DMEM or RPMI in FACS tubes. Cells were incubated 

with HiLyte Fluor™ 488-labeled A(3 (Abs/Em=503/528nm; 0.15-10|jM) or

fluorescently-labelled yellow/green latex beads (Abs/Em=470/505nm; 1:200 dilution) 

for 2 hours as appropriate. Media was replaced with trypan blue (0.2mg/mi) and 

samples were incubated for 2 minutes to quench extracellular fluorescence. Cells 

were washed 3 times with FACS buffer, centrifuged at 350 x g for 5 minutes and 

resuspended in the appropriate blocking solution (see table 2.5). Following this, cells 

were centrifuged at 350 x g for 5 minutes and resuspended in FACS buffer with the 

appropriate antibodies for 30 minutes (see table 2.6 for mouse and rat antibodies 

and table 2.10 for human antibodies). Cells were washed and re-suspended in FACS 

buffer 3 times. After the final wash, cells were re-suspended in FACS buffer (300|jl)
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and immunofluorescence was immediately read on a DAKO CyAn-ADP 7 colour flow 

cytometer with Summit software v4.3 for acquisition. Further flow cytometric analysis 

was carried out in FlowJo v7.6.5.

Block Duration

Mouse

Rat

Rat Anti-Mouse CD16/CD32 
(Mouse BD Fc Block™ Cat# 553141 )

50% FBS in FACS buffer

5 minutes 

30 minutes

Human 1 mg/ml human IgG from serum 20 minutes

Table 2.5 Blocking solutions used for mouse, rat and hunfian cells.

Unstained cells and fluorescence minus one (FMO) tubes were used to gate the 

percentage of positive cells in any channel. Compensation beads were used to 

optimise fluorescence settings for multicolour flow cytometric analyses. These beads 

consist of two polystyrene microparticle populations, one which binds any k  light 

chain-bearing IgG and one lacking any binding capacity. When mixed together with a 

fluorochrome-conjugated antibody, the compensation beads provide distinct positive 

and negative populations used to manually set compensation levels.

In the case of microglial and astrocytic analysis, phagocytic cells were represented 

as the percentage of CD11b'^, CD11b‘ or GLAST'" cells positive in the fluorescein 

isothiocyanate (FITC) channel. In the case of human PBMC analysis, phagocytic 

monocytes/macrophages were represented as the percentage of CD11b*CD45'" cells 

positive in the FITC channel.
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2.7.2 Cell surface staining

For analysis of cell surface immunofluorescence by flow cytometry, cells were 

washed 3 times with FACS buffer, centrifuged at 350 x g for 5 minutes and 

resuspended in the appropriate blocking solution (see table 2.5). Cells were 

centrifuged at 1200rpm for 5 minutes and resuspended in FACS buffer with 

appropriate antibodies at room temperature for 30 minutes (see table 2.7 for mouse 

and rat antibodies and table 2,11 for human antibodies). Following this, cells were 

washed and re-suspended in FACS buffer 3 times. Cells were finally re-suspended in 

FACS buffer (300|jl) and immunofluorescence was read on a DAKO CyAn-ADP 7 

colour flow cytometer with Summit software v4.3 for acquisition. Further flow 

cytometric analysis was carried out in FlowJo v7.6.5. Unstained cells, FMOs and 

compensation tubes were set up as appropriate to gate the percentage of positive 

cells in any channel.

2.7.3 Intracellular staining

In order to identify T cell subsets, a stimulation protocol was used to permit the 

enhanced detection of intracellular cytokines by flow cytometry. Stimulation of cells 

with phorbol myristate acetate (PMA) and ionomycin activates them to produce 

cytokines. When such activation is performed in the presence of brefeldin-A (BFA), 

intracellular transport of proteins is inhibited, and thus antigens and cytokines 

produced during activation are retained within the cell. Mononuclear cells isolated as 

described in section 2.6.3 were incubated with PMA (10ng/ml), ionomycin (1|jg/ml) 

and BFA (Spg/ml) at 37°C for 5 hours. Following this, cells were washed 3 times with 

IX  PBS, centrifuged at 350 x g for 5 minutes, resuspended in Viability Dye eFIuor 

780 (1:1000; eBioscience Cat # 65-0865), and incubated in the dark at room 

temperature for 15 minutes. This Viability Dye irreversibly labels dead cells prior to

fixation and permeabilsation procedures.
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After 15 minutes, cells were washed 3 times with FACS buffer, extracellular 

antibodies were added at the appropriate dilution (see table 2.7), and incubated at 

room temperature for 30 minutes. Prior to incubation with intracellular antibodies, 

cells were fixed and permeabilised by re-suspending them in paraformaldehyde (2% 

in FACS buffer) for 15 minutes, washing 3 times and re-suspending in saponin (0.5% 

in FACS buffer). Cells were then washed once more and resuspended in saponin 

(0.5%: lOOjjl) with intracellular antibodies at the appropriate dilution. Following this, 

cells were washed and re-suspended in FACS buffer 3 times. Cells were finally re

suspended in FACS buffer (300pl) and immunofluorescence was read on a DAKO 

CyAn-ADP 7 colour flow cytometer with Summit software v4.3 for acquisition. Further 

flow cytometric analysis was carried out in FlowJo v7.6.5.
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Antibody Company Dilution

Anti-mouse CD11 b Alexa Fluor 647 BD Bioscience 
Cat # 557686 1:100

Anti-mouse CD11b PerCP/Cy5.5 BioLegend 
C at# 10227 1:100

Anti-GLAST (ACSA-1) APC Miltenyi Biotec 
Cat # 130 095 814 1:200

Anti-mouse IL-4Ra PE R&D Systems 
Cat # FAB530F 1:100

Anti-mouse IL-10R(3 PerCP R&D Systems 
Cat# FAB53681C 1:100

Anti-mouse IFNyR PE
eBioscience 

Cat# 12-1191-80 1:100

Anti-mouse CD3 PE-Cy7 BioLegend 
Cat# 100219 1:100

Anti-mouse CD4 PE-Alexa Fluor 610 Invitrogen 
Cat # MCD0422 1:100

Anti-mouse CD45 PE-Cy7 BD Bioscience 
Cat # 552848 1:100

Anti-mouse Ly6G FITC BioLegend 
Cat# 127605 1:100

Anti-mouse IFNy FITC BD Bioscience 
Cat #555441 1:100

Anti-mouse IL-4 PerCP-Cy5.5 BD Bioscience 
Cat # 560700 1:100

Anti-mouse IL-17A PE BD Bioscience 
Cat # 559502 1:100

Anti-Rat CD11b Alexa Fluor 647 Serotec 
Cat # MCA275A647 1:100

Anti-Rat CD45 PE-Cy7 BD Bioscience 
Cat #561588 1:100

Anti-GLAST (ACSA-1) APC Miltenyi Biotec 
Cat# 130 095 814 1:200

Table 2.6 Mouse and rat antibodies used for flow cytometry.
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2.8 Analysis of mRNA by RT-PCR

2.8.1 Harvesting glial cells for mRNA isolation

Following treatment, supernatants were aspirated and RA1 lysis buffer (350pl 

containing 1% P-mercaptoethanol; supplied in Total RNA isolation kit) was added 

directly to each well. Cells were scraped using a cell scraper to remove adherent 

cells and lysates were transferred to nuclease-free tubes. If RNA isolation did not 

take place immediately following harvesting, samples were frozen at -80°C for further 

processing.

2.8.2 Preparation of brain tissue for mRNA isolation

RNA was isolated from snap-frozen cortical and hippocampal tissue. In all cases, 

samples were thawed on ice and RA1 lysis buffer (350|jl containing 1% (3- 

mercaptoethanol) was added to the nuclease-free tubes. A hand-held mechanical 

homogeniser was rinsed with RNase away before use and samples were 

homogenised for approximately 30 seconds. Homogeniser tips were rinsed with 

RNAse free dH20 between samples to prevent cross-contamination.

2.8.3 RNA isolation

Total RNA was isolated using a Total RNA isolation kit as per manufacturer’s 

instructions. Following preparation (as described in sections 2.8.1 and 2.8.2), lysates 

were added to NucleoSpin® Filter units and filtered by centrifugation at 11,000 x g for 

1 minute. EtOH (70%; 350pl) was added to each sample lysate and mixed by 

pipetting up and down. The lysate was placed in NucleoSpin® RNA II columns and 

centrifuged at 11,000 x g for 30 seconds in order to bind RNA to the silica column.
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Follow ing this, th e  colum ns w e re  p laced  in new  collecting tubes, m em b ran e  desalting  

buffer (3 5 0 p l) w as  ad d ed  and the tu b es  w ere  centrifuged  a t 1 1 ,0 0 0  x g for 1 m inute .

A n y  contam inating  D N A  w as  d igested  with a 1:10 dilution o f rD N a s e  in D N a s e  

reaction buffer w hich w as  pipetted directly onto the cen tre  of the silica colum n and  

left to stand a t room  tem p e ra tu re  for 15 m inutes. This w a s  fo llow ed by w ashing  with  

R A 2 and R A 3 buffers to rem o ve an y contam inating  salts, m e tabolites  or 

m acro m o lecu lar ce llu lar com ponents . R A 2 buffer (2 0 0 p l) w as  ad d ed  to each  colum n  

and centrifuged  a t 1 1 ,0 0 0  x g  for 3 0  seconds. C o lum ns w e re  p laced  in new  collecting  

tubes and  R A 3 (6 0 0 p l) buffer w as ad d ed  to each  colum n and centrifuged  at 1 1 ,0 0 0  x 

g for 30  seconds. T h e  flow -through w as  d iscarded  and th e  collecting tube re -used  for 

a second w ash , w h e re  R A 3 buffer (2 5 0 p l) w as  ad d ed  and  centrifuged at 1 1 ,0 0 0  x g  

for 2  m inutes. C o lum ns w e re  p laced  into fresh 1.5m l R N a s e -fre e  m icro-centrifuge  

tubes and pure R N A  w as  eluted u nd er low ionic strength  conditions by adding R N a s e  

free  H 2 O  (6 0 p l) and centrifuging a t 1 1 ,0 0 0  x g  for 1 m inute. E luted  R N A  w as  frozen  

at -8 0 °C  for quantification and  reverse  transcription.

2.8.4 Spectrophotometric quantification of RNA

Tota l R N A  concentra tions w e re  m easured  using a N anoD rop®  N D 1 0 0 0  

sp ectro ph o tom eter. B efore  m aking a  sam p le  m e as u rem e n t, a b lank w as  first taken  

and stored. A liquots o f each  sam p le  ( Ip l )  w e re  p ipetted onto th e  end  o f the fibre optic  

cab le  for m e as u rem e n t. S a m p le  R N A  concentra tions w e re  g iven in ng/pl based  on 

ab so rb an ce  a t 2 6 0  nm and the se lected  analysis constan t. T h e  ratio o f ab so rb an ce  at 

2 6 0  and 2 8 0  nm  w as  used to assess  the purity o f R N A . A  ratio o f - 2 . 0  is gen era lly  

ind icative o f pure R N A . All R N A  sam p les  used had an  A 2 6 0 :A 2 8 0  ratio > 1 .5 . R N A  

w as aliquoted  in eq u al vo lum es and ad justed  to a  standard  concentration  with 

R N a s e -fre e  H 2 O  prior to co m p lem en tary  D N A  (c D N A ) synthesis.
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2.8.5 cDNA synthesis

R N A  was reverse transcribed into cD N A  using a High Capacity cD N A  Archive Kit as 

per m anufacturer’s instructions. Briefly, m aster mix was m ade up with a 1:5 dilution 

of 10X  Reverse Transcription Buffer, 1:12.5 dilution of 25X  dNTPs, 1:5 dilution of 

R andom  Primers, 1:10 dilution of MultiScribe Reverse Transcriptase and 1:2.381 

dilution of R N ase free H2O. For each sam ple, equalised RNA (20|jl) together with an 

equal volum e of 2X  m aster mix was placed into a PC R  mini-tube. Sam ples were  

placed in a P T C -200  Peltier Therm al Cycler D N A  Engine, incubated at 25°C  for 10 

minutes, 37°C  for 2 hours and 85°C  for 5 minutes. The resultant cD N A  was stored at 

-2 0 °C  for further R T -P C R  analysis.

2.8.6 Multi-target (IVIultiplex) quantitative RT-PCR

Assessm ent of target genes was performed using TaqMan® G ene Expression 

Assays, containing specific target primers and a FAM® dyelabelled minor groove 

binding (M G B ) target probe. Primers used for rat and mouse gene expression 

studies are listed in tables 2 .7  and 2.8 respectively.

Briefly, a 1:4 dilution of cD NA  was prepared with R N ase-free water. An aliquot of this 

(lO p I) was pipetted into a P C R  plate, along with target primer (1 .25pl), p-actin primer 

(1 .25p l) and TaqM an® Universal P C R  M aster Mix (12.5pl). Electronic pipettes were  

used in order to ensure pipetting accuracy. R T -P C R  was carried out using an ABI 

Prism 7300  Sequence Detection System. Sam ples w ere assayed in 1 run composed 

of 3 stages: 50°C  for 2 minutes, 95°C  for 10 minutes and 40 cycles of 95°C  for 15 

seconds and 60°C  for 1 minute. Target gene expression was calculated relative to (3- 

actin, the endogenous control.
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2.8.7 RT-PCR analysis

The Ct method was used to assess gene expression for all real-time PCR analysis. 

This method assesses the relative gene expression of treated sample groups 

compared to its endogenous control. In this manner the fold-difference (increase or 

decrease) can be assessed between groups.
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Gene name TaqMan Gene Expression Assay

Aldehyde dehydrogenase 1 Rn01426187_m1

CD11 b (Integrin alpha M) Rn00709342_m1

CD36 Rn01442639_m1

CD40 Rn01423583_m1

CD47 Rn00569914_m1

CD68 Rn01495634_m1

GFAP Rn00566603_m1

GLAST (EAAT1, GluT-1) Rn00570130_m1

GLT-1 (EAAT2, GLT-1) Rn00568080_m1

Glutamine synthetase Rn01483107_m1

IFN-y Rn01483107_m1

IL-1P Rn00580432_m1

IL-6 Rn00561420_m1

INOS (N0S2) Rn00561646_m1

MHC class II (RT1 class II) Rn01768597_m1

RAGE (AGER) Rn00584249_m1

S100P Rn00566139_m1

SR-B1 Rn00580588_m1

TLR2 Rn02133647_m1

TLR4 Rn00569848_m1

IN  Fa Rn99999017_m1

Table 2.7 Rat TaqMan Gene Expression Assay numbers.
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Gene name TaqMan Gene Expression Assay

Arginase-1 Mm00475988_m1

BDNF Mm04230607_s1

CD11b (Integrin alpha M) Mm00434455_m1

CD68 Mm03047340_m1

FIZZ-1 Mm00445109_m1

GFAP Mm01253033_m1

GLAST (EAAT1, GluT-1) Mm00600697_m1

Glutamine synthetase Mm00725701_s1

IFNyR-1 Mm00599890_m1

IL-4Ra Mm01275139_m1

INOS (N0S2) Mm00440502_m1

IP-10 (CXCL10) Mm00445235_m1

Mannose receptor-1 Mm00485148_m1

MGP-1 (GGL2) Mm00441242_m1

MIP-1a (GCL3) Mm00441258_m1

NGF Mm00443039_m1

RANTES (GGL5) Mm01302428_m1

TLR2 Mm00442346_m1

TLR4 Mm00445273_m1

IN  Fa Mm00443258 ml

Table 2.8 Mouse TaqMan Gene Expression Assay numbers.
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2.9 Mesoscale multiplex assays

2.9.1 Tissue preparation for Mesoscale

For the A(3 Triplex Assay, hippocampal tissue (~20mg) was homogenised in lysis 

buffer (100pl; see Appendix) using a hand-held homogeniser. Samples were 

centrifuged at 21,500 x g for 20 minutes at 4°C and supernatants removed in order to 

assess concentrations of soluble A(3. A bicinchonic acid (BCA) protein assay (as 

described in section 2.9.2) was first carried out on the supernatants and they were 

equalised to 5mg/ml in lysis buffer prior to carrying out further analysis.

To analyse insoluble Ap, the remaining pellet was digested in guanidine buffer 

(200pl; see Appendix) for 4 hours at room temperature with gentle agitation. Samples 

were centrifuged at 16,000 x g for 20 minutes at 4°C. A BCA protein assay was 

carried out on the supernatants. Samples were equalised to 0.5mg/ml in guanidine 

buffer and a further 1:400 dilution with 1X Tris-wash buffer (supplied with Mesoscale 

kit) was carried out prior to Mesoscale analysis of concentrations of insoluble A(3.

For the Pro-Inflammatory 7-Plex Assay, a separate piece of hippocampal tissue 

(~20mg) was homogenised in 1% Triton-X in IX  PBS (lOOpI) using a hand-held 

homogeniser. Samples were centrifuged at 21,500 x g for 20 minutes at 4°C. A BCA 

protein assay was carried out on the supernatant and samples were equalised to 

2mg/ml in 1% Triton-X in IX  PBS prior to further analysis.

2.9.2 BCA protein assay

Protein concentrations were determined using a BCA protein assay kit as per 

manufacturer’s instructions. Samples were diluted in dH20 (1:20) prior to assessing 

protein concentrations. A working solution of BSA (2mg/ml) was prepared in the
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appropriate buffer and a series o f dilutions were carried out to give standards with 

final BSA concentrations ranging from  0 -  2mg/m l. Sam ples and standards (25|jl) 

were added in duplicate to wells o f a 96-well plate. BCA working reagent (200|jl; 50:1 

Reagent A:B, supplied with kit) was added to each well, plates were covered, 

incubated for 30 m inutes at 37°C and absorbance read at 595nm using a BioTek 

Elx800 M icrotitre Plate Reader. Protein concentrations were corrected fo r the dilution 

factor calculated relative to the standard curve.

2.9.3 Human/Rodent (4G8) Ap Triplex Assay

Both soluble and insoluble h ippocam pal concentrations o f A p i.3 8 , AP i^o and A p i .42 

were m easured using a MULTI-SPOT® Hum an/Rodent (4G8) Abeta Triplex U ltra

sensitive  Assay as per m anufacturer's instructions. Briefly, blocker A  solution (1%; 

150[jl; supplied with assay) was added to each well o f the 96-well plate and 

incubated at room tem perature fo r 1 hour. The plate was washed 3 tim es with IX  

Tris-wash buffer. Standards for A P i .3 8  (0 -  3000pg/m l), A(3i^o (0 -  10,000pg/m l) and 

A P i^ 2  (0 -  3000pg/m l) were prepared by dissolving the 100X peptides in blocker A 

(1%) and carrying out 3-fold serial d ilutions to generate 7 standards. Detection 

antibody was prepared by diluting SOX sulfo-tag 4G8 detection antibody (60pl) in 

100X blocker G (30|jl) and 1% b locker A  (291 Opl). Detection antibody (25pl) was 

added to each well and sample or standard (25 |jl) was dispensed on top o f this into 

relevant wells. The plate was covered and incubated at room tem perature for 2 hours 

with vigorous shaking (300-1000  rpm). Following this, the plate was washed 3 tim es 

with 1X Tris-wash buffer and 2X MSD read buffer T (ISOpI) was added to each well. 

The plate was read using a M esoscale Sector Imager and Ap concentrations were 

calculated relative to the standard curve (expressed as pg/mg of protein).
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2.9.4 Mouse Pro-Inflammatory 7-Plex Kit

Briefly, blocker A solution (1% ; 150^1) was added to each well of the 96-w ell plate 

and incubated at room tem perature for 1 hour. The plate was washed 3 times with 

1X Tris-wash buffer. Standards were prepared as per m anufacturer’s instructions 

and sample or standard (2 5 |j I) was dispensed into separate wells of the M S D  plate 

and incubated overnight at 4°C  with vigorous shaking. Following overnight 

incubation, the plate was washed 3 times with 1X Tris-wash buffer and detection 

antibody solution (25 ijI) w as added to each well. The plate was sealed and incubated 

with vigorous shaking for 2 hours at room tem perature. The plate was again washed  

3 times with 1X Tris-wash buffer and 2X  M S D  read buffer T (150p l) was added to 

each well. The plate was read using a M esoscale Sector Im ager and cytokine 

concentrations w ere calculated relative to the standard curve (expressed as pg/mg of 

protein).

2.10 Western Immunoblotting

Following treatment, cells were gently rinsed with 1X PBS, followed by incubation 

with lysis buffer for 10 minutes. A scraper was used to rem ove cells from the base of 

the 6-well plate and samples w ere centrifuged at 21 ,500  x g for 20 minutes at 4°C . A  

BCA protein assay was carried out on the supernatants and samples w ere equalised  

to 2mg/ml with lysis buffer prior to further analysis. Sam ples were then diluted with 

2X Laemmli sam ple buffer (see Appendix), heated to 80°C  for 2 minutes 

and separated on polyacrylamide gels (1mm thick) with a m onom er concentration of 

7.5%  or 10%  (see Appendix). Sam ple (20|jg  total protein) and protein ladder were  

loaded onto gels and run at 100V  for approximately 1.5 hours.

Proteins w ere transferred to nitrocellulose m em brane (0 .45pM ) and blocked in 5%  

non-fat dried milk in 1X Tris buffered-saline containing 0 .05%  Tw een (TB S-T; see
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Appendix) at room temperature for 2 hours. Primary and peroxidase-conjugated 

secondary antibodies were made up in 5% non-fat dried milk in TBS-T.

Membranes were incubated overnight at 4°C with primary antibody (see table 2.9), 

washed for 1 hour with TBS-T, and incubated with the appropriate secondary 

antibody (see table 2 .9) for 2 hours at room temperature. Immunoreactive bands 

were detected by enhanced chemiluminescence using a Fujifilm LAS-4000 system. 

Blots were stripped using Re-Blot Plus, re-probed for p-actin and imaged as 

described above.

Antibody Company Dilution

Primary Polyclonal anti-GFAP Abeam 
Cat # ab7620 1:5000

Anti-EAAT1 antibody 

Monoclonal anti-S100(3 

Monoclonal anti-P-actin

Abeam
C at#ab416

Sigma 
Cat # S2532

Sigma 
C a t#  A5441

1:500

1:1000

1:5000

Secondary Goat anti-rabbit IgG 

Goat anti-mouse IgM

Invitrogen 
C a t#  ALI4401

Sigma 
Cat # A8786

1:5000

1:5000

Table 2.9 Primary and secondary antibodies used for Western 
immunoblotting.
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2.11 Enzyme-linked immunosorbent assay

Concentrations of IL-1(3 (Rat IL-1p DuoSet, R&D Systems, Cat # DY501), IL-6 (Rat 

IL-6 ELISA Set, BD Bioscience, Cat # 550319) and TNFa (Rat TNF ELISA Set, BD 

Bioscience, Cat # 558535) were measured in the supernatant as per manufacturer’s 

instructions. Briefly, a 96-well Nunc F96 MaxiSorp Immuno Plate was coated with an 

appropriate dilution of capture antibody (100|jl) and incubated overnight at 4°C. The 

capture antibody was aspirated and wells were washed 4 times with wash buffer 

(0.05% Tween-20 in 1X PBS; 200|jl). Any excess wash buffer remaining in the wells 

was removed by blotting the plate dry on a paper towel. The plate was blocked by 

adding assay diluent (1% BSA in 1X PBS; 200pl) for 1 hour at room temperature. 

Wells were washed as before and blotted dry.

A top standard of 2000pg/ml or 4000pg/ml as appropriate was prepared from a stock 

standard (supplied in kit) and a series of 2 -fold serial dilutions were carried out to 

obtain an 8 -point standard curve. Sample or standard (lOOpI) were added in 

duplicate to each well and incubated for 2 hours at room temperature. Following this, 

samples and standards were aspirated and the plate washed as before. Detection 

antibody (lOOpI) was added to each well and incubated for 1 hour at room 

temperature. The plate was washed as before and streptavidin-horseradish 

peroxidise (100pl) was added to each well and incubated for 30 minutes at room 

temperature. Following this, the plate was washed a final time and 3,3’,5,5’- 

tetramethylbenzidine substrate solution (TMB; 100pl) was added to each well and 

incubated for 30 minutes in the dark until colorimetric saturation was reached, at 

which point the reaction was stopped by adding sulfuric acid (H2SO4; 1M; 50|jl) to 

each well and absorbance was read at 450nm using a BioTek ELx800 Microtitre Plate 

Reader. A standard curve was constructed by plotting known standards against 

absorbance values and determining unknown cytokine concentrations against the 

standard curve (expressed as pg/ml).
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2.12 Human study

2.12.1 Background

Adults (35 female, 12 male) with a mean age of 71.5 years (ranging from 65 to 82) 

were recruited from the older adult participant panel of the Trinity College Institute of 

Neuroscience. A battery of tests were administered in one session, focusing on 

memory and executive function. The Mini Mental State Exam (MMSE) was used as a 

screening measure, the National Adult Reading Test (NART) as a proxy measure of 

general intellectual status and memory was assessed using three subtests of 

Wechsler Memory Scale (WMS): Logical Memory I and II, Verbal Paired Associates I 

and II, Visual Reproduction I and II.

Participants were assigned to low and high performing sub-groups based on their 

memory performance relative to an estimate of their intelligence. Z-scores were used 

to relate their performance on the WMS test to their scores on the NART. 

Participants were defined as low performers (LP) if they scored more than 0.75 

standard deviations below their NART-estimated IQ on the WMS. All other 

participants were classified as high performers (HP). This approach yielded 35 HP 

subjects (26 female, 9 male) with a mean age of 71.9 (SD = 4.7) and 12 LP subjects 

(9 female, 3 male) with a mean age of 71.1 (SD = 4.8). No significant difference was 

observed in MMSE scores between the two groups.

Participants received reimbursement of travel expenses to the maximum value of 

€20. This study was approved by the Ethics Committee of the School of Psychology 

at Trinity College Dublin, and all participants provided informed consent. Participants 

completed a detailed questionnaire about their health and current medications, as 

well as any relevant health issues in their family prior to assessment. Those with a 

history of head injury, stroke, epilepsy, neurological conditions, major psychiatric 

disorder, heart attack or diabetes were excluded from the study. All
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neuropsychological assessments were carried out by Ms. Eleonora Greco and Dr. 

Sabina Brennan under the supervision of Professor Ian Robertson.

2.12.2 PBMC isolation from whole blood

Human PBMCs were isolated from heparinised venous whole blood samples (50ml 

per donor) immediately after collection by density separation over Lymphoprep™. 

Blood samples were diluted 1:1 with sterile IX  PBS and 2 volumes of diluted blood 

were gently layered over 1 volume sterile Lymphoprep™. Gradients were centrifuged 

at 480 X  g for 30 minutes with the brakes off. Following centrifugation, mononuclear 

cells formed a distinct band at the sample/medium interface. Plasma was removed to 

the level of the interface, aliquoted and stored at -80°C for further analysis. The layer 

of PBMCs was gently removed using a Pasteur pipette, transferred to a fresh falcon 

tube and centrifuged at 350 x g for 10 minutes. Supernatant was discarded, the pellet 

re-suspended in IX  PBS and centrifuged for 10 minutes at 350 x g. Cells were 

resuspended in RPMI following isolation and roughly 2x10® cells were taken for 

analysis of phagocytic activity as described in section 2.7.1 and cell surface 

immunofluorescence analysis by flow cytometry as described in section 2.7.2. 

Remaining PBMCs were used for isolation of monocytes to be differentiated into 

monocyte-derived macrophages (MDMs) as described in section 2.12.4.

2.12.3 Human (4G8) Ap Triplex Assay

Plamsa concentrations of Ap i.3 8 , AP1.40 and APi^ 2  were measured as described in 

section 2.9.3 with the exception that no Blocker G was added to the detection 

antibody mix.
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2.12.4 Preparation and analysis of MDMs

CDIA"^ monocytes were isolated from PBMCs by Dr. Eric Downer using magnetically- 

activated cell sorting (MACS) MicroBeads and a MACS separator. The principle of 

MACS is based on cells being magnetically-labelled with CD14 MACS MicroBeads 

and separated on a column placed in the magnetic field of a MACS separator. When 

passed through the column, magnetically labelled CD14'" cells are retained while 

unlabeled CD14' cells flowed through. Once the column is removed from the 

magnetic field, the magnetically retained CD14'" cells are free to be eluted.

PBMCs were re-suspended in MACS buffer (see Appendix) and centrifuged at 350 x 

g for 10 minutes. The pellet was re-suspended in MACS buffer (SOfjl per 1x10^ cells) 

and CD14 MACS MicroBeads (10|il per 1x10^ cells) were added and incubated for 

15 minutes at 4°C. Cells were washed in 10 volumes MACS buffer and passed 

slowly through a MACS LS'" column. The column was washed 3 times with MACS 

buffer, removed from the magnet and CD14'" monocytes were eluted in RPMI. This 

method is reported to result in a population of 85-92% pure CD 14'" cells as 

estimated by flow cytometry (Rowan et ai,  2008). Cell counts of CD14'" monocytes 

isolated from the total PBMC population did not find any significant difference 

between HP and LP groups, with the percentage of CD14'" monocytes in PBMCs 

being 20.5 ± 1.0 and 18.48 ± 1.7 respectively (p=0.289. Student's West for 

independent means).

Freshly isolated monocytes were allowed to differentiate into MDMs in RPMI 

supplemented with FBS (10%), penicillin-streptomycin (1%), and GM-CSF (lOng/ml) 

for 7 days. Equal MDM counts were cultured from both cohorts and CD14 mRNA 

expression in MDMs was similar in LP and HP subjects following 7 days in culture, 

indicating no difference in the number of MDMs at the end of the experiment, and 

that differentiation of monocytes to macrophages was similar in LP and HP groups.
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Antibody Company Dilution

Anti-human CD11b APC-eFluor 780 eBioscience 
Cat #47-0118-42 1:100

Anti-human CD45 PE-Cy7
eBioscience 

Cat # 25-0459-42 1:100

Anti- human CD119 Alexa Fluor 488 Serotec
Cat#M CA1450A488 1:200

Anti-human IL-4Ra PE R&D Systems 
Cat # FAB230P 1:400

Anti-human TLR2 Alexa Fluor 488 eBioscience 
Cat # 53-9024-82 1:100

Anti-human TLR4 PE-Cy7 eBioscience 
Cat #25-9917-41 1:100

Table 2.10 Human antibodies used for flow cytometry.

2.12.5 Stimulation of MDMs with lipopolysaccharide (LPS)

In a separate series of experiments, MDIVIsthat had been allowed to differentiate for 

7 days were stimulated with LPS (100ng/ml) for 24 hours and harvested for mRNA 

and cytokine analysis. Supernatants were assesed for the release of IL-1(3, IL-12p70, 

IFN-y, IL-6, IL-8, IL-10 and TNF-a using a Mesoscale Human Pro-Inflammatory 7- 

plex Ultrasensitive Kit.

2.12.6 Human Pro-Inflammatory 7-plex Ultrasensitive Kit

This assay was carried out as described in section 2 .9.4 with the exception that 

supernatants and standards (25 i j 1) were incubated for 2 hours at room temperature 

with vigorous shaking rather than overnight. Cytokine concentrations were calculated 

from the standard curve and expressed as pg/ml of protein.
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2.13 Statistical analysis

All data were analysed using the statistical packages Graph Pad Prism (GraphPad 

Software, Inc.) or GB-STAT (Dynamic Microsystems, Inc.). Statistical comparisons 

were performed using a Student’s f-test for independent means or 1- or 2-way 

analysis of variance (ANOVA) as indicated in the experimental sections. If significant 

changes were observed following ANOVA, the data was further analysed using a 

Newman-Keuls post hoc test as appropriate. A p value less than 0.05 was deemed 

statistically significant. Results are expressed as means + standard error of the mean 

(SEM).
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3: Examining the effect of Ap on 
phagocytosis by glial cells in vitro &

in vivo
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Introduction

Phagocytosis, an essential component of the innate immune response, is a complex 

cellular process involving numerous cytoskeletal elements and signalling cascades 

acting in concert to process and destroy material that is foreign or perceived as being 

foreign. Microglia are the resident immunocompetent and phagocytic cells within the 

CNS, sharing several characteristics with peripheral macrophages, including their 

ability to phagocytose. These cells continuously extend and retract ramified 

processes into the surrounding tissue with a radius of about SOpm and thus the entire 

brain undergoes surveillance by these cells every few hours (Cameron and Landreth, 

2010). In comparison to microglia, the role of astrocytes as phagocytic cells within 

the CNS is less well understood.

Inefficient clearance of A|3 from the brain is thought to contribute to the pathogenesis 

of AD and thus removing the build-up of this peptide is a major target in ongoing 

research. Evidence from numerous sources indicates that microglia mediate the 

clearance of Ap through receptor-mediated phagocytosis. Uptake of Ap by microglia 

and its subsequent targeting to the endosome-lysosomal pathway has been 

investigated in detail with microglia being shown to actively phagocytose monomeric, 

oligomeric and fibrillar A(3 (Lee and Landreth, 2010). Various ultra-structural studies 

have also reported that microglia in the cortex of AD patients contain intra- 

cytoplasmic fragments of Ap, thus further strengthening the phagocytic role of 

microglia in the AD brain (Lewandowska et ai, 2004).

Studies indicating the role of astrocytes in clearance of Ap from the AD brain are far 

less abundant. Astrocytes plated on brain sections from a mouse model of AD have 

been shown to associate with Ap deposits and reduce the presence of Ap in these 

sections (Wyss-Coray et ai, 2003). In addition, astrocytes from enhanced green 

fluorescent protein expressing mice transplanted into the hippocampus of APP/PS1 

animals were found localised near Ap deposits, with confocal microscopy further



revealing that they contained internalised A(3 immunoreactive material (Pihlaja et ai, 

2008).

When a recent study crossed two distinct APP transgenic mouse strains with CD11 b- 

HSVTK mice, where ganciclovir treatment led to the ablation of microglia for up to 4 

weeks, it was surprisingly found that neither amyloid plaque maintenance nor 

formation depended on the presence of microglia (Grathwohl et ai, 2009). 

Interestingly, this lack of effect was accompanied by a temporary concomitant 

activation of astrocytes suggesting they might have a role to play in the progression 

of AD.
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The aims of these studies were as follows:

1. To validate an assay investigating the phagocytosis of fluorescently-labelled 

latex beads by microglia and astrocytes in vitro.

2. To compare the ability of microglia and astrocytes in phagocytosing 

fluorescently-labelled latex beads, FITC-labelled A(3 and opsonised zymosan 

in vitro.

3. To assess the effect of Ap on phagocytosis, markers of activation and 

expression of putative Ap receptors in isolated microglia and astrocytes in 

vitro.

4. To evaluate the effect of exogenous Ap administration on phagocytosis, 

markers of activation and expression of putative Ap receptors in vivo.
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3.2 Methods

Primary cu ltures o f mixed glial cells prepared from  neonatal rats were incubated with 

fluorescently-labeiled latex beads or aggregated FITC-labelled A(3i_42and uptake was 

assessed using flow  cytometry as described in section 2.7.1. CD11b, a well- 

established integrin marker, was used to identify m icroglia in these glial cultures. The 

CD11b‘ cell population was found to consist predom inantly o f astrocytes and thus 

m icroglia and astrocytes were identified as CD11b'^ and CD11b‘ cells respectively. 

Im m unocytochem istry and Z-stack confocal m icroscopy were carried out using anti- 

CD11b and anti-G FAP antibodies as described in section 2.4.1.

To investigate the effect o f Ap on m icroglia and astrocytes in vitro, isolated cultures 

o f each cell type were incubated with a cocktail o f aggregated A(3i^o (4.2 |jM ) and 

A P i^ 2  (5 .8 jjM ) or reverse peptide AP40-1 (10 [jM ) for 24 hours (M urphy et al, 2011). 

Phagocytosis w as investigated as described above and mRNA and protein analysis 

assessed using RT-PCR and W estern im m unoblotting as described in sections 2.8 

and 2 . 1 0  respectively.

The effect o f exogenous Ap on m icroglia and astrocytes in vivo was investigated by 

implanting male W ista r rats (3 -4  months) w ith m ini-osm otic pumps delivering e ither a 

cocktail o f aggregated APi_4o (26.9|jM ) and A P i^ 2  (36,9mM) or aCSF 

intracerebroventricularly at a rate of 0.25pl/h (+0.05 pi) for 28 days as described in 

section 2.5.2 (M iller e t a/., 2008). Following sacrifice, a portion o f the hippocam pus 

was taken fo r m RNA analysis while the rest o f the brain was used to isolate glial 

cells, as described in section 2 .6 , in order to exam ine ex vivo phagocytosis by 

m icroglia and astrocytes.
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3.3 Results

3.3.1 Validation of an assay to assess phagocytosis in mixed glial cells

Following incubation of mixed glial cells with fluorescently-labelled latex beads, they 

appeared to be present within microglia (GFAP' cells) and astrocytes (GFAP’" cells) 

as shown in figure 3.1. To demonstrate that beads were located intracellularly, Z- 

stack confocal microscopy was carried out to generate a three-dimensional image of 

both cell types. Isolated cultures of microglia and astrocytes were stained with anti- 

C D IIb  and anti-GFAP as shown in figures 3.2 and 3.3. These images confirmed that 

fluorescently-labelled latex beads were located within microglia and astrocytes 

respectively.

A 1-way ANOVA followed by post-hoc analysis demonstrated that pre-treatment with 

cytochalasin D, a cell permeable and potent inhibitor of actin polymerisation, 

decreased uptake of latex beads by CD11b'" and GDI 1b' cells (p<0.01) as shown in 

figure 3.4. This reduction in uptake was not due to increased cell death or a reduction 

in cell viability as shown in figure 3.5. A 1-way ANOVA revealed that staurosporine, 

used as a positive control, resulted in a significant cell death in both alamar blue and 

LDH (p<0.01) assays.
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GFAP

Latex beads

Figure 3.1 Representative micrograph visualising the uptake of fluorescentiy-labelled 

latex beads by mixed glial cells in vitro.

Primary mixed glial cells were incubated with fluorescentiy-labelled latex beads (green) for 2 

hours and stained with anti-GFAP (red). Nuclei were counterstained using DAPI (blue). The 

fluorescent micrograph demonstrates cellular localisation of the latex beads. The arrow 

denotes a probable microglial cell due to its lack of positive GFAP staining. Scale bar at 

20|jM.
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Figure 3.2 Representative micrograph visualising the intracellular localisation of 

fluorescently-labelled latex beads within CD11b^ microglia.

Representative micrograph of a phagocytosing microglia in orthogonal projections of 

confocal z-stacks. Isolated microglia were incubated for 2 hours with fluorescently-labelled 

latex beads (green) and stained with anti-CD11b (red). Nuclei were counterstained using 

DAPI (blue). The fluorescent micrograph demonstrates intracellular localisation of the latex 

beads.
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Figure 3.3 Representative micrograph visualising the intracellular localisation of 

fluorescently-labelled latex beads within GFAP* astrocytes.

Representative micrograph of a phagocytosing astrocyte in orthogonal projections of 

confocal z-stacks. Isolated astrocytes were incubated for 2 hours with fluorescently-labelled 

latex beads (green) and stained with anti-GFAP (red). Nuclei were counterstained using 

DARI (blue). The fluorescent micrograph demonstrates intracellular localisation of the latex
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Figure 3.4 Pre-treatment with cytochalasin D inhibited the uptake of fluorescently- 

labelled latex beads by CD11b"^ and CD11b'cells.

Primary mixed glial cells w ere pre-treated with cytochalasin D (1, 3 or lO pM ) and the 

phagocytosis of fluorescently-labelled latex beads by C D IIb '"  (A) and C D I Ib ' ( B )  cells was  

assessed using flow cytometry. The data show that uptake of latex beads by G D I lb"" 

[F|'3 ,72r  139.8, p<0.001] and G D I lb" [F̂ s ,2;=30.14, p<0.001] cells was significantly decreased  

following pre-treatm ent with cytochalasin D. D ata are expressed as m eans + SEM  (n=4) from 

one of three independent experim ents with similar results. **p<0.01 versus control (1-w ay  

A N O VA  followed by N ew m an-Keuls post-hoc  analysis).
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Figure 3.5 Treatment of mixed glial cells with cytochalasin D did not reduce cell 

viability.

Primary mixed glial cells were treated w ith cytochalasin D and a lam ar blue (A) and LDH (B) 

assays were carried out. The data show that treatm ent w ith cytochalasin D had no negative 

effect on cell viability. Staurosporine (SplVI) w as used as a positive control and resulted in 

significant cell death in both a lam ar blue [F 4̂ ,oj=13.83, p=0.0004] and LDH [F 4̂ io)=25.82, 

p<0.001] assays. Data are expressed as m eans + SEM (n=3). **p<0.01 versus control (1- 

way ANOVA followed by Newm an-Keuls post-hoc  analysis).

85



3.3.2 Assessing the phagocytosis of FITC-labelled A p i^ 2  by mixed glial cells

A 1-way ANOVA demonstrated that uptake of aggregated FITC-labelled AP i^ 2  

occurred in a concentration-dependent manner by both CD11b'^ and CD11b' cells 

(p<0.01) as shown in figure 3.6. Representative FACS-plots demonstrating the 

median fluorescent intensity (MFI) and percentage of FITC-labelled A P i^ 2-positive 

cells for each concentration used (0, 0.15, 0.45, 1.35, 3 or lOpM) are shown in figure 

3.7. MFI quantifies the shift in fluorescence intensity of any specific cell population. 

Based on these studies, a concentration of SpM aggregated FITC-labelled A P i^ 2 was 

chosen to carry out Z-stack confocal microscopy in order to generate a three- 

dimensional image of microglia and astrocytes to ensure that FITC-labelled A(3i^2 

was located intracellularly. Isolated cultures of microglia and astrocytes were stained 

with anti-CD11 b and anti-GFAP respectively as illustrated in figures 3.8 and 3.9.

A 1-way ANOVA followed by post-hoc analysis revealed that pre-treatment with 

cytochalasin D decreased the uptake of FITC-labelled APi^ 2  by both CD11b* and 

C D IIb " cells (p<0.01), as shown in figure 3.10. This inhibition was significantly 

greater when cells were incubated in the presence of lOpM compared with 1 and 

3[jM concentrations of cytochalasin D (p<0.05).
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Figure 3.6 Uptake of FITC-labelled APi^ 2  by CD11b* and CD11b‘ cells increased in a 

concentration-dependent manner.

Primary m ixed glial cells were incubated w ith aggregated FITC-labelled A p i ^ 2  (0-15, 0.45, 

1.35, 3 or 10|jM) for 2 hours and its uptake by C D IIb '"  (A) and CD11b”  (B) cells was 

assessed using flow  cytometry. Data show that uptake of A(3 by CD11b'^ [F|'4.ior50.69, 

p<0.001] and CD11b“  [F ^4 ,o;=38.2, p<0.001] cells increased in a concentration-dependent 

manner. Data are expressed as means + SEM (n=4) from one o f four independent 

experim ents w ith sim ilar results.
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Figure 3.7 Representative FACS-plots demonstrate the uptake of FITC-labelled A pi^ 2  

by primary mixed glial cells.

Primary m ixed glial cells were incubated with aggregated FITC-labelled A(3i^2 (0.15, 0.45, 

1.35, 3 or 10[jM) fo r 2 hours and its uptake assessed using flow  cytometry. Debris and non- 

cellu lar events were initia lly excluded using fonward/side scatter, w ith the percentage of 

FITC" cells then identified using the appropriate FMO. Representative FACS-plots for each 

A(3i^2 concentration dem onstrate that uptake o f FITC-labelled A P i^ 2  by mixed glial cells was 

concentration-dependent. The percentage o f ce lls in the top right hand corner were positive 

for the uptake o f FITC-labelled A P i^ 2  The shift in fluorescence intensity o f these cells is 

further dem onstrated by the ir MFI,
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CD11b 

Latex beads

CD11b

Figure 3.8 Representative micrograph visualising the intracellular localisation of 

FITC-labelled AP1.42 following incubation with isolated microglia.

R ep res en ta tive  m icrograph o f a  phagocytosing m icroglia in orthogonal pro jections of 

confocal z-s tacks . Iso lated m icroglia w e re  incubated  for 2 hours with 3 |jM  ag g reg a te d  F IT C -  

labelled  A(3i.42 (g ree n ) and stained with a n ti-C D 1 1 b  (red). N uclei w ere  countersta ined  using 

D A P I (b lue). T h e  fluorescent m icrograph d em o n stra tes  in tracellu lar localisation o f F IT C -  

labelled  A P i^ 2-
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Figure 3.9 Representative m icrograph visualising the intracellular localisation of 

FITC-labelled A p i .42 following incubation with isolated astrocytes.

Representative micrograph of a phagocytosing astrocyte in orthogonal projections of 

confocal z-stacks. Isolated astrocytes were incubated for 2 hours with 3|jl\/l aggregated 

FITC-labelled A(3i^2 (green) and stained with anti-GFAP (red). Nuclei were counterstained 

using DAPI (blue). The fluorescent micrograph demonstrates intracellular localisation of 

FITC-labelled Api^z
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Figure 3.10 Pre-treatment with cytochalasin D inhibited the uptake of FITC-labelled Ap 

by CD11b* and CD11b cells.

Primary mixed glial cells were pre-treated with cytochalasin D (1, 3 or lOpM) for 2 hours and 

the phagocytosis of FITC-labelled A(3 by C D IIb '" (A) and GDI 1b' (B) cells was assessed 

using flow cytometry. The data show that uptake of Ap by C D IIb '" [F^ ,,j=17.42, p=0.0002] 

and CD11b' [F ^ ,2^=16.15, p =0.0002] cells was decreased following pre-treatment with 

cytochalasin D. This inhibition was significantly greater when cells were incubated in the 

presence of lOpM compared with 1 and SpM cytochalasin D (p<0.05). Data are expressed 

as means + SEM (n=4) from one of three independent experiments with similar results. 

**p<0.01, versus control, *p<0.05 versus IpM  cytochalasin-D (1-way ANOVA followed by 

Newman-Keuls post-hoc analysis).
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3.3.3 Analysis of the oxidative burst that occurs following phagocytosis in microglia, 

astrocytes and PBMCs.

A comparison of the ability of primary rat microglia, astrocytes and PBMCs to mount 

a phagocytic response to opsonised-zymosan is shown in figure 3.11. This assay is 

based on the luminol-dependent chemiluminescence that results from ROS released 

during the oxidative burst that accompanies phagocytosis.

Zymosan was opsonised with serum as described in section 2.3 and luminol (Im M ) 

was prepared by dissolving 5-amino-2,3-dihydro-1,4-phthalazinedione in sodium 

hydroxide (NaOH; 0.1M). Opsonised zymosan (50fjl) was added to each well of a 

black 96-well microplate containing microglia, astrocyte or PBMC suspension (50|jl) 

in IX  HESS (3x10® cells/ml) and luminol solution (Im M ; SOpI). Chemiluminescence 

measurements were taken with readings carried out at 2 minute intervals for a total 

run time of 44 minutes.

A 1-way ANOVA revealed that all ceil types released a significant amount of ROS 

(p<0.01) following incubation with opsonised-zymosan as measured using 

chemiluminescence. This is indicative of the oxidative burst that accompanies 

phagocytosis. Further post-hoc analysis revealed that PBMCs had a significantly 

higher response to opsonised-zymosan than microglia or astrocytes (p<0.01). In 

addition, the microglial phagocytic response was more pronounced than that of 

astrocytes (p<0.05).
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Figure 3.11 Phagocytosis and the associated release of ROS was greater in PBMCs 

than microglia and astrocytes.

Isolated primary astrocytes, m icroglia and rat peripheral blood m ononuclear cells were 

incubated w ith opsonised-zym osan and luminol for 44 m inutes. Chem ilum inescent readings 

were taken at 2 m inute time points. All cell types were found to m ount a significant 

phagocytic response com pared to control [F^22;=98 'I8, p<0.0001]. PBMCs had a 

significantly higher response compared with m icroglia and astrocytes (p<0.01). The 

m icroglial phagocytic response was more pronounced than that o f astrocytes (p<0.05). Data 

are expressed as means +  SEM (n=5).
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3.3.4 Analysis of the effect of Ap on isolated microglia in vitro

!n order to exam ine the e ffect o f Ap on m icroglia in vitro, isolated cultures were 

incubated w ith a com bination o f aggregated AP i^o (4.2 |jM ) and A P i^2  (5.8|jM), 

hereafter referred to as Ap, or reverse peptide AP40-1 (10pM) for 24 hours (Murphy et 

a/., 2 0 1 1 ).

Ap increased m RNA expression of three m arkers o f m icroglial activation C D IIb ,  

CD 6 8  and CD40 (p<0.01), but had no effect on MHC-II mRNA (p=0.6517) as shown 

in figure 3.12. In addition, m RNA expression o f IL-1p, IL-6 , TNFa and iNOS was 

increased (p<0.01) fo llow ing incubation with Ap as shown in figure 3.13

Ap increased mRNA expression o f the putative Ap receptor TLR2 (p<0.01), but had 

no effect on TLR4 (p=0.3063), SR-B1 (p=0.565), CD36 (p=0.3872), CD47 (p=0.1765) 

or RAGE (p -0 .2667 )  m RNA as shown in figure 3.14.

Incubation of isolated m icroglia w ith Ap for 24 hours increased their ability to 

phagocytose fluorescently-labelled latex beads (p<0.05) as shown in figure 3.15.
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Figure 3.12 Ap increased mRNA expression of CD11b, CD68 and CD40 in isolated 

microglia.

Isolated microglia were incubated with Ap or reverse peptide for 24 hours in vitro. Data show 

that A(3 significantly increased mRNA expression of CD11b, CD68 and CD40 (A-C; p<0.01), 

while MHC-II (D) expression remained unchanged following treatment. Data are expressed 

as means + SEM (n=6) from one of two independent experiments with similar results. 

**p<0.01 versus control (Student’s Mest for independent means).
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Figure 3.13 Ap increased mRNA expression of IL-1p, IL-6, TNFa and iNOS in isolated 

microglia.

Isolated microglia were incubated with Ap or reverse peptide for 24 hours in vitro. Data show 

that Ap significantly increased mRNA expression of IL -ip , IL-6, TNFa and iNOS (A-D; 

p<0.01). Data are expressed as means + SEM (n=6) from one of two independent 

experiments with similar results, *‘ p<0.01 versus control (Student’s f-test for independent 

means).
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Figure 3.14 Ap increased mRNA expression of TLR2 in isolated microglia.

Isolated microglia were incubated witin A(3 or reverse peptide for 24 hours in vitro. Data show 

that A(3 significantly increased TLR2 mRNA expression (A; p<0.01) but TLR4, SR-B1, CD36, 

CD47 and RAGE mRNA expression (B-F) remained unchanged following treatment. Data 

are expressed as means + SEM (n=6) from one of two independent experiments with similar 

results. **p<0.01 (Student’s f-test for independent means).
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Figure 3.15 A|} increased the phagocytosis of fluorescently-labelled latex beads by 

CD11b* microglia.

Isolated microglia were incubated with A(3 or reverse peptide for 24 hours in vitro and the 

phagocytosis of fluorescently-labelled latex beads was assessed using flow cytometry. 

Debris and non-cellular events were initially excluded using forward/side scatter, with the 

percentage of CD11b''FITC'' cells further identified using the appropriate FMOs. The data 

show that A(3 significantly increased phagocytosis of latex beads by CDUb'" cells (A; 

p<0.05), visualised with a representative FACS-plot and MFI data (B). Data are expressed 

as means + SEM (n=6) from one of three independent experiments with similar results. 

*p<0.05 (Student’s f-test for independent means).
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3.3.5 Analysis of the effect of Ap on isolated astrocytes in vitro

In order to exannine the effect of A(3 on astrocytes in vitro, isolated cultures were 

incubated with Ap or reverse peptide for 24 hours.

Ap decreased mRNA but not protein expression of the markers of astrocyte 

activation GFAP (p<0.05) and S100p (p<0.01) as shown in figure 3,16. Ap had no 

effect on GLAST mRNA (p=0.866) or protein expression as shown in figure 3.17, 

however it significantly increased mRNA expression of GLT-1 (p<0.01). Ap had no 

effect on mRNA expression of glutamine synthetase (p=0.6513).

Ap increased mRNA expression of markers of inflammation IL -ip , !L-6, TNFa and 

iNOS (p<0.01) as shown in figure 3.18, while it also increased expression of the 

putative Ap receptors TLR2, TLR4, SR-B1, CD36 and CD47 (p<0.01) as shown in 

figure 3.19. In contrast, RAGE mRNA expression was decreased (p<0.05) following 

incubation of cells in the presence of Ap.

Incubation of isolated astrocytes with Ap for 24 hours significantly increased their 

ability to phagocytose fluorescently-labelled latex beads (p<0.01) as shown in figure 

3.20.
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Figure 3.16 Ap decreased mRNA but not protein expression of GFAP and S100p in 

isolated astrocytes.

Isolated astrocytes were incubated with Ap or reverse peptide for 24 hours in vitro. The data 

show that Ap significantly decreased mRNA expression of GFAP (A; p<0.05) and S100p (B; 

p<0.01). Protein expression of GFAP and SIOOp, as assessed by Western immunoblotting 

and measured relative to actin, remained unchanged following incubation in the presence of 

Ap (C, D). Data are expressed as means + SEM (n=6) from one of two independent 

experiments with similar results. *p<0.05, **p<0.01 versus control (Student’s f-test for 

independent means).
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Figure 3.17 Ap increased mRNA expression of GLT-1 but not GLAST in isolated 

astrocytes.

Isolated astrocytes were incubated with Ap or reverse peptide for 24 hours in vitro. The data 

show that GLAST mRNA (A) and protein (B) expression remained unchanged following 

treatment. Ap significantly increased mRNA expression of GLT-1 (C; p<0.01). Glutamine 

synthetase mRNA expression remained unchanged following treatment (D). Data are 

expressed as means + SEM (n=6) from one of two independent experiments with similar 

results. **p<0.01 versus control (Student’s f-test for independent means).
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Figure 3.18 Ap increased mRNA expression of IL-1p, IL-6, TNFa and iNOS in isolated 

astrocytes.

Isolated astrocytes were incubated with A(3 or reverse peptide for 24 hours in vitro. Data 

show that Ap significantly increased mRNA expression of IL -ip , IL-6, TNFa and iNOS (A-D; 

p<0.01). Data are expressed as means + SEM (n=6) from one of two independent 

experiments with similar results. **p<0.01 versus control (Student’s f-test for independent 

means).
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Figure 3.19 Ap increased mRNA expression of its putative receptors TLR2, TLR4, SR- 

81, CD36 and CD47 in isolated astrocytes but decreased the expression of RAGE.

Isolated astrocytes were incubated with Ap or reverse peptide for 24 hours in vitro. The data 

show that Ap significantly increased mRNA expression of TLR2, TLR4, SR-B1, CD36 and 

CD47 (A-E; p<0.01). RAGE mRNA expression was significantly decreased following 

treatment (F; p<0.05). Data are expressed as means + SEM (n=6) from one of two 

independent experiments with similar results. *p<0.05, **p<0.01 versus control (Student’s t- 

test for independent means).
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Figure 3.20 Ap increased the phagocytosis of fluorescently-labelled latex beads by 

GLAST^ astrocytes.

Isolated astrocytes were incubated with Ap or reverse peptide for 24 hours in vitro and the 

phagocytosis of fluorescently-labelled latex beads was assessed using flow cytometry. 

Debris and non-cellular events were initially excluded using forward/side scatter, with the 

percentage of GLAST'^FITC'" cells further identified using the appropriate FMOs. The data 

show that Ap significantly increased phagocytosis o f latex beads by GLAST'" astrocytes (A; 

p<0.01), visualised with a representative FACS-plot and MFl data (B). Data are expressed 

as means + SEM (n=6) from one of three independent experiments with similar results. 

**p<0.01 versus control (Student’s f-test for independent means).



3.3.6 Analysis of the effect of exogenous Ap on its putative receptors and mediators 

of inflammation in vivo

To examine tine effects of exogenous Ap on microglia and astrocytes in vivo, male 

Wistar rats (3-4 months) were implanted with mini-osmotic pumps delivering a 

cocktail of aggregated Ap or aCSF intracerebroventricularly for 28 days.

Intracerebroventricular infusion of Ap increased hippocampal mRNA expression of 

IL-1P and TNFa (p<0.05) but had no effect on iNOS (p=0.1131) or IFNy (p=0,6564) 

expression as shown in figure 3.21.

Ap infusion had no effect on hippocampal mRNA expression of the putative Ap 

receptors TLR2 (p=0,5983), TLR4 (p=0.7126), RAGE (p=0.5277) or SR-B1 

(p=0.1623) as shown in figure 3.22.
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Figure 3.21 Intracerebroventricular infusion of Ap increased mRNA expression of IL- 

1P and TNFa in the hippocampus.

Male W ista r rats aged 3 -4  m onths w ere intracerebroventricularly implanted with m ini- 

osmotic pum ps delivering an infusion o f aggregated APi_4 o (26.9|jM ) and A p i^ 2  (36.9|jM ) or 

aCSF at a calculated delivery rate of 0 .25 |jl/h  (±0.05 pi) for 28 days. Infusion o f Ap increased 

hippocampal m RNA expression o f the pro-inflam m atory cytokines, TNFa and IL - ip  (B,C; 

p<0.05) but had no effect on iNOS (A) or IFNy expression (D). Data are expressed as means 

+ SEM (n=7). *p<0.05 versus control (S tudent’s f-test fo r independent means).
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Figure 3.22 Intracerebroventricular infusion of Ap had no effect on mRNA expression 

of TLR2, TLR4, RAGE or SR-B1 in the hippocampus.

Male W ista r rats aged 3 -4  months were intracerebroventricularly implanted w ith m ini- 

osmotic pumps delivering an infusion o f aggregated A(3i_4o (26.9mM) and A p i_ 4 2  (36.9mM) or 

aCSF at a calculated delivery rate of 0.25(jl/h (±0.05 |jI) for 28 days. Infusion o f A|3 had no 

effect on hippocampal m RNA expression of the putative A(3 receptors TLR2, TLR4, RAGE or 

SR-B1 (A-D). Data are expressed as means + SEM (n=7).
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3.3.7 Analysis of the effect of exogenous Ap on microglia in vivo

Intracerebroventricular infusion of aggregated A(3 for 28 days had no effect on mRNA 

expression of two markers of microglial activation, CD68 (p=0.2966) or MHC-il 

(p=0.9382), in the hippocampus as shown in figure 3.23. While CD11b mRNA 

expression in the hippocampus was unchanged (p=0.3766) following A(3 infusion, 

CD11b protein expression was significantly increased (p<0.05) in the cortex following 

treatment as shown in figure 3.24.

Following isolation of CD11b'" cells from the cortex of vehicle- and Ap-infused 

animals, ex vivo phagocytosis of fluorescently-labelled latex beads by these cells 

was unchanged (p=0.6498) between groups as shown in figure 3.25.
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Figure 3.23 Intracerebroventricular infusion of AP had no effect on mRNA expression 

of CD68 or MHC-II.

Male W ista r rats aged 3—4 months w ere intracerebroventricularly implanted with m ini- 

osm otic pum ps delivering an infusion o f aggregated AP 1 -4 0  (26.9fjM ) and AP i_4 2  (36 .9 ijM ) or 

aCSF at a calculated delivery rate o f 0 .25|jl/h  (±0.05 jjl)  for 28 days. In tracerebroventricular 

infusion of Ap had no effect on m RNA expression o f CD6 8  (A) or MHC-II (B). Data are 

expressed as means + SEM (n=7).
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Figure 3.24 Intracerebroventricular infusion of Ap increased protein but not mRNA 

expression of CD11 b.

Male W istar rats aged 3 -4  months were intracerebroventricularly implanted with mini- 

osmotic pumps delivering an infusion of aggregated Api_4 o (26 .9 |jM ) and A Pi_ 4 2  (36.9pM) or 

aCSF at a calculated delivery rate of 0.25|jl/h (±0.05 pi) for 28 days. Microglial cells were 

isolated from cortical tissue by density separation over Percoll in order to assess protein 

expression of CD11b by flow cytometry. Debris and non-celiular events were initially 

excluded using forward/side scatter, with the percentage of CD11b'"CD45'°'^ cells further 

identified using the appropriate FMOs. Infusion of A(3 had no effect on hippocampal mRNA 

expression of CD11b (A) but significantly increased its protein expression (B; p<0.05) in the 

cortex following 28 days, visualised with representative FACS-plots (C). Data are expressed 

as means + SEM (n=7). *p<0.05 versus control (Student’s f-test for independent means).
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Figure 3.25 Ex vivo phagocytosis of fluorescently-labelled latex beads by CD11b^ 

cells was unchanged following intracerebroventricular infusion of Ap.

Male W ista r rats aged 3 -4  m onths w ere intracerebroventricularly implanted with m ini- 

osm otic pum ps delivering an infusion o f aggregated APi_4o (26.9|jM ) and A3i_42 (36.9 ijM ) or 

aCSF at a calculated delivery rate o f 0 .25|jl/h  (±0.05 (jI) for 28 days. M icroglial cells were 

isolated from cortical tissue by density separation over Percoll in order to assess ex vivo 

phagocytosis. Debris and non-cellu lar events were initially excluded using forward/side 

scatter, w ith the percentage o f G D I Ib '^F IT C ' cells further identified using the appropriate 

FMOs. Infusion of Ap had no effect on the phagocytosis of fluorescently-labelled latex beads 

by G D I 1b'" cells (A), visualised with a representative FAGS-plot and MFI data (B). Data are 

expressed as means + SEM (n=7).
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3.3.8 Analysis of the effect of exogenous Ap on astrocytes in vivo

Intracerebroventricular infusion of A(3 for 28 days increased mRNA expression of 

GFAP (p<0.05) in the hippocampus but had no effect on other markers of astrocyte 

activation such as S100(3 (p=0.7825), GLT-1 (p=0.3379) or glutamine synthetase 

(p=0.6774) as shown in figure 3.26. GLAST mRNA (p=0.3147) and protein 

expression (p=0,6212) were also unaffected following A(3 infusion as shown in figure 

3.27.

Following isolation of GLAST'" cells from the cortex of vehicle- and Ap-infused 

animals, ex vivo phagocytosis of fluorescently-labelled latex beads was increased 

(p<0.05) in cells isolated from A(3-treated rats as shown in figure 3.28.
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Figure 3.26 Intracerebroventricular infusion of Ap increased hippocampal mRNA 

expression of GFAP but not S100p, GLT-1 or glutamine synthetase.

Male W ista r rats aged 3 —4 months w ere intracerebroventricularly implanted with m ini- 

osm otic pum ps delivering an infusion o f aggregated A|3i^o ( 2 6 .9 | jM )  and APi^ 2  ( 3 6 .9 | jM )  or 

aCSF at a calculated delivery rate o f 0 .25|jl/h (±0.05 pi) fo r 28 days. Infusion o f A(3 increased 

hippocam pal m RN A expression o f GFAP (A; p<0.05) but had no effect on the expression of 

S100(3, GLT-1 or g lutam ine synthetase (B-D). Data are expressed as means + SEM (n=7). 

*p<0.05 versus control (S tudent’s f-test fo r independent means).
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Figure 3.27 Intracerebroventricular infusion of Ap had no effect on mRNA or protein 

expression of GLAST.

Male W istar rats aged 3 -4  months were intracerebroventricularly implanted with mini- 

osmotic pumps delivering an infusion of aggregated A(3i_4o (26.9pM) and APi_ 4 2  (36.9mM) or 

aCSF at a calculated delivery rate of 0.25(jl/h (±0.05 pi) for 28 days. Astrocytes were isolated 

from cortical tissue by density separation over Percoll in order to assess protein expression 

of GLAST by flow cytometry. Debris and non-cellular events were initially excluded using 

forward/side scatter, with the percentage of GLAST”" cells further identified using the 

appropriate FMO. Infusion of Ap days had no effect on hippocampal mRNA (A) or protein (B) 

expression of GLAST in the cortex of infused animals, visualised with representative FACS- 

plots (C). Data are expressed as means + SEM (n=7).

114



Control MFl 854 
AP MFl 1286

Control Ap

Figure 3.28 Ex vivo phagocytosis by GLAST" cells was increased following 

intracerebroventricular infusion of Ap.

Male W ista r rats aged 3—4 months were intracerebroventricularly implanted with m ini- 

osm otic pumps delivering an infusion o f aggregated A(3i^o (26.9pM ) and A P i_ 4 2  (36.9|jM ) or 

aCSF at a calculated delivery rate o f 0.25|jl/h (±0.05 pi) for 28 days. Astrocytes were isolated 

from  cortical tissue by density separation over Percoll in order to assess ex vivo 

phagocytosis. Debris and non-cellu lar events were initially excluded using forward/side 

scatter, w ith the percentage o f GLAST^FITC" cells fu rther identified using the appropriate 

FMOs. Infusion o f A(3 significantly increased the ex vivo  phagocytosis o f fluorescently- 

labelled latex beads by GLAST"^ cells. (A; p<0.05), visualised with a representative FACS- 

plot and MFl data (B). Data are expressed as means + SEM (n=7). *p<0.05 versus control 

(S tudent's f-test for independent means).
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3.4 Discussion

Initial findings in the present studies confirmed that fluorescently-labelled latex beads 

and FITC-labelled A(3 were taken up in a concentration-dependent manner by both 

microglia and astrocytes. This was visualised using immunocytochemistry and 

confocal microscopy where fluorescent micrographs clearly demonstrated 

intracellular localisation of the beads and A(3. Microglia have previously been shown 

to phagocytose FITC-labelled Ap (Hickman et a i, 2008) and internalise it into large, 

intracellular compartments identified as lysosomes using the lysosomal membrane 

glycoprotein marker LAMP-1 (Halle eta!., 2008).

There are a variety of assays available to study the mechanisms of phagocytosis in 

vitro: the direct visualisation of engulfed particles, spectrophotometric evaluation of 

phagocytosed paraffin dye-containing droplets and scintillation counting of 

radiolabeled bacteria (Harvath and Terle, 1999). More recently, flow cytometry has 

been used to assess the phagocytosis of commercially-available fluorescently- 

labelled bacteria and latex beads by a variety of cell types. Flow cytometry has the 

advantage of rapid analysis of thousands of cells combined with the ability to quantify 

internalised particles for each cell examined. The benefits of speed, accuracy, and 

the ability to accumulate information on individual cell populations have resulted in 

flow cytometry being a preferred method for the study of phagocytosis.

The uptake of beads and A(3 was primarily by phagocytosis since it was inhibited by 

pre-treatment with cytochalasin D, a cell permeable and potent inhibitor of actin 

polymerisation. Cytochalasin D did not completely abrogate the uptake of beads or 

A[3 by glial cells; this was unlikely due to the concentration used as, in the case of the 

beads, a plateau effect was observed at the lowest drug concentration. In contrast, 

cytochalasin D inhibited the uptake of FITC-labelled Ap in a concentration-dependent 

manner, suggesting different uptake methods of latex beads and Ap.
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One possible explanation for the incomplete inhibition of phagocytosis by 

cytochalasin D may be that beads and/or A(3 are also taken up into the cell by a 

mechanism independent of actin polymerisation. In this context, it is interesting to 

note that a recent study also demonstrated uptake of polystyrene particles by 

phagocytic cells even in the presence of cytochalasin D (Hofer et al., 2009). Another 

possibility is that the beads and fluorescently-labelled Ap are incompletely taken up 

and simply stick to the outside of the cells. However this is unlikely as extracellular 

fluorescence was routinely quenched using trypan blue to allow discrimination 

between adherent and ingested fluorescent particles (Van Amersfoort and Van Strijp, 

1994). A sensitive procedure based on zymosan-induced luminol-enhanced 

chemiluminescence (CL) used to assess the phagocytic responses of microglia and 

astrocytes via indirect measurement of ROS, also confirmed that that both cell types 

were capable of mounting a significant phagocytic response. In the case of this 

assay, microglia were found to be slightly more efficient at generating an oxidative 

burst compared to astrocytes.

While it is well established that microglia act as phagocytes within the CNS, results 

presented here suggest that astrocytes also have a significant role to play. These 

findings are consistent with data demonstrating that neurons and astrocytes have the 

ability to internalise FITC-labelled A p/n  vitro (Mandrekar et al., 2009), These authors, 

however, state that astrocytes were heterogeneous with respect to their ability to 

take up AP; one population of cells internalised Ap as efficiently as microglia while 

another population took up no Ap at all. Results presented here suggest that the 

uptake of latex beads and FITC-labelled Ap by astrocytes was homogeneous and 

that they appeared to be almost as efficient as microglia. As astrocytes express 

receptors purported to be involved in phagocytosis such as TLR2, TLR4 and RAGE, 

it could therefore be anticipated that they are efficient phagocytes (Casula et al., 

2011).
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In order to investigate the effect of Ap on microglia and astrocytes in vitro, isolated 

cell cultures were incubated with aggregated A(3 which was found to increase mRNA 

expression of the cytokines IL-1(3, IL-6, INOS and TNFa. This was paralleled by an 

increase in markers of microglial activation, CD11b and CD40. Interestingly CD68, a 

protein suggested to be indicative of phagocytic activity (Zotova et a i, 2011), was 

also increased following A(3 treatment. The evidence suggests that A(3 resulted in 

astrocytic activation as increased mRNA expression of GLT-1 was also observed. In 

contrast, Ap decreased GFAP and SIOOp mRNA, although this did not translate to a 

change in protein expression. Perhaps most interestingly, results from the current 

study demonstrate that Ap significantly increased the phagocytosis of fluorescently- 

labelled latex beads by both microglia and astrocytes.

Stimulation of microglia and astrocytes with Ap has previously been shown to dose- 

dependently increase the release of cytokines such as IL-ip , IL-6, TNFa and the 

chemokines MIP-1a and MCP-1 (Floden and Combs, 2006, Benveniste eta!., 2001, 

Veerhuis et a!., 2005). This is consistent with results observed in the present study. 

In addition, Ap stimulation has been shown to result in the production of glutamate 

(Klegeris and McGeer, 1997), a possible explanation for the observed increase in 

GLT-1 mRNA. Glutamate transporters on astrocytes are responsible for homeostasis 

of extracellular glutamate in the CNS, something which is thought to contribute to the 

prevention of excitotoxic neurodegeneration (Takeuchi et a!., 2008).

In the AD brain, accumulation of Ap is accompanied by various inflammatory 

changes; several studies have reported increases in IL -ip  (Shaftel et a i, 2008) and 

others have suggested that TNFa and IL-6 are also increased (Huell et al., 1995). 

These changes parallel the well described activation of microglia and astrocytes. 

While controlled inflammatory changes may stimulate cells to become phagocytic 

and clear Ap, it has been proposed that persistent inflammation, which occurs with 

age and in AD, is associated with microglial senescence. -Streit and . colleagues
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suggest that, in this instance, cells lose their ability to phagocytose and undertake 

neuroprotective functions, consequently contributing to, or even causing, 

neurodegenerative changes (Streit et al., 2008).

Multiple A(3 binding proteins have been identified within the CNS, engagement of 

which result in the activation of numerous parallel signalling cascades leading to the 

complex cellular responses to Ap (Lucin and Wyss-Coray, 2009). Some of the 

putative cellular Ap receptors include the class A SRs (SR-A), class B SRs (SR-B) 

including SR-B1, CD36 and CD47, RAGE and TLRs 2, 4, 6 and 9, (Bamberger et al., 

2003, Paresce et al., 1996, Reed-Geaghan et al., 2009, Stewart et al., 2010). 

Microglia have been shown to internalise aggregates of Ap via SRs, evidenced by 

the ability of SR ligands to inhibit Ap uptake (Paresce et al., 1996). Microglia lacking 

TLR2 and TLR4 are unable to produce ROS or a mount phagocytic response 

following stimulation with Ap (Reed-Geaghan et al., 2009), whereas increased 

expression of TLR2 and TLR4 have been observed in the AD brain and animal 

models of AD (Reed-Geaghan et al., 2010). Injection of Ap into the hippocampus 

induces TLR2 expression (Trudler et al., 2010) whereas functional TLR2 blocking 

antibodies suppress the Ap-increased expression of pro-inflammatory cytokines and 

activation markers in microglia (Jana et al., 2008).

The present findings indicate that Ap increased mRNA expression of TLR2 in 

microglia, whereas it increased TLR2, TLR4, SR-B1, CD36 and CD47 expression in 

astrocytes. In contrast, RAGE mRNA was decreased in astrocytes following 

stimulation with Ap. The data indicate that these receptors are involved in the 

complex cellular responses to Ap, although their individual roles remain to be further 

elucidated. It will be of interest to assess the effect of inhibiting the actions of 

individual receptors on Ap-induced inflammatory and phagocytic responses.

To assess whether the changes induced by Ap in vitro translated to an in vivo

setting, animals were infused with Ap for 28 days and tissue was taken for analysis
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of markers of inflammation. The data indicate that A(3 induced increases in IL -ip  

mRNA expression and also in TNFa and iNOS mRNA, although the latter did not 

reach statistical significance. Several studies have previously reported that chronic 

infusion of Ap for 28 days is associated with persistent inflammatory changes (Craft 

et al., 2004, Frautschy et al., 2001). Increased hippocampal concentrations of IL -ip  

and TNFa have been observed 5 weeks subsequent to the infusion period (Craft et 

al., 2004). These changes are reportedly accompanied by evidence of oxidative 

changes and loss of synapses (Frautschy et al., 2001).

In addition to the A(3-induced increase in cytokines, the present data demonstrate 

there was an increase in expression of some markers of glial activation, for example 

the number of CDIIb"^ cells was enhanced in tissue prepared from A(3- compared 

with control-treated animals. This is in agreement with a study reporting increased 

numbers of F4/80^ microglia following Ap-infusion (Craft et al., 2004). Whereas a 

single injection of Ap has been shown to increase other markers of microglial 

activation such as MHC-II (Lyons et al., 2007, Lynch et al., 2007), chronic Ap infusion 

exerted no significant effect on this measure, or on expression of CD68 mRNA. 

Interestingly, uptake of fluorescently-labelled latex beads by C D IIb '" cells was 

similar in preparations obtained from control- and Ap-treated rats. This lack of effect 

of Ap on microglial phagocytosis contrasts with in vitro results; thus highlighting the 

difficulty in translating findings from one preparation to another and further indicates 

a limitation of undertaking analysis in vitro only.

Several markers of astrocytic activation were examined in tissue prepared from

control- and Ap-treated rats. The data demonstrate there was an increase in GFAP

mRNA but not S100p, GLT-1 or glutamine synthetase. While GFAP is the most

commonly-used marker of astrocytic activation, it is accepted that it is not expressed

on all astrocytes (Walz and Lang, 1998), including astrocytes with end-feet that

contact small blood vessels (Simard et al., 2003). Conversely, non-astrocytic

ependymal cells have been reported to express GFAP (Chen et al., 2007). The
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glutamate transporter, GLT-1, is expressed on astrocytes although its expression is 

region-specific (Wang and Bordey, 2008) and neuronal expression has also been 

reported (Yang et al., 2010), Similarly, expression of S100(3 on different astrocytic 

populations is not uniform (Steiner et al., 2007) and it has also been identified in 

other cell types including neurons and microglia (Shapiro et al., 2010). Glutamine 

synthetase (Gras et al., 2003) and GLAST (van Landeghem et al., 2001) are also 

reported to be expressed by microglia. Therefore, while there is no ideal marker of 

activated astrocytes, GFAP is generally accepted as the most appropriate, and the 

present data indicates that A(3 increased its expression.

As GFAP is expressed intracellularly, it is not appropriate for flow cytometry, and 

therefore GLAST was selected to identify astrocytes for the purpose of this study. 

The antibody chosen has been shown to recognise the extracellular epitope of 

GLAST by immunohistochemistry, immunocytochemistry and flow cytometry 

(Jungblut et al., 2012). While there was no difference in expression of GLAST 

mRNA or the number of GLAST'^ cells in the preparation obtained from A(3- 

compared with control-treated rats, there was a significant increase in the number of 

GLAST* cells which phagocytosed fluorescently-labelled latex beads ex vivo.

While both astrocytes and microglia exhibit increased Ap-induced phagocytosis in

vitro, it appears that astrocytes have a more important role to play in clearing A3 in

vivo following a 28-day time point. It would be of interest to infuse Ap for varying

time-periods so as to establish if this occurred as result of a switch from microglial to

astrocytic activation over time. The current data is interesting in relation to results

observed by Grathwohl and colleagues, who demonstrated that the ablation of

microglia in a mouse model of AD for up to 4 weeks resulted in no changes in

amyloid plaque maintenance or formation (Grathwohl et al., 2009). This unexpected

finding indicates that, at least in some conditions, microglia appear to have minimal

impact on Ap accumulation. The concomitant activation of astrocytes observed in

Grathwohl’s study perhaps suggests these cells have the ability to perform a role
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similar to that of the absent microglia. It might be concluded that, at least as far as 

phagocytosis is concerned, there is a certain amount of redundancy in the system.

Perhaps the most significant finding described here is that astrocytes appear to be 

efficient phagocytes. The data also demonstrate that astrocytes, in addition to 

microglia, exhibit an enhanced capacity for phagocytosis following stimulation with 

Ap in vitro. This was observed in parallel with increased mRNA expression of 

markers of activation, pro-inflammatory cytokines and putative Ap receptors in both 

cell types. While such markers of inflammation were also increased in vivo following 

infusion of Ap for 28 days, only GLAST'^ astrocytes were found to exhibit enhanced 

phagocytic properties following the treatment period. A role for astrocytes in the 

modulation of Ap phagocytosis is therefore suggested as an area to explore in 

finding ways to clear Ap from the AD brain.
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4; Investigating the role of some putative 
Ap receptors in the A(3-induced activation of

astrocytes in vitro
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4.1 Introduction

Multiple Ap binding receptors have been identified within the CNS, engagement of 

which leads to activation of numerous parallel signalling cascades resulting in the 

complex cellular responses to Ap (Lucin and Wyss-Coray, 2009). Recognition of Ap 

has been shown to occur through an ensemble of cell-surface receptors including 

CD36, CD47, TLR2, TLR4 and RAGE (Jana at al., 2008, Reed-Geaghan et al., 2009, 

Bamberger et al., 2003). While numerous studies detail the role of these receptors in 

the Ap-induced stimulation of microglia; reports of their function in the response of 

astrocytes to Ap are far less plentiful. The previous chapter demonstrated that Ap 

increased mRNA expression of CD36, CD47, TLR2 and TLR4 in primary astrocytes, 

while it decreased that of RAGE mRNA, thus suggesting these receptors are 

involved in the Ap-induced activation of astrocytes. Therefore, it was of interest to 

confirm this proposal by assessing the effect of blocking these receptors to try and 

further elucidate their role in Ap-induced inflammatory and phagocytic responses.

TLRs play a critical role in the innate immune system, acting as PRRs for 

structurally-conserved molecules derived from microbes (Carpenter and O'Neill, 

2009). TLR2 ligands, including constituents of microbial cell walls such as bacterial 

lipopeptides and lipoteichoic acid, signal via activation of NFkB and c-Jun N-terminal 

kinase (JNK) pathways ultimately resulting in the increased expression of pro- 

inflammatory cytokines and stimulation of phagocytosis (Palsson-McDermott and 

O'Neill, 2007).

SRs, such as CD36, are cell surface proteins that mediate adhesion to, and

endocytosis of, various native and pathologically modified-substances. CD36 is

thought to play an important role in CNS homeostasis acting as a mediator of the

phagocytosis of apoptotic cells, lipid metabolism, and endocytosis of native,

denatured, and chemically modified proteins and lipoproteins (Husemann et al.,

2002). CD47, also referred to as integrin-associated protein, is a ubiquitously-
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expressed transmembrane protein that reportedly acts as a ‘don't eat me’ signal for 

phagocytic cells (Willingham et al., 2012). Integrins are important receptors that 

mediate cell-extracellular matrix (ECM) and cell-cell adhesion events, thus playing 

an important role in passing information to the cell about its surroundings, resulting in 

the regulation of cell cycle, shape and motility (Wu et al., 2011). A receptor complex 

comprising the integrin-associated protein CD47, CD36 and the a6p i integrin has 

recently been described as a receptor for fibrillar A(3 on microglia (Bamberger et al., 

2003, Reed-Geaghan etal., 2009).

RAGE is a multi-ligand member of the IgG super-family of cell surface molecules that 

is reported to act as an A(3 receptor on neurons, microglia and astrocytes (Lue et al., 

2001). Activation of RAGE by many of its ligands, including Ap, results in the release 

of pro-inflammatory cytokines and ROS, chiefly mediated by activation of the 

transcription factor NFkB (Basta et al., 2002, Berbaum et al., 2008). In its inactivated 

state, NFkB is located in the cytosol complexed with its inhibitory protein, kBa. 

Follov\/ing activation of IkB kinase, IkBo becomes phosphorylated, leading to its 

ubiquitination, dissociation from NFkB and eventual degradation by the proteasome. 

NFkB is then free to translocate to the nucleus and participate in the transcriptional 

regulation of its target genes (Camandola and Mattson, 2007). Such genes in the 

GNS include numerous proteins associated with immune and inflammatory activities; 

although there is some evidence that NFkB also plays a role in processes such as 

neuronal plasticity and development (O'Neill and Kaltschmidt, 1997).

For the purpose of this study, wedelolactone was chosen to investigate the effect of 

NFkB inhibition on the Ap-induced stimulation of astrocytes in vitro. Wedelolactone 

acts as a cell-permeable, selective and irreversible inhibitor of IkB kinase activity, 

blocking the phosphorylation and degradation of IkBq and thus preventing NFkB from 

translocating to the nucleus. A herbal medicine derived from Eclipta prostrata.
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wedelolactone is associated with having anti-inflammatory and growth inhibitory 

properties in chronic diseases such as cancer (Lim et al., 2012).
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The aims of these studies were as follows:

1. To assess the effects of blocking the activity of RAGE, TLR2, CD36 and 

CD47 on the A|3-induced release of pro-inflammatory cytokines and 

phagocytosis by primary astrocytes in vitro.

2. To assess the effects of NFkB inhibition on the A(3-induced release of pro- 

inflammatory cytokines and phagocytosis by astrocytes in vitro.
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4.2 Methods

Primary astrocytes, isolated from the brains o f three neonatal rats as described in 

section 2.1.5, were incubated w ith a cocktail o f aggregated A|3, or reverse peptide 

AP 40-1 (lO pM ), for 24 hours in combination with anti-RAGE, anti-TLR2, anti-CD36 or 

anti-CD47 neutralising antibodies or their appropriate IgG controls (ail at 2.5|jg/m l). 

These neutralising antibodies reportedly block 50% of binding at the concentrations 

used. In a further set o f experiments, astrocytes were incubated with A(3 or reverse 

peptide in com bination with the NFkB inhibitor w edelolactone (25pM ) or vehicle 

control for 24 hours. The data shown are from one o f three independent experim ents 

w ith s im ilar results, performed on cells obtained from separate isolations.

A fter 24 hours, release o f IL -ip , IL - 6  and TNFa into the supernatant was 

assessed by ELISA as described in section 2.11. Phagocytosis of fluorescently- 

labelled latex beads w as also assessed using flow  cytometry as described in section 

2.7.1.
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4.3 Results

4.3.1 Analysis of the effect of TLR2 inhibition on the Ap-induced release of pro- 

inflammatory cytokines and phagocytosis by astrocytes in vitro.

A 2-way ANOVA followed by post-hoc analysis revealed that incubation of isolated 

neonatal astrocytes with A(3 induced the release of IL-1(3, IL-6 and TNFa (p<0.01), as 

shown in figure 4.1. The data further demonstrate that inhibition of TLR2 significantly 

attenuated the Ap-induced release of these pro-inflammatory cytokines (p<0.01).

A 2-way ANOVA followed by post-hoc analysis revealed that Ap enhanced the 

phagocytosis of fluorescently-labelled latex beads by astrocytes in vitro (p<0.05) as 

shown in figure 4.2. Inhibition of TLR2 had no effect on the phagocytosis of latex 

beads by control- or Ap-stimulated astrocytes.
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Figure 4.1 Inhibition of TLR2 attenuated the Ap-induced release of IL-1|B, IL-6 and 

TNFa by isolated astrocytes.

Isolated neonatal astrocytes were co-incubated with A(3 or reverse peptide and anti-TLR2 or 

its IgG control for 24 hours in vitro. After 24 hours, supernatant concentrations of IL-1(3 (A), 

IL-6 (B) and TNFa (C) were determined by ELISA. A(3 induced the release of IL -ip , IL-6 and 

TNF-a by isolated astrocytes (p<0.01). Co-incubation with anti-TLR2 significantly attenuated 

the A(3-induced release of IL-1(3, IL-6 and TNFa (p<0.01). Data are expressed as means + 

SEM (n=4) from one of three independent experiments with similar results. **p<0.01 versus 

vehicle control; **p<0.0'\ versus IgG control (2-way ANOVA followed by Newman-Keuls post- 

hoc analysis).

A: Apeffect [Fcr,r2;=67.16, p<0.0001], antibodyeffect [F( ĵ,f2;=12.54, p=0.0041], interactioneffeci 

[Ffj,f2;“ 12.54, p=0.0041]. B: A(3effect [Ffj,j 2; ~ 8 5 . 7 1 , p<0.0001], antibodyeffect [F̂ r,r 2; “ 1 7 .6 4 , 

p=0.0012], interactioneffeci [^(i,i2)-'^5.06, p-0.0022], C: APeffect [Ff),)2;=178.23, p<0.0001], 

antibodyeffect [^(1,12>= 5̂ .6 5 , p=0.0004], interactioneffect [Fcr,r2;=24.1, p=0.0004].
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Figure 4.2 Inhibition of TLR2 had no effect on the phagocytosis of fluorescently- 

labelled latex beads by isolated astrocytes.

Isolated astrocytes were co-incubated with Ap or reverse peptide and anti-TLR2 or its IgG 

control fo r 24 hours in vitro  and phagocytosis of fluorescently-labelled latex beads was 

assessed using flow  cytometry. A(3 increased the phagocytosis of fluorescently-labelled latex 

beads by control- and Ap-stim ulated astrocytes (p<0.05), but no effect of TLR2 inhibition was 

observed. Data are expressed as means + SEM (n=4) from one o f three independent 

experim ents with s im ilar results. *p<0.05 versus vehicle control (2-way ANO VA followed by 

Newm an-Keuls post-hoc  analysis).

A P e ffe c t  [F^r,j2;=5.88, p=0.0197], antibodyeffect [F^,,,2̂ 0 .88, p=0,354], interactioneffect [Ffj.r2r0.13, 

p=0.7216].
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4.3.2 Analysis of the effect of CD36 inhibition on the Ap-induced release of pro- 

inflammatory cytokines and phagocytosis by astrocytes in vitro.

A 2-way ANOVA followed by post-hoc analysis revealed that incubation of isolated 

neonatal astrocytes with A(3 induced the release of IL-1(3, IL-6 and TNFa (p<0.01), as 

shown in figure 4.3. The data further demonstrate that co-incubation with anti-CD36 

significantly enhanced the A(3-induced release of these pro-inflammatory cytokines

(p<0.01).

A 2-way ANOVA followed by post-hoc analysis revealed that A(3 enhanced the 

phagocytosis of fluorescently-labelled latex beads by astrocytes in vitro (p<0.05) as 

shown in figure 4.4. Inhibition of CD36 reduced the phagocytosis of latex beads by 

both control- and Ap-stimulated astrocytes (p<0.01).
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Figure 4.3 Inhibition of CD36 enhanced the Ap-induced release of IL-ip, IL-6 and TNFa 

by isolated astrocytes.

Isolated astrocytes were co-incubated with A|3 or reverse peptide and anti-CD36 or its IgG 

control for 24 hours in vitro. After 24 hours, supernatant concentrations of IL-1(3 (A), IL-6 (B) 

and TNFa (C) were determined by ELISA. A(3 induced the release of IL -ip , IL-6 and TNF-a 

by isolated astrocytes (p<0.01). Co-incubation with anti-CD36 enhanced the Ap-induced 

release of IL-1(3, IL-6 and TNFa (p<0.01). Data are expressed as means + SEM (n=4) from 

one of three independent experiments with similar results. **p<0.01 versus vehicle control; 

■^^*^0.01 versus IgG control (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

A: APeffect [F('7,j2;=855.84, p<0.0001], antibodyeffeci [Fc),f2;=117.73, p<0.0001], interactioneffect 

12.90, p<0.0001]. B: APeffect [F( ĵ,>2;~303.33, p<0.0001], antibodyeffeci [Fff,f2;~41.39, 

p<0.0001], interactioneffect [Fcj,j2;=42.13, p<0.0001]. C: APeffect [Ffj,r2;=174.94, p<0.0001], 

antibodyeffeci [Fr^,)2;='109-2, p<0.0001], interactioHeffeci [F(^r,j2;=49.92, p<0.0001].
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Figure 4.4 Inhibition of CD36 reduced the phagocytosis of fluorescently-labelled latex 

beads by control- and Ap-stimulated astrocytes.

Isolated astrocytes were co-incubated with A p or reverse peptide and anti-CD36 or its IgG 

control for 24 hours in vitro and phagocytosis of fluorescently-labelled latex beads was 

assessed using flow cytometry. Ap increased the phagocytosis of fluorescently-labelled latex 

beads by isolated astrocytes (p<0.05). Co-incubation with anti-CD36 reduced the 

phagocytosis of fluorescently-labelled latex beads by both control- (p<0.01) and A p -  

stimulated (p<0.05) cells. Data are expressed as means + SEM (n=4) from one of three 

independent experiments with similar results. *p<0.05 versus vehicle control; '"p<0.05; 

*''p<0.0^ versus IgG control (2-way A N O V A  followed by Newman-Keuls post-hoc analysis).

Apeffect [ ^ ( 1.12) - ^ - 25, p=0.0164], antibodyeffect [F(i,i2)-24A96. p<0.0001], interactioHeffect

[Ff,.,2;=0.342, p=0.5618].
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4.3.3 Analysis of the effect of CD47 inhibition on the Ap-induced release of pro- 

inflammatory cytokines and phagocytosis by astrocytes in vitro.

A 2-way ANOVA followed by post-hoc analysis revealed that incubation of isolated 

neonatal astrocytes with Ap induced the release of IL -ip , IL-6 and TNFa (p<0.01), as 

shown in figure 4.5. The data further demonstrate that co-incubation with anti-CD47 

significantly attenuated the AP-induced release of IL -ip  (p<0.05), TNFa (p<0.01) and 

IL-6 (p<0.01).

A 2-way ANOVA followed by post-hoc analysis revealed that Ap enhanced the 

phagocytosis of fluorescently-labelled latex beads by astrocytes in vitro (p<0.05) as 

shown in figure 4.6. Inhibition of CD47 significantly reduced the phagocytosis of latex 

beads by control-treated cells only (p<0.05).
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Figure 4.5 Inhibition of CD47 attenuated tlie Ap-induced release of IL-1p, IL-6 and 

TNFa by isolated astrocytes.

Isolated astrocytes were co-incubated with A(3 or reverse peptide and anti-CD47 or its IgG 

control for 24 hours in vitro. After 24 hours, supernatant concentrations of IL-1(3 (A), IL-6 (B) 

and TNFa (C) were determined by ELISA. A(3 induced the release of !L -ip , IL-6 and TNF-a 

by isolated astrocytes (p<0.01). Inhibition of CD47 significantly attenuated the AP-induced 

release of IL-1(3, IL-6 and TNFa (p<0.01). Data are expressed as means + SEM (n=4) from 

one of three independent experiments with similar results, *p<0,05, **p<0.01 versus vehicle 

control; *p<0.05, ^^p<0.0^ versus IgG control (2-way ANOVA followed by Newman-Keuls 

post-hoc analysis).

A: APeffect [F(i,i2r6A.22, p<0.0001], antibodyeffect [F^,,,2;=4.87, p=0.0518], intaractioneffect 

[Ffr, f2;~4.87, p=0.0518]. B: A P e ffec t 53.67, p<0.0001], antibodyeffect [Ffr, <2;~57.24,

p<0 0001], interactioHeffect [Ffj,j2;=42.55, p<0.0001]. C: APeffect [F(^r,r2;=82.58, p<0.0001], 

antibodyeffect [F(^),j2;=25.53, p=0.0005], intaractioneffect [Ffj,j2;=14.04, p=0.0038].
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Figure 4.6 Blocking CD47 reduced the phagocytosis of fluorescently-labelled latex 

beads by isolated astrocytes.

Isolated astrocytes w ere co-incubated with A(3 or reverse peptide and anti-CD47 or its IgG 

control for 24 hours in vitro and phagocytosis of fluorescently-labelled latex beads was 

assessed using flow  cytometry. A|3 increased the phagocytosis of fluorescently-labelled latex 

beads by isolated astrocytes (p<0.05). Inhibition o f CD47 reduced the phagocytosis of 

fluorescently-labelled latex beads by control-treated cells (p<0.05). Data are expressed as 

m eans + SEM (n=4) from  one of three independent experim ents w ith sim ilar results. *p<0.05 

versus vehicle control; *p<0.05  versus IgG control (2-way ANO VA followed by Newm an- 

Keuls post-hoc  analysis).

A P e ffe c t  [F(i.i2)='7 Q2, p=0.0079], antibodyeffect [Ff),)2;=10.88, p=0.0021], interactioneffect [Ff,,,2r 1 07, 

p=0.3079].
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4.3.4 Analysis of the effect of RAGE inhibition on the Ap-induced release of pro 

inflammatory cytokines and phagocytosis by astrocytes in vitro.

A 2-way ANOVA followed by post-hoc analysis revealed that incubation of isolated 

neonatal astrocytes with A(3 induced the release of 1L-1|3, IL-6 and TNFa (p<0.01), as 

shown in figure 4.7. The data further demonstrate that co-incubation with anti-RAGE 

significantly enhanced the Ap-induced release of IL-1(3 (p<0.01). While the release of 

IL-6 and TNFa was also exacerbated following inhibition of RAGE, this failed to reach 

statistical significance.

A 2-way ANOVA followed by post-hoc analysis revealed that A(3 enhanced the 

phagocytosis of fluorescently-labelled latex beads by astrocytes in vitro (p<0.05) as 

shown in figure 4.8. Inhibition of RAGE significantly reduced the phagocytosis of 

latex beads by control- and A(3-stinnulated cells (p<0.01).
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Figure 4.7 Inhibition of RAGE enhanced the Ap-induced release of IL-ip by isolated 

astrocytes.

Isolated astrocytes were co-incubated with A(3 or reverse peptide and anti-RAGE or its IgG 

control for 24 hours in vitro. After 24 hours, supernatant concentrations of IL -ip  (A), IL-6 (B) 

and TNFa (C) were determined by ELISA. Ap induced the release of IL -ip , IL-6 and TNF-a 

by isolated astrocytes (p<0.01). Inhibition of RAGE further enhanced the Ap-induced release 

of IL -ip  (p<0.01). Data are expressed as means + SEM (n=3-4) from one of three 

independent experiments with similar results. **p<0.01 versus vehicle control; **p<0.0'\ 

versus IgG control (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

A: APeffect [F('),v2;=2899.44, p<0.0001], antibodyeffect [Ffj,j2;=68.74, p<0.0001], interactioneffect 

[Ffy 72j“ 67.52, P"^0.0001]. APeffect [F̂ ),72̂ “ 233.46, p"^0.0001], antibodyeffect j2^~0.94, p—0.35], 

interactioneffect [f(i,i2)=^-2, p-0.29] ,  C: APeffect [F^,,,2;=55.35, p<0.0001], antibodyeffect [F^,,,2;=1-93, 

p=0.19], interactioneffect [Fcj,r2;= 'l-93, p=0.19].
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Figure 4.8 Inhibition of RAGE reduced the phagocytosis of fluorescently-labelled 

latex beads by control- and AfB-stimulated astrocytes.

Isolated astrocytes were co-incubated with Ap or reverse peptide and anti-RAGE or its IgG 

control for 24 hours in vitro and phagocytosis of fluorescently-labelled latex beads was 

assessed using flow cytometry. A(3 increased the phagocytosis of fluorescently-labelled 

latex beads by isolated astrocytes (p<0.05). Inhibition of RAGE reduced the phagocytosis of 

fluorescently-labelled latex beads by both control- and Ap-stimulated cells (p<0.01). Data are 

expressed as means + SEM (n=4) from one of three independent experiments with similar 

results. *p<0.05 versus vehicle control; '"*p<0.01 versus IgG control (2-way ANOVA followed 

by Newman-Keuls post-hoc analysis).

APeffect [Ff,,,2;=2.48, p=0.1226], antibodyeffect [F̂ ,, ,2^24.99, p<0.0001], interactioneffect

[Ff,,,2r0.198,p=0.6582].

144



4.3.5 Analysis of the effect of NFkB inhibition on the Ap-induced release of pro- 

inflammatory cytokines and phagocytosis by astrocytes in vitro.

Primary cultures of isolated neonatal astrocytes were incubated with A(3 or reverse 

peptide in combination with wedelolactone (25|jI\/I) or its vehicle control for 24 hours 

in vitro. A 2-way ANOVA followed by post-hoc analysis revealed that

incubation of isolated astrocytes with Ap induced the release of IL-ip, IL-6 and TNFa 

(p<0.01), as shown in figure 4.9. The data demonstrate that co-incubation with 

wedelolactone significantly attenuated the Ap-induced release of these pro- 

inflammatory cytokines (p<0.01), almost returning their concentrations to control 

levels.

A 2-way ANOVA followed by post-hoc analysis revealed that Ap enhanced the 

phagocytosis of fluorescently-labelled latex beads by astrocytes in vitro (p<0.01) as 

shown in figure 4.10. Inhibition of NFkB activity following treatment with 

wedelolactone significantly reduced the phagocytosis of latex beads by control- and 

Ap-stimulated astrocytes (p<0.01).
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Figure 4.9 Wedelolactone attenuated the Ap-induced release of !L-ip, IL-6 and TNFa 

by isolated astrocytes.

Isolated astrocytes were co-incubated with Ap or reverse peptide and wedelolactone or 

vehicle control for 24 hours in vitro. After 24 hours, supernatant concentrations of IL -ip  (A), 

IL-6 (B) and TNFa (C) were determined by ELISA. Ap induced the release of !L -ip , IL-6 and 

TNF-a by isolated astrocytes (p<0.01). Co-incubation with wedelolactone significantly 

attenuated the Ap-induced release of IL -ip , IL-6 and TNFa (p<0.01). Data are expressed as 

means + SEM (n=4) from one of three independent experiments with similar results. *p<0.01, 

**p<0.01 versus vehicle control; **p<0.0^ versus wedelolactone control (2-way ANOVA 

followed by Newman-Keuls post-hoc analysis).

A: APeffect [Ff),»2;=41,5, p<0.0001], wedelolactoneeffect [Ffj,r2;=40.07, p<0.0001], interactioneffect 

[^(i,i2r^0.07, p<0.0001], B: APeffect [F(^fj2;=699.18, p<0.0001], wedelolactoneeffect [Fc},f2;=312.62, 

P'^0.0001], interactiorieffect [Fct,t2̂ “ 312.62, p'^0.0001]. Ci APeffect [F^f,i2^~240.52, p'̂ ^O.OOOl], 

wedelolactoneeffect [Ffr,r2;=92.96, p<0.0001], interactioneffect [F|'t,r2;=100.11, p<0.0001].
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Figure 4.10 Wedelolactone reduced the phagocytosis of fluorescently-labelled latex 

beads by control- and Ap-stimulated astrocytes.

Isolated astrocytes were co-incubated with Ap or reverse peptide and wedelolactone or its 

vehicle control for 24 hours in vitro and phagocytosis of fluorescently-labelled latex beads 

was assessed using flow cytometry. Ap increased the phagocytosis of fluorescently-labelled 

latex beads by isolated astrocytes (p<0.01). Co-incubation with wedelolactone reduced the 

phagocytosis of fluorescently-labelled latex beads by control- and Ap-stimulated cells 

(p<0.01). Data are expressed as means + SEM (n=4) from one of three independent 

experiments with similar results. *p<0.05 versus vehicle control; *'^p<0.0^ versus 

wedelolactone control (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

A P e ffe c t  [Ffj,r2;=41.42, p<0.0001], antibodyeffect [F^r,)2;=64.12, p<0.0001], interactioneffect

[F ( i , i 2 )= 6 .7 8 ,  p = 0 .0231].

148



4.4 Discussion

The objective of the current study was to investigate a role for the putative A(3- 

binding receptors TLR2, CD36, CD47 and RAGE, and the transcription factor NFkB 

in the activation of astrocytes by Ap in vitro. The data demonstrate that incubation of 

primary astrocytes with Ap for 24 hours induced release of the pro-inflammatory 

cytokines IL-ip , IL-6 and TNFa. Ap also enhanced the uptake of fluorescently- 

labelled latex beads by these cells. This is in line with results observed in the 

previous chapter, which demonstrated that Ap increased mRNA expression of IL-1p, 

IL-6, TNFa and iNOS. These results are consistent with others reporting the 

induction of a pro-inflammatory environment following stimulation of astrocytes with 

Ap in vitro (White et al., 2005, Liu et al., 2011, LaDu et al., 2000).

While assessing the uptake of latex beads was the method chosen to estimate the 

phagocytic capacity of astrocytes in these experiments, it must be mentioned that 

these data may not reflect actual changes in the phagocytosis of Ap. Although this 

could potentially have been evaluated by examining the uptake of fluorescently- 

labelled Ap, this method also has its limitations, with the possibility that addition of a 

fluorescent tag to the peptide to make it visible using flow cytometry itself affects 

phagocytosis.

TLR2 is widely reported to be associated with Ap-induced microglial activation and 

phagocytosis (Liu et al., 2012). Recent studies carried out in microglia demonstrated 

that inhibition of TLR2 by antisense knockdown suppressed the Ap-induced 

expression of pro-inflammatory cytokines and markers of activation (Udan et a/., 

2008, Jana et al., 2008). It has also been shown that microglia lacking TLR2 are 

unable to mount a phagocytic response or produce ROS following stimulation with 

fibrillar Ap (Reed-Geaghan et al., 2009). Further evidence for its role in disease 

pathogenesis comes from observations of increased expression of TLR2, along with
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its co-receptor CD14, in animal models of AD and in the AD brain (Reed-Geaghan et 

al., 2010).

Although TLR2 is reported to be expressed by astrocytes (Trudler et al., 2010), there 

is little evidence regarding its role in the response of these cells to A|3. Results 

presented here demonstrate that inhibition of TLR2 using a neutralising antibody 

attenuated the Ap-induced release of IL-1(3, IL-6 and TNFa by astrocytes in vitro. 

This suggests that TLR2 plays a similar role in astrocytes as it does in microglia, 

stimulating cells to release of a host of pro-inflammatory cytokines in response to Ap, 

potentially via activation of NFkB signalling pathways. In contrast to its effect on 

cytokine release, inhibition of TLR2 exerted no effect on the phagocytosis of 

fluorescently-labelled latex beads, suggesting that TLR2 may be less involved in the 

phagocytic response of these cells.

CD47 is reported to act as a 'don ’t eat me' signal for phagocytic cells (Willingham et 

al., 2012). A ligand for signal regulatory protein-a (SIRPa), communication between 

the two proteins is important in regulation of cell migration and phagocytosis, with 

recent studies implicating a role for CD47-SIRPa interactions in immune homeostasis 

and regulation of neuronal networks (Matozaki et al., 2009). Only a limited number of 

studies have reported the expression of CD47 on astrocytes, with one recently 

describing immunoreactivity on astrocytes within active lesions during multiple 

sclerosis (Han et al., 2012). Results from the current study indicate that inhibition of 

CD47 attenuated the Ap-induced release of IL-1p, IL-6 and TNFa. Furthermore, 

blocking CD47 resulted in decreased uptake of fluorescently-labelled latex beads by 

both control- and Ap-stimulated astrocytes. This is in agreement with studies carried 

out on THP-1 monocytes, which demonstrated that antagonists of CD47 inhibited 

adhesion of these cells to Ap fibrils, thus resulting in decreased production of 

cytokines such as IL -lp  (Bamberger et al., 2003).
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Microglial A(3-CD36 interaction is reported to signal via activation of the mitogen- 

activated protein kinase (MARK) pathway, resulting in production of chemokine and 

ROS (Wilkinson and El Khoury, 2012). CD36 is also thought to be involved in a 

second heterotrimeric complex involving TLR4 and TLR6 that signals through NFkB, 

as has been demonstrated in A(3-induced pro-inflammatory responses in 

macrophages (Stewart et al., 2010), Again, only a limited number of studies report 

the expression of CD36 on astrocytes, including one describing its role in glial scar 

formation during stroke (Bao et al., 2012). Results from the current study indicate 

that inhibition of CD36 in astrocytes resulted in decreased uptake of fluorescently- 

labelled latex beads, but also led to the enhanced release of IL -lp , IL-6 and TNFa 

following stimulation with Ap. Studies carried out in microglia have shown that CD36 

antagonists block A(3-induced phagocytosis, but also decrease the A|3-induced 

generation of ROS and inflammatory cytokines (Bamberger et al., 2003). The latter is 

in contrast to results observed here, suggesting differential roles with regard to the 

role of CD36 in the AP-induced release of pro-inflammatory cytokines by microglia 

and astrocytes in vitro.

Interestingly, a receptor complex comprised of CD47, CD36 and the a6p i integrin is 

reported to be involved in the response of microglia to Ap (Koenigsknecht and 

Landreth, 2004). Binding of Ap to this receptor complex has been shown to drive a 

tyrosine kinase-based signalling cascade (Wilkinson et al., 2006). It could be 

speculated that, in astrocytes, CD47 is important in binding Ap, while CD36 plays a 

role in modulating signalling events. Therefore it is possible that if the effect of CD36 

regulation on CD47 is removed, a heightened response of astrocytes to Ap occurs, 

as was observed following inhibition of CD36 in these experiments. Studies have 

shown that inhibition of CD36 in primary astrocytes increases the expression of 

CD47 (Rodrigo Gonzales-Reyes, unpublished data), something which is consistent 

with this suggestion.
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RAGE is a multi-ligand receptor that engages structurally dissimilar molecules 

resulting in the activation of diverse signalling pathways depending on ligand and/or 

cell type. Advanced glycation endproducts (AGEs) were originally described as the 

primary ligand for RAGE, consisting of non-enzymatically modified proteins, lipids 

and nucleic acids (Han et al., 2011). Other ligands have subsequently been 

described, including high-mobility group box 1 (HMGB1) and the S100 proteins. 

Microglial RAGE is reported to bind diverse forms of Ap, including oligomeric and 

fibrillar species (Sturchler et al., 2008, Verdier et al., 2004). There is a good deal of 

evidence indicating that RAGE is involved in AD. A comparison of brains from non

demented and AD individuals indicates that RAGE expression parallels disease 

severity, with AD patients showing higher microglial RAGE immunoreactivity in the 

dentate gyrus, CA and subiculum regions of the hippocampus compared with age- 

matched controls (Lue et a!., 2001), Interestingly, a RAGE-specific inhibitor has 

recently been shown to reduce Ap-induced cellular stress in a mouse model of AD 

(Deane et al., 2012).

Results from the current study demonstrate that while RAGE inhibition decreased the 

phagocytosis of fluorescently-labelled latex beads, it also, perhaps unexpectedly, 

exacerbated the Ap-induced release of pro-inflammatory cytokines. While there is 

little evidence describing a role for RAGE in phagocytosis by microglia and 

astrocytes, a limited number of studies detail its involvement in phagocytosis by 

peripheral cells. For example, macrophages from RAGE-knockout mice display a 

decreased ability to phagocytose apoptotic cells, while overexpression of RAGE 

resulted in enhanced uptake of these cells (Friggeri et al., 2011).

Results from the current study perhaps suggest that the role of RAGE in astrocytes is 

more important in the phagocytosis and clearance of Ap, thus terminating the signal 

and preventing it from continuing to elicit a pro-inflammatory response. A role for 

matrix-metalloproteinases (MMPs) may provide further support for the importance of
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an interaction between RAGE and A(3 in astrocytes in the degradation and removal of 

Ap from the external milieu. MMPs are a family of zinc-dependent endopeptidases, 

known to be expressed and secreted by astrocytes, that are capable of degrading 

proteins present in the extracellular matrix, including Ap (Liao et al., 2009), 

Astrocytes surrounding amyloid plaques show enhanced expression of MMP2 and 

MMP9 in APP/PS1 mice, and astrocyte-conditioned medium alone can degrade Ap 

(Yin et al., 2006). Engagement of RAGE has been shown to trigger pathways linked 

to MMP expression via activation of p44/p42, p38 and JNK (Taguchi et al., 2000). 

This provides one possible explanation as to why blocking the RAGE-Ap interaction 

in astrocytes has, what can presumably be described as, deleterious effects. If 

inhibition of RAGE results in decreased stimulation of MMPs by astrocytes, this may 

inhibit the processing, degradation and removal of Ap and thus enhance the release 

of pro-inflammatory mediators. Additional experiments using zymography to assess 

MMP activity could be carried out following RAGE inhibition in order to further 

investigate this theory.

Wedelolactone acts as an irreversible inhibitor of IkB kinase activity, blocking the 

phosphorylation and degradation of IkBq and thus preventing NFkB from 

translocating to the nucleus to exert its inflammatory effects. Studies of postmortem 

AD brain tissue has revealed that NFkB activity is increased in neurons and 

astrocytes adjacent to amyloid plaques (O'Neill and Kaltschmidt, 1997). When 

translocation of NFkB to the nucleus is inhibited, for example by lipoxin A(4), the Ap- 

induced production of IL -ip  and TNF in vitro and in vivo is decreased (Wu et al., 

2011 ).

Considering that many of these putative Ap binding receptors, including TLR2, 

RAGE, and potentially CD36, exert their effects through activation of NFkB signalling 

pathways, it might be predicted that wedelolactone would influence the Ap-induced 

release of pro-inflammatory cytokines and phagocytosis. The data confirm this
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prediction and demonstrate tlia t wedelolactone significantly attenuated the release of 

IL-1P, IL-6 and TNFa, in addition to reducing phagocytosis of fluorescently-labelled 

latex beads.

In terms of cytokine release, these results are similar to those observed following 

inhibition of TLR2, suggesting that AP-TLR2 interactions in astrocytes result in 

stimulation of NFkB signalling pathways. In contrast, results observed following 

RAGE inhibition suggest that Ap-RAGE interaction activates astrocytes via an 

alternative signalling pathway; one possibility is activation of the MARK pathway that 

leads to MMP expression (Taguchi et al., 2000). CD36 is reported to act through two 

alternative pathways in macrophages, one involving MARK, and a second that 

signals through activation of NFkB. A s inhibition of NFkB and GD36 resulted in 

opposing effects on the production of Ap-induced cytokines by astrocytes, it can be 

inferred that stimulation of GD36 does not exert its effects through activation of the 

complex involving TLR4 and TLR6 that ultimately leads to NFkB activation.

The objective of the current study was to investigate if TLR2, CD36, CD47, RAGE

and NFkB signalling have a role to play in the Ap-induced activation of astrocytes in

vitro. The most significant finding is that each of these molecules appears to have

some part to play in the complex response of astrocytes to Ap. Inhibition of TLR2,

GD47 and NFkB attenuated the Ap-induced release of IL -ip , IL-6 and TNFa. In

contrast, blocking GD36 and RAGE exacerbated the pro-inflammatory response to

Ap. While inhibition of TLR2 had no effect on phagocytosis, blocking CD36, CD47,

RAGE and NFkB all resulted in decreased phagocytosis of fluorescently-labelled

latex beads. While further experiments are required to fully elucidate the precise

pathways elicited following stimulation of each of these receptors, it can be

concluded that activation of NFkB undoubtedly plays a role. While a function for

these proteins in the response of microglia to Ap has been reported (Matozaki et al.,

2009, Greenberg et al., 2006, Friggeri et al., 2011, Bao et al., 2012, Gitik et al.,

2011), to our knowledge, there is no previous evidence that they play a role in the
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response of astrocytes to A(3. The present data highlights this as a further area to 

explore in an effort to clear A(3 from the AD brain.

155



5: The effect of endogenous Ap 
accumulation on glial activation and 

phagocytosis in a mouse model of AD
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Introduction

AD is an age-related, progressive neurodegenerative disorder that affects over 35.6 

million people worldwide (Ittner and Gotz, 2011). Clinically, patients present with 

short-term memory loss followed by a progressive decline in cognitive and executive 

functioning (Bekris et al., 2010). In addition to extensive neuron and synapse loss, 

the post-mortem AD brain is characterised by the presence of two hallmark proteins, 

Ap, which accumulates in extracellular senile plaques, and microtubule-associated 

tau, which localises to intracellular neurofibrillary tangles. These abnormal protein 

accumulations are believed to act in concert to cause the progressive inflammation 

and neuronal degradation that lead to subsequent symptoms of the disease.

The most commonly used animal models of AD are mice genetically modified to 

express genes associated with familial AD, namely PS1, PS2, APP or tau protein 

(Johnston et al., 2011). The mouse model used in this study was the double 

transgenic APPSwe/PS1dE9 strain containing one transgene encoding a chimeric Ap 

(A4) precursor protein (APPswe), and a second encoding the ‘DeltaEQ’ mutation of 

human PS1, linked to increased Ap plaque formation and early-onset AD respectively 

(Vincent and Smith, 2000). Both transgenes are inserted at a single locus and thus 

are inherited together.

In terms of phenotype, APP/PS1 mice develop sparse cortical and hippocampal Ap

deposits as early as 5 months of age, with evidence of substantial plaque burden by

12 months of age (Jankowsky et al., 2004). Female APP/PS1 mice accumulate

significantly higher levels of Ap compared with males (Burgess et al., 2006). Confocal

microscopy has demonstrated that deposition of GDI 1b'" microglia and GFAP'"

astrocytes with associated with Ap plaques increases over time (Ruan et al., 2009).

There is evidence of synapse loss, with reduced expression of synaptophysin, a pre-

synaptic marker, and PSD-95, a post-synaptic marker, in the cortex of these animals

(Gimbel et al., 2010). The number of neurons in the striatum of 12 month-old, but not
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6 month-old, APP/PS1 mice was also marginally decreased, implying that that plaque 

development in the brains of these animals is related to neuronal loss (Richner et ai, 

2009). Behaviourally, APP/PS1 mice display an age-dependent impairment in spatial 

learning, memory deficits in the Morris water maze and long-term contextual memory 

deficits in the step-down passive avoidance test (Gimbel et ai, 2010). The ability to 

sustain transient long term potentiation (LTP) is also impaired in APP/PS1 animals 

compared with WT controls (Volianskis et al., 2010).

Although transgenic mice undoubtedly show some features of AD they, by no means, 

recapitulate all aspects of the disease, in particular showing only moderate neuronal 

loss (Johnston et al., 2011). While one has to exercise caution in interpreting the 

findings from transgenic models, they still present key features of the human disease 

and thus are a valuable tool in attempting to elucidate the molecular basis of 

cognitive impairment that occurs during the course of this debilitating disease.
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The aims of these studies were as follows:

1. To assess the concentrations of soluble and insoluble A(3i_38, AP i^oand APi. 

4 2  in the hippocampus of middle-aged (13-14 months) and aged (22-24 

months) APP/PS1 mice compared with W T controls.

2. To examine the mRNA expression of some markers of glial activation in the 

cortex and hippocampus of APP/PS1 mice of both ages,

3. To evaluate the ex vivo phagocytosis of fluorescently-labelled latex beads by 

microglia and astrocytes isolated from the brains of APP/PS1 mice compared 

with WT controls.

4. To assess the effect of endogenous A(3 accumulation on mRNA expression 

of the putative A(3 receptors TLR2 and TLR4.
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5.2 Methods

Groups of middle-aged (13-14 months) and aged (22-24 months) APP/PS1 mice and 

their W T littermate controls were used in this study. Middle-aged WT mice consisted 

of 5 females and 2 males, and APP/PS1 mice of 7 females and 2 males. Aged WT 

mice consisted of 4 males, and APP/PS1 mice of 6 males and 2 females.

Mice were sacrificed by decapitation whilst under anaesthesia induced by inhalation 

of isofluorane. Brains were dissected free and placed on a Petri dish containing dry 

ice, the cerebellum was removed and the cortex and hippocampus dissected out. 

Portions of cortex and hippocampus were snap-frozen in liquid nitrogen and stored at 

-80°C in nuclease-free tubes for mRNA analysis as described in section 2.8 and 

assessment of levels of soluble and insoluble Ap by multiplex ELISA as described in 

section 2.9.

The remaining cortical tissue was used for the isolation of microglia and astrocytes 

as described in section 2.6, in order to assess the phagocytosis of fluorescently- 

labelled latex beads as described in section 2.7.1.
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5.3 Results

5.3.1 The effect of age on the deposition of soluble and insoluble Ap in the 

hippocampus of APP/PS1 mice

A 2-way ANOVA followed by post-hoc analysis demonstrated a genotype-related 

increase in the concentration of soluble AP 1 .3 8  in the hippocampus of APP/PS1 mice 

compared with W T controls (p<0.01) as shown in figure 5.1, this increase was further 

enhanced in older animals (p<0.01). A similar trend in the concentration of insoluble 

A(3i-38 failed to meet statistical significance. A 2-way ANOVA followed by post-hoc 

analysis also revealed a genotype-related increase in the concentrations of soluble 

(p<0.01) and insoluble (p<0.05) A3i^o in the hippocampus of APP/PS1 mice as 

shown in figure 5.2, in both cases this was further enhanced in older animals 

(p<0.05; p<0.01). Statistical analysis revealed a genotype-related increase in the 

concentration of soluble A p i^ 2  in the hippocampus of APP/PS1 mice compared with 

W T controls (p<0.01) as shown in figure 5.3, this was further enhanced in older 

animals (p<0.01). While a genotype-related increase in the concentration of insoluble 

APi^ 2  was also observed in the hippocampus (p<0.05), this was not further enhanced 

in older animals.
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Figure 5.1 Soluble APi.3 8 was increased in the hippocampus of middle-aged APP/PS1 

mice and this was further enhanced in older animals.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and the presence of soluble (A) and insoluble (B) Api.sswas assessed in the 

hippocampus by multiplex ELISA. The data show a genotype-related increase in the 

concentraion of soluble AP1 .3 8  in the hippocampus of APP/PS1 mice compared with WT 

controls (p<0.01), this increase was further enhanced in older animals (p<0.01). A similar 

trend in the concentration of insoluble A(3i-38 failed to reach statistical significance. Data are 

expressed as means + SEM (n=4-8). **p<0.01 versus WT controls; '"'"p^O.OI versus middle- 

aged APP/PS1 mice (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

A: Genotypeeffect [Ffr,2j;=8797, p=0.0076], ageeffect [Fff,23;=5166, p=0.0342], interactioHeffect 

[Ec),23;~3.907, p=0.062]. B: Genotypeeffect [Ffj,23;~2.819, p=0.1073], ageeffect [Ffr,23;=3.138, 

p=0.0903], interactioHeffect [Ffj,23;=1-36, p-0.256].
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Figure 5.2 Soluble and insoluble Ap^^o were increased in the hippocampus of middle- 

aged APP/PS1 mice and this was further enhanced in older animals.

Groups of middle-aged (13-14 months) and aged (22-24 months) W T and APP/PS1 mice 

were sacrificed and the presence of soluble (A) and insoluble (B) A|3i.4owas assessed in the 

hippocampus by multiplex ELISA. The data show a genotype-related increase in the 

concentration of soluble (p<0.01) and insoluble (p<0.05) Api^o in the hippocampus of 

APP/PS1 mice compared with WT controls, and this was further enhanced in older animals 

(p<0.05, p<0.01). Data are expressed as means + SEM (n=4-8). *p<0.05, **p<0.01 versus 

WT controls; *p<0.05, '"'*^p<0.01 versus middle-aged APP/PS1 mice (2-way ANOVA followed 

by Newman-Keuls post-hoc analysis).

A: Genotypaeffect [F^,,23;=13.92, p=0.0012], agSeffect [Ff,.23;=5.482, p=0.0287], interactioneffect 

[F( i ,23)=5A24, p=0.0294], B: GenotypSeffect [Ff,,23;=6.641. p=0.0172], agSeffect [Ff,,23;=2.935, 

p=0.1007], interactioneffect [F,'f,23;=2.945, p=0.1002],
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Figure 5.3 Soluble APi.4 2 was increased in the hippocampus of middle-aged APP/PS1 

mice and this was further enhanced in older animals.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and the presence of soluble (A) and insoluble (B) A P i^ 2 was assessed in the 

hippocampus by multiplex ELISA. The data show a genotype-related increase in the 

concentration of soluble (p<0.01) and insoluble (p<0.05) AP i^ 2  in the hippocampus of 

APP/PS1 mice compared with WT controls. In the case of soluble A P i^ 2 , this was further 

enhanced in older animals (p<0.01). Data are expressed as means + SEM (n=4-8). *p<0.05, 

**p<0.01 versus WT controls; versus middle-aged APP/PS1 mice (2-way ANOVA

followed by Newman-Keuls post-hoc analysis).

A: GenotypSeffect [Ffr,23;=11-3, p=0.0028], agSeffect [Fft.23r4.416, p=0.0473], intaractioneffect 

[Ff),23;~4.413, p=0.0474]. B: Genotypeeffect [Fft,23;~6.436, p=0.0688], agSeffect 1-581,

p=0.2218], intaractioneffect [Fcj,23;=1515, p=0.2314].
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5.3.2 The effect of age and genotype on microglial activation

A 2-way ANOVA followed by post-hoc analysis demonstrated a genotype-related 

increase in mRNA expression of CD11b in the cortex and hippocampus of APP/PS1 

mice compared with WT controls (p<0.01) as shown in figure 5.4. This increase was 

exacerbated in the hippocampus of aged APP/PS1 animals compared with their 

middle-aged counterparts (p<0.05).

A similar genotype-related increase was observed in mRNA expression of CD68 in 

the cortex of APP/PS1 mice compared with WT controls (p<0.01), as shown in figure 

5.5. This increase was further exacerbated in aged APP/PS1 mice compared with 

their middle-aged counterparts (p<0.01).
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Figure 5.4 CD11b mRNA expression was increased in the cortex and hippocampus of 

middle-aged APP/PS1 mice and this was further enhanced in older animals.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and C D IIb  mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data show a genotype-related increase in C D IIb  

mRNA expression in the cortex and hippocampus of APP/PS1 mice compared with WT 

controls (p<0.01). In the hippocampus, this increase was further enhanced in older animals 

(p<0.05). Data are expressed as means + SEM (n=4-8). **p<0.01 versus WT controls; 

*p<0.05 versus middle-aged APP/PS1 mice (2-way ANOVA followed by Newman-Keuls 

post-hoc analysis).

A: Genotypeeffect [Ff,.23r51.01, p<0.0001], ageeffect [Ff),23;=0.7294, p=0.4027], interactioneffect 

[Ff7,23;=1-343, p=0.2595], B: Genotypeeffect [Ff7,23;=50.57, p<0.0001], ageeffect [F^r,23;=5.531, 

p=0.028], interactioneffect [Fct,23;=1-666, p=0.2102].

166



++

APP/PS1

14 months 24 months

Figure 5.5 CD68 mRNA expression was increased in tiie cortex of middle-aged 

APP/PS1 mice and this was further enhanced in older animals.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and CD68 mRNA expression was assessed in the cortex using RT-PCR. The 

data show a genotype-related increase in CD68 mRNA expression in the cortex of APP/PS1 

mice compared with WT controls (p<0.01). This increase was further enhanced in older 

APP/PS1 animals (p<0.01). Data are expressed as means + SEM (n=4-8). **p<0.01 versus 

WT controls; '"'"p<0.01 versus middle-aged APP/PS1 mice (2-way ANOVA followed by 

Newman-Keuls post-hoc analysis).

Genotypeeffect [Fff,23;=46.72, p<0.0001], ageeffect [F ,̂,23;=4.178, p=0.0537], interactioneffeci 
[Ff,,23;=3.374, p=0.0804].
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5.3.3 The effect of age and genotype on astrocytic activation

A 2-way ANOVA followed by post-hoc analysis demonstrated a genotype-related 

increase in mRNA expression of GFAP in the cortex and hippocampus of APP/PS1 

mice compared with W T controls (p<0.01) as shown in figure 5.6. This increase was 

exacerbated in aged APP/PS1 animals compared with their middle-aged counterparts 

in both brain regions examined (p<0.01).

Neither age nor genotype had an effect on mRNA expression of GLAST or glutamine 

synthetase in the cortex or hippocampus of APP/PS1 mice compared with WT controls 

as shown in figure 5.7 and 5.8 respectively.
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Figure 5.6 GFAP mRNA expression was increased in the cortex and hippocampus of 

middle-aged APP/PS1 mice and this was further enhanced in older animals.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and GFAP mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data show a genotype-related increase in GFAP 

mRNA expression in the cortex and hippocampus of APP/PS1 mice compared with WT 

controls (p<0.01). This increase was further enhanced in older animals (p<0.01) in both brain 

regions examined. Data are expressed as means + SEM (n=4-8), **p<0.01 versus WT 

controls; versus middle-aged APP/PS1 mice (2-way ANOVA followed by Newman-

Keuls post-hoc analysis).

A: Genotypeeffect [Ffj,23r213.1, p<0.0001], agSeffect [F^,,23r9-4, p=0.0057], interactioneffect 

[Fn,23;=1-888, p=0.1832], B: Genotypeeffect [F^,,23;=82.16, p<0,0001], agSeffect [Fn,23;=9.63, 

p=0.005], interactioReffect [F(-t,23;=4.136, p=0.0537].
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Figure 5.7 Neither age nor genotype had an effect on GLAST mRNA expression in the 

cortex or hippocampus of APP/PS1 mice.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and GLAST mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data show that GLAST mRNA expression was 

unchanged in either brain region of APP/PS1 mice compared with W T controls. Data are 

expressed as means + SEM (n=4-8).

A: Genotypaeffect [Ffr,23;=0.4808, p=0.4987], agaeffect [Ffj,23;=0.9484, p=0.3456], intaractioneffect 

[Fn.23r0.012, p=0.9146]. B: Genotypaeffect [F^,23^3.185, p<0.0875], agaeffect [F^,23;=3.751, 

p=0.0651], intaractioneffect [F^,23;=0.1849, p=0.6712].
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Figure 5.8 Neither age nor genotype had an effect on glutamine synthethase mRNA 

expression in the cortex or hippocampus of APP/PS1 mice.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and glutamine synthetase mRNA expression was assessed in the cortex (A) 

and hippocampus (B) using RT-PCR. The data show that mRNA expression of glutamine 

synthetase was unchanged in either brain region of APP/PS1 mice compared with WT 

controls. Data are expressed as means + SEM (n=4-8).

A: Genotypeeffect [Ffj,2j;=4.337, p=0.0597], ageeffect [f(1,^3)=2^^3. p=0.1608], interactioneffect 

[F(̂ j,23;~2.61 8, p=0.1206]. B: Genotypeeffect [F( ĵ,23;~0.013, p=0.911], ageeffect [Ffr,23;~3.102, 

p=0.0915], interactioneffect [Fcr,23j=3.701, p=0.0669].
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5.3.4 The effect of age and genotype on the ex vivo phagocytosis by microglia and 

astrocytes

A 2-way ANOVA followed by post-hoc analysis revealed no effect of genotype on the 

ex vivo phagocytosis of fluorescently-labelled latex beads by CD11b'^ microglia or 

G L A S y  astrocytes as shown in figures 5.9 and 5.10 respectively. However, an age- 

related increase (p<0.01) in phagocytosis was observed in both cell types isolated 

from the cortex of aged WT and APP/PS1 mice.
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Figure 5.9 Ex vivo phagocytosis by microglia was increased in aged animals.

Microglia were isolated from the cortex of middle-aged (13-14 months) and aged (22-24 

months) WT and APP/PS1 mice and the ex vivo phagocytosis of fluorescently-labelled latex 

beads was assessed using flow cytometry. The data demonstrate an age-related increase in 

phagocytosis by GDI 1b'" microglia isolated from older WT and APP/PS1 animals (p<0.01) 

but no effect of genotype was observed. Data are expressed as means + SEM (n=4-8). 

**p<O.Q'\ versus middle-aged animals (2-way ANOVA followed by Newman-Keuls post-hoc 

analysis).

Ganotypeeffeci [Ff,,23;=0.2656, p=0.6117], agSeffect [Frt,23r1'l-56, p=0.0027], interactioneffect 

[Ff,,23;=0.551, p=0.4661].

173



APP/PS1

14 months 24 months

Figure 5.10 Ex vivo phagocytosis by astrocytes was increased in aged animals.

Astrocytes were isolated from the cortex of middle-aged (13-14 months) and aged (22-24 

months) WT and APP/PS1 mice and the ex vivo phagocytosis of fluorescently-labelled latex 

beads was assessed using flow cytometry. The data demonstrate an age-related increase in 

phagocytosis by GLAST"’ astrocytes isolated from older WT and APP/PS1 animals (p<0.01) 

but no effect of genotype was observed. Data are expressed as means + SEM (n=4-8). 

■"■"p<0.01 versus middle-aged animals (2-way ANOVA followed by Newman-Keuls post-hoc 

analysis).

Genotypeeffect [Fn.23r0.9332, p=0.3462], ageeffect [F^,23;=24.48, p<0.0001], interactioneffect 

[F^,23^0.4156, p=0.5268].
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5.3.5 The effect of age and genotype on putative Ap receptors

A 2-way ANOVA followed by post-hoc analysis demonstrated a genotype-related 

increase in mRNA expression of TLR2 in the cortex and hippocampus of APP/PS1 

mice compared with WT controls (p<0.01) as shown in figure 5.11. This increase was 

further exacerbated in the hippocampus of aged APP/PS1 animals compared with their 

middle-aged counterparts (p<0.05).

A genotype-related increase in mRNA expression of TLR4 was also observed in the 

cortex (p<0.05) and hippocampus (p<0.01) of APP/PS1 mice compared with WT 

controls as shown in figure 5.12. No further effect of age was observed in either brain 

region examined.
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14 months 24 months

B.

APP/PS1

14 months 24 months

Figure 5.11 TLR2 mRNA expression was increased in the cortex and hippocampus of 

middle-aged APP/PS1 mice and this was further enhanced in older animals.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and TLR2 mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data show a genotype-related increase in TLR2 mRNA 

expression in the cortex and hippocampus of APP/PS1 mice compared with WT controls 

(p<0.01). In the hippocampus, this increase was further enhanced in older animals (p<0.05). 

Data are expressed as means + SEM (n=4-8). **p<0.01 versus WT controls; ^< 0 .0 5  versus 

middle-aged APP/PS1 mice (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

A: Genotypeeffect [Ffr,23;=60.83, p<0.0001], ageeffect [Ff7,23;=1-526, p=0.2310], interactioneffect 

[Fcr,23;~1-477, p=0.2384]. B: Genotypeeffect [Ff},23;~12.23, p=0.0019], ageeffect [Ffj,23;~3.506, 

p=0.0739], interactioHeffect [F,-f,23;=2.865, p=0.104].

176



A.

APP/PS1

14 months 24 months

APP/PS1

14 months 24 months

Figure 5.12 TLR4 mRNA expression was increased in the cortex of middle-aged and 

aged APP/PS1 mice.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and TLR4 mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data show a genotype-related increase in TLR4 mRNA 

expression in the cortex (p<0.01) and hippocampus (p<0.05) of APP/PS1 mice compared 

with WT controls. Data are expressed as means + SEM (n=4-8). *p<0.05, **p<0,01 versus 

WT controls (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

A: Genotypeeffect [F^t,2j;=5.678, p=0.0284], ageeffect [F ,̂,23;=0.0008, p=0.9783], interactioneffect 

[F(̂ r,23;~0.056, p=0.8157]. B: Genotypeeffect [Ff},23;~8.354, p=0.0090], ageeffect [Ff)23;~0-5211, 

p=0.4787], interactioneffect [Fcr,23;=1 622, p=0.2174].
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Discussion

The main aim of th is study was to investigate if there was an increase in the presence 

o f soluble and insoluble A(3 in the brains of APP/PS1 mice as they aged from 12-24 

months, and to evaluate w hether this was paralleled by changes in glial activation. 

W ith th is in mind, the first objective w as to quantify soluble and insoluble A(3 in the 

brains o f m iddle-aged (13-14 months) compared with aged (22-24 months) APP/PS1 

mice. Accum ulation o f A(3 has been shown to begin in these mice as early as 5 months 

o f age, with evidence o f substantia l plaque burden by 12 months of age (Jankowsky et 

al., 2004).

As would be expected, the present data indicate that concentrations of both soluble 

and insoluble A(3i_38, A(3 i-4 oand AP 1 .4 2  were markedly increased in the hippocampus of 

m iddle-aged APP/PS1 mice compared w ith W T controls. Interestingly, increases in the 

presence o f all three form s of soluble Ap were significantly enhanced in o lder 

APP/PS1 animals. W hile a s im ilar trend was observed in concentrations of insoluble 

Ap, w ith further increased deposition in o lder animals, this only reached statistical 

significance in the case of APi^o- These results are in agreem ent and extend others 

detailing increasing amyloid burden and plaque num bers in 4, 12 and 17 month old 

APP/PS1 animals (Wang et al., 2003). This could, in part, be due to decreased 

phagocytosis and expression o f Ap degrading enzym es and/or enhanced processing 

o f APP as a result o f inflamm ation or vice versa, thus enforcing a positive feedback 

loop. The precise m echanism s for the observed increase in deposition o f Ap with age 

remain to be fu lly elucidated.

A  gender-related difference in the developm ent of pathology in APP/PS1 mice has

been reported. The evidence indicates that fem ale m ice display increased numbers o f

senile  plaques and concentrations of insoluble A P i^ 2  in both cortex and hippocampus

com pared with male mice (Gallagher e t al., 2012). Epidem iological studies suggest

that th is phenomenon may also be present in humans, as the risk o f AD is higher in
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women even when data are adjusted for age (Brookmeyer et ai, 1998). The cohort of 

animals in this study consisted predominantly of females in the middle-aged group and 

males in the older age group, therefore it is possible that the full extent of enhanced A(3 

deposition with age may have been underestimated.

In parallel with findings of increased Ap accumulation with age, mRNA expression of 

several activation makers of microglia and astrocytes were increased in tissue 

prepared from middle-aged APP/PS1 mice compared with WT controls. In many 

cases, these changes were further exacerbated in older animals. The presence of 

large numbers of activated glial cells in the AD brain, specifically surrounding Ap 

plaques, has been interpreted as an indication that they play a significant role in 

disease progression.

CD11b is a P-integrin receptor that pairs with CD18 to form the CR3 heterodimer, 

functioning in cell-mediated cytotoxicity, chemotaxis and phagocytosis (Kawai et ai, 

2005). It is expressed on the surface of monocytes, macrophages and granulocytes, 

functionally regulating cellular adhesion and migration to mediate an inflammatory 

response. C D IIb  is considered a phenotypic marker of microglia within the CNS 

(Nagai et al., 2005). Results presented here demonstrate a 2-fold increase in C D IIb  

mRNA expression in the cortex and hippocampus of middle-aged APP/PS1 mice 

compared with WT controls, and this was further enhanced in the hippocampus of 

older animals. It is reported that C D IIb  expression corresponds with the severity of 

microglial activation in several neuroinflammatory diseases, including AD (Akiyama 

and McGeer, 1990). It can thus be inferred that microglia have become more activated 

corresponding with increased Ap deposition in the brains of older APP/PS1 compared 

with their middle-aged counterparts. It is suggested that the phenotypic changes that 

occur when microglia respond to increased Ap deposition are an important component 

of disease progression, as the presence of increased numbers of activated microglia 

likely leads to enhanced expression of pro-inflammatory mediators (Combs, 2009).
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CD68, a lysosome-associated marker widely expressed on mononuclear phagocytes, 

including microglia, is reported to play an important role in phagocytosis by these cells 

(da Silva and Gordon, 1999). It is predominantly found localised to late endosomal and 

lysosomal compartments, with modest cell surface expression (Kurushima et ai, 

2000), and its profile is reported to correspond to activation of the cells on which it is 

expressed (Song et ai, 2011). CD68 mRNA expression was increased over 24-fold in 

the cortex of middle-aged APP/PS1 compared with WT mice, and this was further 

enhanced in the hippocampus of older animals. Increased CD68 expression could be 

a compensatory mechanism whereby microglia are attempting, but failing, to 

upregulate their phagocytic capacity in order to clear the accumulating Ap in the brains 

of these mice. Alongside the observed increase in GDI 1b expression, the data further 

corroborates evidence that microglia are changing phenotype and becoming 

increasingly activated in parallel with A|3 deposition over time.

The presence of reactive astrocytes and astrocytosis is a further pathological hallmark 

of AD. The domain of a single astrocyte in the rodent brain is reported to have a 

volume of ~66,000|jm^ with its membrane covering around 90,000 synapses 

(Oberheim et ai, 2006). The general housekeeping roles of astrocytes, including 

metabolic support, nutrition and regulation of the BBB are believed to be disrupted in 

AD, resulting in astrocyte-specific pathologies that contribute to the disease. Several 

markers of astrocytic activation were examined in the course of this study, including 

GFAP, GLAST and glutamine synthetase.

GFAP, a member of the cytoskeletal protein family, is important in modulating

astrocyte motility and shape by providing structural stability to astrocytic processes

(Eng et al., 2000). Results from the current study indicate that GFAP mRNA

expression was increased almost 3-fold in the hippocampus and cortex of middle-aged

APP/PS1 mice, and this was further enhanced in older animals. Astrogliosis in the

CNS is characterised by rapid synthesis of GFAP, and is shown to occur as a result of

trauma, disease and chemical insult (Eng and Ghirnikar, 1994). Studies have shown
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robust astrogliosis in the hippocampus and amygdala of 15-23 month old APP/PS1 

mice compared with WT controls (Manaye et al., 2007). In humans, prominent 

astrogliosis has been observed in cells surrounding amyloid plaques, and these 

activated astrocytes were shown to internalise large amounts of Ap immunoreactive 

material (Nagele et al., 2003). It is interesting to note that while astrocytes undergo 

reactive hypertrophy surrounding neuritic plaques, they are reported to undergo 

atrophy throughout the rest of the brain parenchyma (Olabarria et al., 2010). This is 

thought to result in disruptions in synaptic connectivity, imbalance in neurotransmitter 

homeostasis, and neuronal death through increased excitotoxicity (Rodriguez et al., 

2009).

The amino acid L-glutamate is the main excitatory neurotransmitter in CNS, with 

important roles in normal brain function, cognition and memory (Nakanishi et al., 

1998). In order to prevent excitotoxicity, extracellular glutamate concentrations are 

kept below threshold levels being rapidly removed via Na'"-dependent glutamate 

transporters such as GLAST and GLT-1. Astrocytes are considered the main 

glutamate scavengers in the brain (Persson and Ronnback, 2012), with evidence 

indicating increased levels of extracellular glutamate and down-regulation of glutamate 

transporters in AD (Liang et al., 2002). Expression of GLAST was unchanged with age 

or genotype in the course of this study. Interestingly, work carried out on post-mortem 

tissue comparing levels of GLAST and GLT-1 in AD brains with age-matched controls, 

revealed an individual variation in levels of both markers, but no significant correlation 

with AD, results which are consistent with those observed in the current study 

(Beckstrom eta l., 1999).

Glutamine synthetase is a key enzyme responsible for the metabolic conversion of

glutamate to glutamine. In the brain, glutamine synthetase is generally located in

astrocytes, and plays a key role in the detoxification of ammonia and regulation of

neuronal glutamate levels (Finch and Cohen, 1997). During normal ageing, rodent and

human brains reportedly show a distinct loss in activity of this enzyme, with human
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brains displaying a 45% reduction between young and aged adults (Lai and Cooper, 

1986). AD brains show a further reduction in activity of this oxidative-sensitive enzynne 

(Markesbery and Carney, 1999). This decrease is thought to occur as a result of 

oxidative damage, with Ap accumulation in AD shown to induce major oxidative stress 

and subsequently diminish glutamine synthetase activity in vitro and in vivo (Finch and 

Cohen, 1997),

Expression of glutamine synthetase was found to be unchanged by age or genotype in 

the course of this study, however, a limitation of the data is that it was only 

investigated at the mRNA level. As an enzyme, it may have been more appropriate to 

assess its biological activity using a widely reported biosynthetic assay that relies on 

the formation of y-glutamylhydroxamate from hydroxyl amine and either glutamine or 

glutamate (Gawronski and Benson, 2004). As this assay is considered a functional 

metabolic test for astrocytes, it may have yielded more information on the activity of 

these cells in the brains of APP/PS1 mice compared with WT controls.

According to the amyloid hypothesis, accumulation of Ap in the brain is the primary 

driving force in AD pathogenesis, with subsequent disease processes resulting from 

an imbalance between Ap production and clearance (Hardy and Selkoe, 2002). 

Enhanced Ap deposition in aged APP/PS1 mice paralleled with increased activation 

markers of microglia and astrocytes is consistent with this theory and also with 

numerous reports in the literature indicating the presence of an increased 

neuroinflammatory profile in AD.

Results presented in the previous chapters demonstrate that phagocytosis of 

fluorescently-labelled latex beads by microglia and astrocytes was enhanced following 

stimulation with Ap in vitro, and that this was dependent on actin polymerisation. 

Interestingly intracerebroventricular infusion of Ap for 28 days increased phagocytosis 

of latex beads by astrocytes but not microglia, indicating differential effects of Ap in 

vitro and in vivo. A further aim of this study was to assess the effect of endogenous Ap

182



accumulation on phagocytosis by glial cells. Ultrastructural studies have identified 

intra-cytoplasmic fragments of Ap within microglia in animal models of AD (Mandrekar- 

Colucci et ai, 2012), and in post-mortem tissue derived from AD patients 

(Lewandowska et al., 2004). Despite local recruitment of glial cells to sites of A|3 

deposition in the AD brain, it is obvious that clearance attempts by these cells 

ultimately fails to restrict the formation of senile plaques.

An age-related decline in adherence, opsonisation and phagocytosis by macrophages 

has been reported, although this was not observed in the case of all studies carried out 

(Plowden et al., 2004). Results have demonstrated AD macrophages to be poor in 

transporting A(3 to endosomes and lysosomes, and AD monocytes to be deficient in 

clearing A(3 from AD brain sections, although they still had the capacity to phagocytose 

bacteria (Fiala and Veerhuis, 2010, Mizwicki et al., 2012). A recent study has reported 

that phagocytosis by PBMCs was significantly depressed in AD patients compared 

with controls (which in this case were university professors), in addition to AD 

monocytes showing lower expression of cell-surface proteins important for 

phagocytosis (Avagyan e ta i,  2009).

In comparison, little has been described with regard to the phagocytic capacity of

microglia in AD, and even less has been documented in relation to the role of

astrocytes in this process. While the current study demonstrates an age-related

increase in the phagocytosis of fluorescently-labelled latex beads by microglia and

astrocytes ex vivo, no genotype-related change was observed. It is worth noting that

the phagocytosis of latex beads and A(3 may not be directly comparable, and this is a

possible explanation for the somewhat unexpected lack of genotype effect compared

with studies detailed previously. The fact that macrophages were shown to be

inefficient in clearing A(3 from brain sections but still had the capacity to phagocytose

bacteria (i.e. comparable to the ability to phagocytose beads in the current study)

perhaps goes some way towards explaining this result, and might hold true for

microglia in the AD brain. An age-related increase in uptake of quantum dots by
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microglia has been previously been described (Lynch et al., 2010), but to our 

knowledge, no age-related effect on phagocytosis by astrocytes had been reported to 

date.

Multiple A(3 binding receptors have been identified within the CNS, including TLR2, 

TLR4, RAGE, CD36 and CD47, engagement of which results in the activation of 

numerous parallel signalling cascades (Lucin and Wyss-Coray, 2009). While it was 

outside the remit of this study to investigate all of the receptors listed above, analysis 

of mRNA expression of TLR2 and TLR4 was carried out.

TLRs are widely reported to be associated in A(3-induced inflammatory activation, with 

TLR2 and TLR4 in particular continuing to emerge as key players in CNS diseases 

and much data linking them to AD pathology (Wang et al., 2011). Increased 

expression of TLR2, TLR4 and their co-receptor CD14 are observed in the brains of 

AD patients and in animal models of AD (Reed-Geaghan et al., 2010). Data presented 

in the first two chapters of this thesis support a role for the involvement of TLR2 and 

TLR4 in Ap-induced inflammatory responses by microglia and astrocytes in vitro. In the 

current study, TLR2 mRNA was increased in the cortex and hippocampus of middle- 

aged APP/PS1 mice compared with W T controls, and this was significantly enhanced 

in older animals. TLR4 mRNA expression was also increased in the cortex of APP/PS1 

mice, but no further age-related effect was observed. These results are consistent with 

the evidence that TLRs have a role to play with regard to Ap accumulation in vivo, and 

also indicate that, in the case of TLR2, heightened expression mimics the age-related 

increase in glial activation in the brains of APP/PS1 mice.

This study set out to assess the effect of age on Ap accumulation in the brains of 

middle-aged compared with aged APP/PS1 mice, and to investigate if this was 

associated with an increased neuroinflammatory profile. Concentrations of soluble and 

insoluble Ap were greater in aged APP/PS1 mice compared with their middle-aged 

counterparts, and this was accompanied by enhanced activation of microglia and
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astrocytes as assessed by expression of CD11 b, CD68 and GFAP respectively. While 

ex vivo phagocytosis by glial cells was unaffected by genotype, an age-related 

increase in the uptake of latex beads was observed by both cell types. In addition, 

expression of the putative A(3 receptors TLR2 and TLR4 were increased in APP/PS1 

mice, and in the case of TLR2, this was further enhanced in older animals. Taken 

together, these results support the idea that deposition of soluble and/or insoluble Ap 

in the brain is an important event in AD, and enhancing its clearance may be of benefit 

in halting disease progression.
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6: Delineating activation states, leukocyte 
infiltration & chemokine expression in a 

mouse model of AD
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Introduction

Results presented in the previous chapter described an age-related increase in 

hippocampal A(3 concentrations in APP/PS1 mice, associated with enhanced 

expression of markers of glial activation, CD11b, CD68 and GFAP. Glial cells play a 

pleiotropic role in physiological and pathological conditions, aggravating injury and 

adding to subsequent neurodegeneration, but also helping to restore CNS integrity 

through their actions underlying tissue repair and regeneration (Czeh et al., 2011).

Similar to tissue macrophages, microglia respond to inflammatory stimuli in the CNS in 

a pre-programmed manner designed to kill but also to initiate repair and resolution of 

the disease (Czeh et al., 2011). Macrophages/microglia can be classified into two 

major subsets, and further intermediate ones, with discrete molecular phenotypes and 

effector functions depending on the activation pathways elicited. Classical activation 

involves pro-inflammatory T h i cytokines such as IFNy, TNFa and IL-lp , inflammation, 

ECM destruction and apoptosis (Mosser and Edwards, 2008). In contrast, alternative 

activation and acquired deactivation involves anti-inflammatory Th2 cytokines such as 

IL-4, IL-10 and IL-13, ECM construction and cell proliferation (Mosser, 2003).

While reports detailing the role of classical activation in AD are numerous, less work 

has been carried out investigating the role of alternative action and acquired 

deactivation in the disease process. One recent study, however, has suggested there 

is increased expression of markers of alternative activation and acquired deactivation, 

such as mannose receptor (MR) and arginase-1, in Tg2576 mice (Colton et al., 2006). 

As such, a hybrid activation state incorporating characteristics of both classical and 

alternative activation has been hypothesised to play a role in AD.

The BBB functions to protect the brain from toxic substances in the blood, while at the 

same time supplying it with all the nutrients it needs to maintain an appropriate ‘milieu’ 

for neuronal circuits to function correctly (Zlokovic, 2002). A number of



neuroinfiammatory conditions, including AD, are associated with BBB disruption and 

the subsequent opening of tight junctions (Avison et al., 2004). As a result, trans- 

endothelial migration of peripheral leukocytes across the BBB is reported to be a 

pathological process in AD (Togo et al., 2002). It is of interest to further investigate the 

presence of these cells and assess their effect on the expression profile of classical 

and alternative activation in APP/PS1 mice. Understanding the complex process 

behind leukocyte infiltration into the brain parenchyma is crucial in elucidating the 

chronic inflammatory processes that are apparent in AD.

188



The aims of these studies were as follows:

1. To assess the expression profile of markers of alternative activation, acquired 

deactivation and classical activation in the cortex and hippocampus of 

middle-aged and aged APP/PS1 mice compared with WT controls.

2. To determine whether changes in microglial activation state were associated 

with increased numbers of infiltrating monocytes/macrophages, neutrophils 

and CD4'" T cells in the cortex of APP/PS1 mice.

3. To analyse expression of the chemokines CXCL1, MlP-1, RANTES, IP-10, 

MCP-1 and their association with leukocyte infiltration in the cortex of middle- 

aged and aged APP/PS1 mice.
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6.2 Methods

Groups of middle-aged (13-14 months) and aged (22-24 months) APP/PS1 mice and 

their WT littermate controls were used in this study. Middle-aged WT mice consisted of 

5 females and 2 males, and APP/PS1 mice of 7 females and 2 males. Aged WT mice 

consisted of 4 males, and APP/PS1 mice of 6 males and 2 females.

Mice were sacrificed by decapitation whilst under anaesthesia induced by inhalation of 

isofluorane. Brains were placed on a Petri dish containing dry ice, the cerebellum 

removed and cortex and hippocampus dissected out. Portions of cortex and 

hippocampus were snap-frozen in liquid nitrogen and stored at -80°C in nuclease-free 

tubes for mRNA and protein analysis.

In a separate series of experiments, a cohort of APP/PS1 mice (17-19 months) and 

their WT littermate controls were used to assess the presence of infiltrating 

CD11b'^CD45^' monocytes/macrophages, GDI 1b'^Ly6G'" neutrophils and CD3'"CD4'" T 

cells in the brain parenchyma. WT mice consisted of 5 females and 3 males, and 

APP/PS1 mice of 4 females and 4 males. Following sacrifice, a portion of the 

hippocampus was taken for mRNA analysis while the rest of the brain was used to 

isolate mononuclear cells as described in section 2.6.3. Further analysis of CD3'"CD4'" 

T cell subtypes was carried out as described in section 2.7.3.
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6.3 Results

6.3.1 The effect of age and genotype on markers of alternative activation and acquired 

deactivation

A 2-way ANOVA followed by post-hoc analysis demonstrated a genotype-related 

increase in IL-4Ra mRNA expression in cortical and hippocampal tissue prepared from 

middle-aged (13-14 months) and aged (22-24 months) APP/PS1 mice as shown in 

figure 6.1 (p<0.05). However, protein expression of IL-4Ra on CDIIb'^ microglia was 

decreased in middle-aged APP/PS1 mice compared with WT controls (p<0.05) as 

shown in figure 6.2. While a genotype-related increase in IL-10 protein expression was 

observed in hippocampal tissue prepared from middle-aged and aged APP/PS1 mice 

compared with WT controls as shown in figure 6.3 (p<0.05), an age-related decrease 

in protein expression of IL-10R was observed on CD11b'" microglia (p<0.05) as shown 

in figure 6.4.

Expression of MR, arginase-1 and ‘found in inflammatory zone’ (FIZZ)-I mRNA was 

assessed in cortical tissue prepared from middle-aged and aged WT and APP/PS1 

mice. Figure 6.5 illustrates that neither age nor genotype had an effect on expression 

of any of these markers of alternative activation.

Nerve-growth factor (NGF) mRNA was decreased in the cortex (p<0.01) and 

hippocampus (p<0.05) of middle-aged and aged APP/PS1 mice compared with WT 

controls as shown in figure 6.6. A genotype-related decrease in brain-derived 

neurotrophic factor (BDNF) mRNA was observed in the cortex of APP/PS1 mice at 

both ages (p<0.05), while its expression was only significantly decreased in the 

hippocampus of older animals (p<0.05) as shown in figure 6.7.
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APP/PS1
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APP/PS1

14 months 24 months

Figure 6.1 IL-4Ra mRNA expression was increased in the cortex and hippocampus of 

middle-aged and aged APP/PS1 mice compared with WT controls.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and IL-4Ra mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data show that IL-4Ra was increased in the cortex and 

hippocampus (p<0.05) of middle-aged and aged APP/PS1 mice compared with WT controls. 

Data are expressed as means + SEM (n=4-8). *p<0.05 versus WT controls (2-way ANOVA 

followed by Newman-Keuls post-hoc analysis).

A: Genotypeeffect U^(i.23)=5.72, p=0.03], ageeffect [Ff,.23r0.79, p=0.38], interactioneffect [Ffr,23;=0.18, 

p=0.68], B: Genotypeeffect [Ff,,23;=4.686, p=0.0421], ageeffect [Ff,,2 3 ;= 1 -249, p=0.276], interactioneffect 

[Ff,,23;=0.02. p=0.885].
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Figure 6.2 IL-4Ra protein expression on microglia isolated from the cortex of middle- 

aged APP/PS1 mice was decreased compared with WT controls.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and IL-4Ra expression on C D IIb '" microglia was assessed using flow 

cytometry. The data show that IL-4Ra expression on microglia isolated from middle-aged 

APP/PS1 mice was decreased compared with WT controls (p<0.05). Data are expressed as 

means + SEM {n-4-8). *p<0.05 versus WT controls (2-way ANOVA followed by Newman- 

Keuls post-hoc analysis).

Genotypeeffect [Ffr,22;=5.598, p=0.031], agSeffect [Ff,,22;=2.604, p=0.126], interactioneffect

[Fn,22;=3.324, p=0.087].
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Figure 6.3 IL-10 protein expression was increased in the hippocampus of middle-aged 

and aged APP/PS1 mice compared with WT controls.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and IL-10 protein expression was assessed in the hippocampus by multiplex 

ELISA. The data show that IL-10 was increased in the hippocampus of middle-aged and 

aged animals compared with WT controls (p<0.05). Data are expressed as means + SEM 

(n=4-8). *p<0.05 versus WT controls (2-way ANOVA followed by Newman-Keuls post-hoc 

analysis).

Genotypeeffeci [Fr>.23;“ ®-339, p=0.0246], agaeffect [Ff},23;=0.003, p=0.9602], interactioneffect 

[Ff,,23;=2.414, p=0.1425].
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Figure 6.4 IL-10R protein expression on microglia isolated from the cortex of WT mice 

was decreased between middle-aged and aged animals.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and IL-10R expression was assessed on CDIIb"' microglia using flow 

cytometry. The data show there was an age related decrease in IL-10R expression between 

middle-aged and aged WT mice (p<0.05). No further effect of genotype was observed. Data 

are expressed as means + SEM (n=4-8). *p<0.05 versus middle-aged WT mice (2-way 

ANOVA followed by Newman-Keuls post-hoc analysis).

Genotypeeffect [F^,.22r0.1056, p=0.7485], ageeffect [F^,,22;=6.022, p=0.0229], interactiooeffect 

[Fn,22;=3.07, p=0.0943].
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Figure 6.5 Neither age nor genotype had an effect on mRNA expression of IVIR, 

arginase-1 or FIZZ-1 in the cortex of APP/PS1 mice.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and MR (A), arginase-1 (B) and FIZZ-1 (C) mRNA expression were assessed 

in the cortex using RT-PCR. The data demonstrate that mRNA expression of all three 

markers of alternative activation were unchanged in the cortex of middle-aged or aged 

APP/PS1 mice compared with W T controls. Data are expressed as means + SEM (n=4-8).

A: Genotypeeffect [Ffj,23;=0.0074, p=0.9322], ageeffect [Fn,23;=0 8269, p=0.3735], interactioneffect 

[Ff),23;~0 5658, p=0.4603]. B: Genotypeeffect [F(r,23;~2.29, p=0.1445], ageeffect [F('),23;~2.798, 

p=0.1085], interactioneffect [Fff,23;=2.589, p=0.1219]. C: Genotypeeffect [F(^r,23;=0.1978, p=0.661], 

ageeffect [F^,,23;=0.5292, p=0.475], interactioneffect [Ff, 23;=0.002, p=0.961].
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Figure 6.6 NGF mRNA expression was decreased in the cortex and hippocampus of 

middle-aged and aged APP/PS1 mice compared with WT controls.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and NGF mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data show that NGF was decreased in the cortex 

(p<0.01) and hippocampus (p<0.05) of APP/PS1 mice compared with WT controls. Data are 

expressed as means + SEM (n=4-8). *p<0.05, *p<0.01 versus WT controls (2-way ANOVA 

followed by Newman-Keuls post-hoc analysis).

A: Genotypeeffect [Ff7,23;=10.09, p=0.0046], agSeffect [Ff,,23r0 9912, p=0.3308], intaractioneffect 

[F(̂ j,23;~0.5949, p=0.4491]. B: Genotypeeffect [Ffj,23;~4.994, p=0.036], ageeffect [Fft,23;~1-693, 

p=0.2067], interactioneffeci [Fcy,23;=0-3085, p=0.5842].
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Figure 6.7 BDNF mRNA expression was decreased in the cortex of middle-aged and 

aged APP/PS1 mice compared with WT controls.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and BDNF mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data show that BDNF was decreased in the cortex 

(p<0.05) of middle-aged and aged APP/PS1 mice compared with WT controls, and in the 

hippocampus (p<0.05) of aged APP/PS1 animals only. Data are expressed as means + SEM 

(n=4-8). *p<0.05, *p<0.01 versus WT controls (2-way ANOVA followed by Newman-Keuls 

post-hoc analysis).

A: Genotypeeffect [Ffr,22;=521, p=0.0325], ageeffect [Ff,,22r1-232, p=0.2790], interactioHeffect 

[F('f,22;~0 0005, p=0.9825]. B: Genotypeeffect [F( r̂,22j~1-342, p=0.2586], ageeffect [Ff>,22;~0.002, 

p=0.9628], Interactioneffect [F,'r,22;=4.342, p=0.0485]
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6.3.2 The effect of age and genotype on markers of classical activation

A 2-way ANOVA followed by post-hoc analysis demonstrated a genotype-related 

increase in TNFa mRNA expression in the cortex of APP/PS1 mice compared with WT 

controls (p<0.01) as shown in figure 6.8, and this was further enhanced in older 

animals (p<0.05). A similar trend in the hippocampus failed to reach statistical 

significance. A genotype-related increase in TNFa protein expression was also 

observed in the hippocampus of APP/PS1 mice compared with WT controls (p<0.01) 

as shown in figure 6.9. This figure also demonstrates that IL-ip protein expression was 

increased in the hippocampus of middle-aged APP/PS1 mice (p<0.01), and this was 

further enhanced in older animals (p<0.01). Neither age nor genotype had an effect on 

iNOS mRNA expression in either brain region examined as shown in figure 6.10.

While neither age nor genotype had an effect on mRNA expression of IFNyR in the 

cortex of APP/PS1 mice as demonstrated in figure 6.11, protein expression of IFNyR 

was increased on microglia isolated from the cortex of middle-aged and aged 

transgenic mice compared with WT controls (p<0.01) as shown in figure 6.12.
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Figure 6.8 TNFa mRNA expression was increased in the cortex of middle-aged 

APP/PS1 mice and tliis was further enhanced in older animals.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and TNFa mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data demonstrate a genotype-related increase in 

TNFa mRNA expression in the cortex of APP/PS1 mice compared with WT controls 

(p<0.01), and this was further enhanced in older animals (p<0.05). Data are expressed as 

means + SEM (n=4-8). **p<0.01 versus WT controls; '"p<0.05 versus middle-aged APP/PS1 

mice (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

A: Genotypeeffect [Ff,,23;=10.05, p=0.0044], ageeffect [Ffi,23;=32, p=0.0874], interactioneffect 

[Ffj,23;=1-784, p=0.1953], B: Genotypeeffect [ f ( i ,2 3 )= 2 .7 2 7 ,  p=0.1151], agSeffect [fa,23>='\-763, p=0.2], 

interactioHeffect [Fft,23;=0 'l545, p=0.6986].
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Figure 6.9 TNFa and IL-ip were increased in the hippocampus of middle-aged and 

aged APP/PS1 mice.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and protein expression of TNFa (A) and IL-ip  (B) were assessed in the 

hippocampus by multiplex ELISA. The data demonstrate a genotype-related increase in 

TNFa in the hippocampus of APP/PS1 mice (p<0.01). IL-1(3 was also increased in the 

hippocampus of middle-aged APP/PS1 mice (p<0.01) and this was further enhanced in older 

animals (p<0.01). Data are expressed as means + SEM (n=4-8). **p<0.01 versus WT 

controls; *p<0.05 versus middle-aged APP/PS1 mice (2-way ANOVA followed by Newman- 

Keuls post-hoc analysis).

A: Genotypeeffect [Ff,,22;=10.27, p=0.0047], ageeffect [Fn,22;=2417, p=0.1365], interactioneffect
[F('r,22;~0.1426, p=0.7099], B: Genotypeeffect [F(̂ j,22;~9-397, p=0.0059], ageeffect [Fff,22;~3.352,

p=0.0814], interactioneffect [Fcj,22;=3.652, p=0.0697],
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Figure 6.10 Neither age nor genotype had an effect on iNOS mRNA expression in the 

cortex or hippocampus of APP/PS1 mice.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and iNOS mRNA expression was assessed in the cortex (A) and 

hippocampus (B) using RT-PCR. The data show that iNOS mRNA expression was 

unchanged by age or genotype in either brain region examined. Data are expressed as 

means + SEM (n=4-8).

A: Genotypeeffect [F('r,22;=0 3603, p=0.5545], ageeffect [Fcj,22;=0.2433, p=0.6267], interactioneffed 

[F(̂ t,22;~0 6117, p=0.4425]. B: Genotypeeffect [F(̂ r,22;~0 013, p=0.9112], ageeffect lF (i,22)-2.622, 

p=0.1203], interactioneffect [F cr,22^0.013, p=0.9112].
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Figure 6.11 Neither age nor genotype liad an effect on IFNyR mRNA expression in the 

cortex of APP/PS1 mice.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and IFNyR mRNA expression was assessed in the cortex using RT-PCR. 

The data demonstrate that IFNyR mRNA expression was unchanged in the cortex of middle- 

aged or aged APP/PS1 mice compared with WT controls. Data are expressed as means + 

SEM (n=4-8).

Genotypeeffect [Ff»,23;=0-667, p=0.4232], agaetfect [Ff?,23;=0.128, p=0.7241], interactionef,ect

[Ffr,23r0.06, p=0.8093].
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Figure 6.12 IFNyR protein expression was increased on microglia isolated from the 

cortex of middle-aged and aged APP/PS1 mice.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and IFNyR expression was assessed on C D IIb '^ microglia using flow 

cytometry. The data show that IFNyR expression on microglia isolated from APP/PS1 mice 

was increased in middle-aged and aged mice (p<0.01). Data are expressed as means + 

SEM (n=4-8). **p<0.01 versus WT controls (2-way ANOVA followed by Newman-Keuls post- 

hoc analysis).

Genotypeeffect [Ff,,23;=12.12, p=0.0022], ageeffect [f(i,23r0-2388, p=0.6301], interactioHeffect 

[Ffr.23r0.9553, p=0.3395].
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6.3.3 The effect of genotype on the presence of infiltrating T cells, 

monocytes/macrophages and neutrophils in the cortex of APP/PS1 mice

The presence of infiltrating leukocytes was assessed in the cortex of 18-month old WT 

and APP/PS1 mice using flow cytometry. A 2-fold increase in the presence of 

CD3''CD4'' T cells (p<0.05) and CD11b'"CD45'" (p<0.01) monocytes/macrophages, and 

a 4-fold increase in CD11b‘"Ly6G'' neutrophils (p<0.01) was observed in tissue 

prepared from APP/PS1 mice compared with WT controls as shown in figure 6.13.

T cell subtypes were identified by intracellularly staining CD3'"CD4'' T cells for the 

presence of IFNy (Th i), IL-4 (Th2) or IL-17 (Th17). The number of Th1 cells was 

significantly increased (p<0.05), while Th2 cells were significantly decreased (p<0.05) 

in tissue prepared from APP/PS1 mice compared with WT controls as shown in figure 

6.14. A similar increase in the presence of Th17 cells (p=0.1138) cells failed to reach 

statistical significance.
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Figure 6.13 T cell, monoctye/macrophage and neutrophil cell numbers were increased 

in the cortex of APP/PS1 mice.

WT and APP/PS1 mice (18 months) were sacrificed and the presence of CD11b*CD5^' 

macrophages (A), CD11b'"Ly6G'" neutrophils (B) and CD3''CD4'"T cells (C) was assessed in 

the cortex using flow cytometry. The data show the presence of T cells (p<0.05), 

monocytes/macrophages (p<0.01) and neutrophils (p<0.01) was increased in tissue 

prepared from APP/PS1 mice compared with WT controls. Data are expressed as means + 

SEM (n=4-8). *p<0.05, **p<0.01 versus WT controls (Student’s f-test for independent 

means).
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Figure 6.14 Th1 cell numbers were increased and Th2 cell numbers decreased in the 

cortex of APP/PS1 mice.

WT and APP/PS1 mice (18 months) were sacrificed and the presence of Thi (A), Th2 (B) 

and Th17 (C) T cells was assessed in the cortex using flow cytometry. Mononuclear cells 

were isolated from cortical tissue by density separation over Percoll and incubated with PMA 

(1 Ong/ml), ionomycin (1 |jg/ml) and BFA (5fjg/ml) at 37°C for 5 hours. The data show that Thi 

cell numbers were increased (p<0.05), while Th2 cell numbers were decreased (p<0.05) in 

tissue prepared from APP/PS1 mice compared with WT controls. Increased numbers of 

T h i7 cells cells failed to reach statistical significance. Data are expressed as means + SEM 

(n=4-8). *p<0.05 versus WT controls (Student’s f-test for independent means).

210



6.3.4 The effect of age and genotype on chemokine expression

A 2-way ANOVA followed by post-hoc analysis demonstrated an increase in CXCL1 

protein expression in hippocampal tissue prepared from aged APP/PS1 mice 

compared with WT controls (p<0.05) and also compared with middle-aged transgenic 

animals (p<0.01) as shown in figure 6.15.

An increase in MIP-1a mRNA expression was observed in the hippocampus of aged 

APP/PS1 mice compared with WT controls (p<0.01) and also with middle-aged 

APP/PS1 animals (p<0.01) as demonstrated in figure 6.16. A similar trend in the 

expression of RANTES, IP-10 and MCP-1 failed to reach statistical significance.
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Figure 6.15 CXCL1 protein expression was increased in the hippocampus of aged 

APP/PS1 mice compared with WT controls.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and CXCL1 protein was assessed in the hippocampus by multiplex ELISA. 

The data show that the presence of CXCL1 was increased in the hippocampus of aged 

APP/PS1 animals compared with WT controls (p<0.05), and also compared with middle- 

aged APP/PS1 mice (p<0.01). Data are expressed as means + SEM (n=4-8). *p<0.05 versus 

WT controls; '^'^p<0.01 versus middle-aged APP/PS1 mice (2-way ANOVA followed by 

Newman-Keuls post-hoc analysis).

Genotypeeffect [Ff,.23;=7.163, p=0.0315], agSeffect [Ffj,23;=9001, p=0.0065], interactioneffect 

[Ff,,23;=2.619,p=0.1192].

212



IP
-1

0 
m

RN
A 

(R
Q

) 
• 

RA
NT

TE
S 

m
RN

A 
(R

Q
) 

• 
M

IP
-1

a 
m

RN
A 

(R
Q

)

A.

10 -

i

It □  WT
■  APP/PS1

14 months 24 months

14-

7-

0-1

14 months 24 months

n  WT 
■ I  APP/PS1

8 n

4-

0-1

□  WT 
■  APP/PS1

14 months 24 months

213



APP/PS1

24 months14 months

Figure 6.16 MIP-1a mRNA expression was increased in the hippocampus of aged 

APP/PS1 mice compared with WT controls.

Groups of middle-aged (13-14 months) and aged (22-24 months) WT and APP/PS1 mice 

were sacrificed and MIP-1a (A), RANTES (B), IP-10 (C) and MCP-1 (D) mRNA expression 

was assessed in the cortex and hippocampus using RT-PCR. The data show that MIP-1a 

mRNA was significantly increased in the hippocampus of aged APP/PS1 animals compared 

with WT controls (p<0.01) and also with their middle-aged counterparts (p<0.01). A similar 

trend in the expression of RANTES, IP-10 and MCP-1 failed to reach statistical significance. 

Data are expressed as means + SEM (n=4-8). **p<0.01 versus WT controls; ‘"'"p'^O.OI versus 

middle-aged APP/PS1 mice (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

A: Genotypeeffect [F ,̂,22^=12.24, p=0.0019], ageeffect [Fa22;=1-827, p=0.1896], interactioneffect 

[Ff,.22;=14.41, p=0,0009], B: Genotypeeffect [Ff,,23;=1 368, p=0.2457], ageeffect [Fn,23;=1-514, 

p=0,2309], interactioneffect [Fff,23;=1-489, p=0.2347], C: Genotypeeffect [Ffj,23;=2.361, p=0.1381], 

ageeffect [F^t,23;=0.7761, p=0.3874], interactioneffect [F ,̂,23;=2.812, p=0.1071]. D: Genotypeeffect 

[Ff),23;=0.713, p=0,4084], ageeffect [f(i,23)=2.247, p=0.1495], interactioneffect [F(,,23r04378, 

p=0.5157].
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Discussion

This study set out to assess the expression profile of markers of classical activation, 

alternative activation and acquired deactivation in the brains of APP/PS1 mice and to 

assess whether results could be correlated with the presence of infiltrating peripheral 

leukocytes and enhanced chemokine expression. Macrophages/microglia are 

stimulated to become classically active in the presence of IFNy, resulting in the 

production of oxidative metabolites and the release of pro-inflammatory cytokines 

such as TNFa, IL-1(3, IL-6 and IL-12p40 (Colton, 2009). In contrast, markers of 

alternative activation and acquired deactivation are induced by IL-4 and IL-13, and 

stimulate release of IL-10 and TGFp in order to promote tissue repair and recovery 

(Mosser, 2003).

Results presented here suggest that IL-4Ra mRNA expression was increased in the 

cortex and hippocampus of APP/PS1 mice compared with WT controls. However, 

although its mRNA was increased, this did not translate to enhanced protein 

expression of IL-4Ra on microglia, where a reduction was observed in middle-aged 

APP/PS1 mice compared with WT controls. Stimulation of peripheral macrophages 

with IL-4 has been shown to antagonise classical activation pathways and induce the 

expression of proteins involved in tissue repair and reconstruction (Colton, 2009). 

Although they share only ~25% sequence homology, IL-4 and IL-13 are ligands for 

the same functional IL-4Ra receptor subunit, explaining the overlap in their biological 

effects (Vita et ai, 1995).

Treatment of primary rat glia with IL-4 has been shown to enhance the uptake and 

degradation of oligomeric A(3, in addition to inducing expression of CD36 and the A(3- 

degrading enzymes neprilysin and insulin-degrading enzyme (Shimizu et ai, 2008). 

Interestingly, enhanced expression of IL-4 in APP/PS1 mice has also been shown to 

attenuate AD pathogenesis by reducing gliosis and A(3 deposition, while



simultaneously enhancing neurogenesis and spatial learning (Kiyota et al., 2010). 

The current data suggest that IL-4, and indeed IL-13, may not be able to exert their 

full repertoire of anti-inflammatory effects due to decreased expression of their 

cognate binding receptor on microglia in APP/PS1 mice. It could be speculated that 

the observed increase in mRNA expression was a compensatory measure in order to 

enhance protein expression of IL-4Ra, thus attempting to allow the cells to better 

respond to IL-4 and assist in the promotion of tissue repair and recovery.

Results from the current study demonstrate that expression of IL-10 was increased in 

the hippocampus of middle-aged and aged APP/PS1 mice compared with WT 

controls. While IL-10R was unaffected by genotype, an age-related reduction in its 

expression was also observed. These results indicate an attempt to mount an anti

inflammatory response in the cortex of APP/PS1 animals compared with WT 

controls. IL-10 is a Th2-type cytokine, elevated during the course of most major CNS 

diseases, that acts to downregulate expression of pro-inflammatory cytokines, thus 

promoting the survival of neurons and glia (Strle et al., 2001). Expression of IL-10 is 

detectable in the frontal and parietal lobe of the healthy brain, and has been 

suggested to play a role in neuronal homeostasis and cell survival (Rubio-Perez and 

Morillas-Ruiz, 2012). While Ap does not appear to stimulate production of IL-10 by 

glial cells in vitro, pre-treatment with IL-10 inhibits the A(3-induced production of pro- 

inflammatory cytokines (Szczepanik et al., 2001). Results from the current study are 

in agreement with previous findings of reactive astrocytes demonstrating increased 

IL-10 immunoreactivity in the brains of 13 month transgenic Tg2576 mice compared 

with non-transgenic controls (Apelt and Schliebs, 2001).

With regard to some further markers of alternative activation, results demonstrate

that neither age nor genotype had an effect on mRNA expression of MR, arginase-1

or FIZZ-1 in APP/PS1 mice compared with WT controls. Engagement of MR with its

ligand is generally reported to initiate phagocytosis, with subsequent activation of

anti-inflammatory signalling pathways resulting in increased expression of IL-10 and
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decreased expression of IL-12 and TNFa (Chieppa et al., 2003). MR expression in 

the brain is found primarily on perivascular microglia (Perry and Gordon, 1988). 

Arginase-1, a manganese-containing enzyme that provides a cell specific system for 

arginine metabolism, is robustly expressed in the cerebellum, pons, medulla, and 

spinal cord with lower expression in the hippocampus and the entorhinal and 

temporal cortices (Yu et al., 2001). FIZZ-1, a cysteine-rich protein that shares 

significant homology with IL-4, is a member of a family of resistin-like molecules 

reported to regulate pro-inflammatory cytokine expression (Dong et al., 2010). 

Reports regarding the role of MR, arginase-1 and FIZZ-1 in the brain, and indeed in 

AD, are extremely limited. A recent study demonstrated increased mRNA expression 

of MR and arginase-1 in the brains of Tg2576 mice at 15 months of age (Colton et 

al., 2006). Although these results are of interest, the different transgenic model used 

must be noted, and so a direct comparison with results from the current study may 

not be appropriate.

Results presented here demonstrate that both NGF and BDNF mRNA expression 

were decreased in the cortex and hippocampus of APP/PS1 mice compared with WT 

controls. While neurotrophins have been shown to control many aspects of neuronal 

function, survival and development throughout the CNS (Skaper, 2008), it must also 

be noted that increased expression of NGF has been reported as a marker of 

acquired deactivation (Wei and Jonakait, 1999). Studies have demonstrated that IL-4 

induces the secretion of NGF by cortical and cerebellar astrocytes (Awatsuji et al., 

1993, Brodie et al., 1998). A recent study has also demonstrated that IL-4 directly 

induces BDNF mRNA in cultured astrocytes, in addition to reversing the decreased 

production of BDNF following incubation of astrocytes with pro-inflammatory 

cytokines (Derecki et al., 2010). Although IL-4 and IL-10 are both associated with 

increased expression of neurotrophins (Colton and Wilcock, 2010), the opposite was 

observed in the current study, something which could have, in part, been due to 

decreased expression of IL-4Ra.
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It must also be noted that reduced levels of neurotrophins are linked with AD 

progression in terms of a loss of trophic support for neurons, specifically basal 

forebrain cholinergic neurons (Davies and Maloney, 1976). A reduction in NGF- 

containing neurons has been reported in AD (Mufson et al., 1989), and BDNF mRNA 

is also decreased in the post-mortem hippocampus of AD patients as assessed by in 

situ hybridization (Phillips et al., 1991). It has been suggested that NGF and BDNF 

may be useful in halting, reversing or at least slowing the progression of AD related 

symptoms. A small study which implanted autologous fibroblasts genetically modified 

to express human NGF into the forebrain of humans suffering from mild AD, reported 

an improvement in the rate of cognitive decline concomitant with robust growth 

responses to NGF, suggesting a role for the application of neurotrophins in 

counteracting the observed neuronal loss that occurs in AD (Tuszynski eta!., 2005).

To investigate whether there were age- or genotype-related changes in markers of 

classical activation, the hallmarks of this phenotype, TNFa and iNOS were assessed 

in cortical tissue prepared from middle-aged and aged WT and APP/PS1 mice. The 

data demonstrate that TNFa mRNA expression was significantly increased in the 

cortex of middle-aged and aged APP/PS1 mice compared with WT controls. TNFa 

mRNA expression was further increased in cortical tissue prepared from aged 

compared with middle-aged APP/PS1 mice. Similar changes were observed in the 

hippocampus, however these did not reach statistical significance. In addition, TNFa 

protein expression was increased in the hippocampus of middle-aged and aged 

APP/PS1 mice. These results are in agreement with findings that increased TNFa 

expression in APP/PS1 mice can be correlated with disease severity (Ruan et al., 

2009). Examination of post-mortem human AD brains has reveaied that TNFa co- 

localises with senile plaques, and is enhanced in both CSF and plasma (Montgomery 

and Bowers, 2012).
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TNFa has been shown to upregulate activity of (3-secretase, and as such APP mice 

lacking the TNF receptor show reduced Ap generation and plaque formation, 

attributed to decreased activity o f (3-secretase (He et al., 2007). 

Intracerebroventricular injection of anti-TNF antibody into the brains of APP/PS1 

mice was shown to result in reduced plaque deposition and tau hyperphosphorylation 

as early as 3 days following initiation of the injection protocol (Shi et al., 2011). While 

these results hold promise, it must be pointed out that the effect of long-term 

abrogation of TNFa receptor expression is, as of yet, unknown. As such, triple 

transgenic AD mice lacking the receptor for TNF were shown to exhibit enhanced 

amyloid and tau-related pathological features by the age of 15 months, attributed, in 

part, to impaired phagocytosis (Montgomery et al., 2011).

Classical activation of microglia is associated with an inflammatory phenotype and, 

consistent with this, hippocampal concentrations of IL-1(3 were increased in middle- 

aged APP/PS1 mice, and this was further enhanced in older animals. Binding of IL- 

1(3 to its cognate receptor elicits signal transduction pathways resulting in activation 

of NFkB and MARK (Malinin et al., 1997). IL-1(3, classified as an early and dominant 

injury signal, is shown to induce expression of TNFa and IL-6 by astrocytes and 

microglia (Basu et al., 2004). Although IL-1(3 expression is barely detectable within 

the normal CNS, it is rapidly induced following experimental injury (Allan et al., 2005) 

and increased IL -ip  has been reported in the post-mortem brain of patients suffering 

from AD (Griffin et al., 1989, Sheng et al., 1998). In addition, unilateral hippocampal 

overexpression of IL -ip  is a powerful stimulus for recruitment of leukocytes, such as 

neutrophils, T cells, dendritic cells and monocytes, to the brain parenchyma (Shaftel 

eta l., 2007).

Although increased iNOS activity is often associated with that of TNFa (Mosser, 

2003), no effect of age or genotype on its mRNA expression was observed in the 

course of this study. iNOS is an inducible nitric oxide-synthesizing enzyme that 

catalyses the production of NO from L-argninine. Although NO is an important



atypical messenger mediating synaptic transmission and LTP, its presence in large 

amounts results in the death of neurons and glia (Amitai, 2010), Analysis of iNOS in 

patients with sporadic AD, and in a transgenic mouse model of AD revealed its 

presence was increased, specifically associated with astrocytes colocalised with A(3 

deposits (Luth et al., 2001). In future studies, it may be beneficial to carry out an 

assay to assess the enzymatic activity of iNOS rather than simply relying on mRNA 

expression as an indicator of its biological activity.

IFNy is a pro-inflammatory cytokine that exerts its effects by binding to the IFNyR, 

consisting of IFNyRI and IFNyRII subunits, and activating JAK/STAT signalling 

pathways (Zaidi and Merlino, 2011). IFNy, acting on its receptor, is known to act as 

the primary trigger of classical activation and thus, in an effort to understand the 

underlying cause of the observed inflammatory changes, IFNyR mRNA and cell 

surface expression were assessed. While there was no effect of age or genotype on 

mRNA expression of IFNyR in cortical tissue, flow cytometric analysis revealed an 

increase in IFNyR expression on microglia prepared from middle-aged and aged 

APP/PS1 mice compared with WT controls.

IFNy is produced most predominantly by activated NK-cells and T cells, and as these 

cells do not cross the BBB under normal conditions, IFNy expression in the healthy 

CNS is undetectable (Hashioka et al., 2010). Increased numbers of infiltrating T cells 

in AD (Itagaki et al., 1988) paralleled with increased IFNy expression (Popko et al., 

1997), suggests these cells to be a source of this pro-inflammatory cytokine 

(Benveniste and Benos, 1995). To examine the possibility that increased IFNyR 

expression in the brain was a consequence of infiltrating IFNy-producing cells, a 

single cell suspension was prepared from APP/PS1 and WT mice for flow cytometric 

analysis. The data demonstrate a 2-fold increase in the presence of infiltrating T 

cells and monocytes/macrophages, and a 4-fold increase in neutrophils in tissue 

prepared from APP/PS1 mice compared with WT controls.
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Following activation, naive CD4'" T cells, or h e lp e r ! cells, undergo clonal expansion 

to differentiate into subtypes that can be further classified by their cytokine profiles 

and effector functions. These cells have no purported phagocytic activity and do not 

kill pathogens directly, instead they serve to activate and direct the functions of other 

immune cells (Zhu and Paul, 2008). Th1 and Th17 cells produce pro-inflammatory 

cytokines such as IL-1, IL-6, IL-17, TNFa and IFNy, and are involved in inflammation 

and gliosis by upregulating the release of ROS and NO (Huang et al., 2009). In 

contrast, Th2 cells produce anti-inflammatory cytokines, such as IL-4 and IL-10, that 

enhance glial-mediated neuroprotection (Huang e ta i ,  2009).

Several studies have examined T cell populations in the blood of AD patients and 

shown alterations in the function, differentiation and subset distribution of these cells 

(Town et al., 2005). One such study demonstrated increased numbers of CD4'" Th 

and CD25'" Treg cells in blood from AD subjects compared with age-matched 

controls (Lombardi et al., 1999). Studies have further indicated that increased 

numbers of T cells are present in post-mortem AD brains, although the subset 

distribution of these cells was not further characterised (Togo et al., 2002, Itagaki et 

al., 1988, Rogers e ta i ,  1988).

Although these cells undoubtedly have a role to play in disease progression, their 

presence is relatively low compared with other neurodegenerative diseases. In MS, 

for example, autoreactive T h i and Th17 cells cross the BBB and are believed to be 

primarily responsible for causing the demyelination that results in subsequent 

disease symptoms (Jadidi-Niaragh and Mirshafiey, 2011). The potentially damaging 

and overwhelming results of excessive T cell infiltration into the CNS have also been 

observed in a clinical trial where humans were immunised with synthetic Ap (as 

reviewed by Pfeifer et al., 2002). This trial had to be halted when a small percentage 

of patients developed aseptic T cell meningoencephalitis, assumed to be mediated 

by the increased numbers of infiltrating T cells. It is important to note, however, that
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this was the effect of a full-blown autoimmune response that does not normally occur 

in AD.

Results from the current study demonstrate that increased numbers of Th1 and Th17 

cells were present in the brains of APP/PS1 mice, concomitant with decreased 

numbers of Th2 cells. There is some evidence that Th2 cells play a beneficial role in 

AD, for example recent findings indicate that the Ap-induced release of inflammatory 

cytokines by mixed glia is exacerbated in the presence of Th1 and Th17 cells, and 

attenuated following the addition of Th2 cells (McQuillan et al., 2010). More recently, 

Ap-specific Th1, Th2, or IL-17-producing CD4'" T cells were adoptively transferred to 

6 month old APP/PS1 mice, where the presence of T h i cells was found to increase 

Ap deposition and microglial activation and negatively impact upon spatial learning 

following a 5-week period (Browne et al., 2013). In a somewhat similar study, tail- 

vein infusion of Ap-sensitised Th2 cells into APP/PS1 mice resulted in cognitively- 

impaired mice performing significantly better in working memory tasks, something 

which correlated with higher plasma levels of soluble Ap (Cao et al., 2009).

Numerous investigations, including one carried out in Tg2576 mice, have 

demonstrated reduced T h i and enhanced Th2 responses following immunisation 

with Ap, something which is associated with a strong antibody response (Town et al., 

2002). These results suggest that enhanced Th2 and down-regulated Th i immunity 

may be beneficial in AD as they were associated with dramatically reduced Ap 

deposition following the immunisation protocol (Town et al., 2002). While the precise 

role of T cells in AD needs further clarification, it is perhaps the case that an 

imbalanced Th1/Th2 ratio is contributing to the classical pro-inflammatory cytokine 

microenvironment in the brains of APP/PS1 mice.

Although the number of infiltrating macrophages and neutrophils in AD is relatively 

small, it is still controversial as to whether these cells are beneficial or detrimental in 

disease pathogenesis. On one hand, it has been postulated that macrophages are
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more efficient phagocytes than microglia (Wisniewski et al., 1991), with recent 

evidence from Tg2576 mice supporting the idea that infiltration of peripheral 

mononuclear phagocytes limits the progression of AD pathology (Town et al., 2008). 

On the other hand such cells could be provoking deleterious brain inflammation and 

causing tissue damage (Gate et al., 2010). Interestingly, recent work has 

demonstrated that while sustained recruitment of peripheral leukocytes into the CNS 

was associated with neuroinflammation, it also helped to decrease cerebral amyloid 

burden (Shaftel et a!., 2007).

An intact BBB provides one of the most important protective strategies for the brain, 

however multiple lines of evidence suggest that its permeability is increased in AD. 

Levels of many tight junction proteins and their adaptor molecules are found to be 

decreased in AD (Zlokovic, 2008). Studies carried out in Tg2576 mice showed that 

animals as young as 4-months of age have a compromised BBB in several areas of 

the cortex (Ujiie et al., 2003). It has been proposed that A(3 accumulation around 

blood vessels promotes extensive neoangiogenesis leading to increased vascular 

permeability in AD (Biron et al., 2011). Results from animals used in the current 

study demonstrate that BBB permeability, as assessed using gadolinium-enhanced 

magnetic resonance imaging, was increased in the hippocampus of middle-aged 

APP/PS1 mice, and this was further enhanced in older animals (Dr. Ronan Kelly, 

unpublished data), providing a route by which to allow the observed increase in 

infiltrating leukocytes.

It has been shown that chemokines, released from resident cells in the brain act as

chemoattractant molecules for peripheral leukocytes (Holman et al, 2011), by binding

to G-protein-coupled receptors on target cells. Results from the current study

demonstrate that CXCL1 protein expression was increased in the hippocampus of

older APP/PS1 mice compared both with WT controls and their middle-aged

transgenic counterparts. While reports of the role of CXCL1 in AD are few, unilateral

overexpression of IL-1p in the mouse brain had been shown to induce leakage of the
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BBB associated with dramatic infiltration of neutrophils, T cells, macrophages and 

dendritic cells into the CNS; neutrophils were observed in the hippocampal 

parenchyma as late as 1 year following transgene induction, and these findings 

correlated with upregulation of CXCL1 (Shaftel et al., 2007).

MIP-1a is one of the chemokines most commonly expressed during CNS 

inflammation (Passos et al., 2009). The data demonstrates that MIP-1a mRNA 

expression was increased in the cortex of older APP/PS1 mice compared both with 

WT controls and their middle-aged transgenic counterparts. A recent study has 

shown that injection of Ap into the rat hippocampus induces MIP-1a overexpression 

accompanied by an increased presence of T cells in the cortex of these animals 

(Man et al., 2007). Studies have shown that microglia from AD patients display 

increased expression of MIP-1a following exposure to Ap (Lue et al., 2001) and that 

MIP-1a expression in peripheral T cells of AD patients is significantly higher 

compared with age-matched controls (Man et al., 2007). Recent studies have been 

demonstrated that AD-derived microvessels express and release higher levels of 

MIP-1a compared with those from age-matched controls (Tripathy et al., 2007).

While a similar pattern in mRNA expression of RANTES, IP-10 and MCP-1 was

observed, these results fell short of statistical significance. Briefly, evidence for

increased expression of MCP-1, RANTES and IP-10 in AD has also been described.

Exposure of astrocytes to Ap results in increased concentrations of RANTES

(Johnstone et al., 1999), and elevated concentrations of the chemokine and its CCR5

receptor are reported in AD (Tripathy et al., 2010). Enhanced expression of IP-10

has been demonstrated in the cortex and hippocampus of 17-month old Tg2576 mice

compared with age-matched controls (Duan et al., 2008). IP-10 expression in a

subpopulation of cortical astrocytes was markedly increased in the AD brain, many of

which were associated with senile plaques (Xia et al., 2000). MCP-1 was also found

to be increased in the cortex of Tg2576 mice compared with non-transgenic animals

(Sly et al., 2001), and its expression was upregulated in the AD brain (Grammas and
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Ovase, 2001, Ishizuka et al., 1997, Sokolova e t a i ,  2009). Interaction of MCP-1 with 

its receptor CCR2 is reported to regulate mononuclear phagocyte accumulation in 

AD, and CCR2 deficiency has been shown to result in increased amyloid pathology 

in association with aggregated amnesic deficits APP/PS1 mice (Naert and Rivest, 

2011 ) .

The most significant data presented in this study describes enhanced expression of 

markers of classical activation, such as TNFa and IL -ip , in the brains of aged 

APP/PS1 animals compared with WT controls. Although some markers of alternative 

activation, including IL-10, were increased, there was no change in the expression of 

MR, arginase-1 or FIZZ-1 and furthermore, decreased expression of IL-4Ra, NGF 

and BDNF was observed. Increased markers of classical activation were 

accompanied by breakdown of the BBB and infiltration of T cells, 

monocytes/macrophages and neutrophils into the brain parenchyma. It is therefore 

proposed that accumulation of A(3 and infiltration of peripheral leukocytes combine to 

induce an age-related shift towards a classical pro-inflammatory phenotype in 

APP/PS1 mice.
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7: Identifying early inflammatory changes 
in monocyte-derived macrophages from a 

population with IQ-discrepant episodic
memory
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7.1 Introduction

Over the past two decades, significant progress has been made in identifying the 

structural and molecular changes, along with their biochemical footprints, that occur in 

the brain as a result of AD. This has led to the identification of several biomarkers of 

disease pathology, including decreased AP1 -4 2  and increased tau in CSF, decreased 

brain metabolism via fluorodeoxyglucose (FDG) uptake on positron emission 

tomography (PET), PET imaging of amyloid burden and MRI measures of cerebral 

atrophy (Jack, 2012). However, such advances in CSF and imaging biomarkers have 

only recently been incorporated into the revised Diagnostic and Statistical Manual of 

Mental Disorders (DSM-IV) guidelines for AD, which were updated for the first time 

since their original formulation in 1984 (Jack etal., 2010).

Three stages of AD are proposed by these new criteria, namely preclinical AD, mild 

cognitive impairment (MCI) and AD proper. Preclinical AD involves measureable 

changes in brain and CSF biomarkers that indicate early signs of the disease, however 

no symptoms of memory loss accompany these changes. MCI incorporates mild but 

measurable changes in thinking abilities, noticeable to the person affected and to the 

people around them, but not sufficient to impact upon daily routine. In contrast, fully- 

fledged AD is characterised by memory, thinking and behavioural symptoms that 

greatly impair a person’s ability to function in daily life.

This new classification system of AD reflects the current thinking that AD-related 

changes begin in the brain as early as 20 years prior to the onset of symptoms. While 

progress in research has gone a long way in understanding the pathogenesis of AD, 

disease-modifying treatments would undoubtedly be more effective at earlier stages of 

the disease before plaque load and neurodegeneration have become too far advanced 

(Blennow et al., 2006). Thus, these treatments should be administered in the pre

dementia stage, or potentially even in pre-symptomatic individuals.
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While some of the biomarkers used for AD have diagnostic potential that has been 

extended to pre-clinical stages of AD, in reality there is a distinct lack of diagnostic 

tools to enable early disease intervention. The objective of this study was to establish 

whether functional or phenotypic changes in monocyte-derived macrophages (MDMs) 

accompany IQ-discrepant episodic memory deficits in older individuals and thus have 

potential to provide a biomarker of early disease.
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The aims of these studies were as follows:

1. To assess plasma concentrations of A(3 in a cohort of human subjects with 

IQ-discrepant memory compared with age-matched controls.

2. To isolate PBMCs from the whole blood of high-memory performers (HP) and 

low-memory performers (LP) and assess the phagocytosis of fluorescently- 

labelled latex beads and cell surface expression of CD11b, TLR2, TLR4, and 

IFNyR in monocytes/macrophages.

3. To differentiate CD14'" monocytes into monocyte-derived macrophages 

(MDMs) and assess mRNA and cell surface expression of CD11b, TLR2, 

TLR4, IFNyR and IL-4Ra.

4. To stimulate MDMs derived from HP and LP subjects with LPS and 

determine their sensitivity as assessed by release of IL-1P, IFNy, TNFa, IL-6, 

IL-12p70 and IL-10.
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7.2 Methods

Forty-seven healthy elderly adults with a mean age of 71.5 years were recruited from the 

older adult participant panel of the Trinity College Institute of Neuroscience. Participants 

were defined as LP if they scored more than 0.75 standard deviations below their NART- 

estimated IQ on the WMS as described in section 2.11.1. All other participants were 

classified as HP. No significant difference was observed in MMSE scores between the 

two groups. This work was carried out by Ms. Eleonora Greco and Dr. Sabina Brennan.

Roughly 50ml venous blood per subject was collected in a heparin-coated syringe and 

PBMCs and plasma were isolated using a method of density separation over 

Lymphoprep as described in section 2.11.2. Phlebotomy was carried out by Ms. Lesley 

Penney and cell isolation by Dr. Eric Downer. Following isolation, PBMCs were taken 

for immediate analysis of phagocytic activity and cell surface analysis by flow cytometry 

as described in sections 2.7.1 and 2.7.2.

CD14'' monocytes were isolated from the remaining PBMCs and cultured for 7 days 

with GM-CSF (lOng/ml) to generate MDMs as described in section 2.11.4. After 7 

days, MDMs were assessed for differences in mRNA expression and cell surface 

immunofluorescence by RT-PCR and flow cytometry respectively. In another series of 

experiments, MDMs were stimulated with LPS (lOOng/ml) for 24 hours, as described in 

section 2.11.5, and supernatants were assessed for the release of IL-1(3, IFNy, TNFa, 

IL-6, IL-12p70 and IL-10 by multiplex ELISA as described in section 2.11.6.
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7.3 Results

7.3.1 Demographic of subjects

High-performing (HP) Low-performing (LP)

n 35 12

Age (years; mean + SD) 71.9 + 4.7 71.1 + 4.8

Sex (F/M) 26/9 9/3

MMSE 27.4 + 2.8 26.9 + 2.6

Premorbid IQ 1.13 + 0.37 1.2 + 0.29

Delayed verbal memory 1.43 + 0.82 -0.06 + 0.72

General intellectual status was measured using the NART. Delayed verbal memory 

was determined by the Logical Memory subtest of the WMS.

'Participants were defined as LP if they scored more than 0.75 standard deviations 

below their NART-estimated IQ on the WMS. All other participants were classified as 

HP.

Table 7.1 Demographic of subjects
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7.3.2 Analysis of Ap concentrations in plasma isolated from LP and HP subjects.

Plasma was isolated from whole blood by density separation over Lymphoprep and 

assessed for the presence of AP1.38, APi^o and Api^2 by multiplex ELISA.

Plasma concentrations of A(3i_38 (p -0 .67) and APi.40 (p=0 .44) were unchanged 

between HP and LP subjects as shown in figure 7 .1. The presence of APi^2 was below 

the limit of detection in plasma isolated from either group.
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Figure 7.1 Plasma concentrations of AP1 .3 S and Ap^^o were unchanged between LP 

and HP subjects.

Plasma was isolated from whole blood by density separation over Lymphoprep and 

assessed for the presence of AP1.38 (A), AP1.40 (B) and AP1.42 by multiplex ELISA. 

Concentrations of Api.ss and Api.40 were unchanged between HP and LP subjects. A(3i^2 

was below the limit of detection in plasma isolated from either group. Data are expressed as 

means + SEM (n=12-35).
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7.3.3 Analysis of receptor expression and phagocytosis by monocytes/macrophages 

isolated from the PBMCs of LP and HP subjects.

PBMCs were isolated from whole blood by density separation over Lymphoprep and 

assessed for CD11b expression using flow cytometry as shown in figure 7.2. No 

change in CD11b expression was observed between HP and LP subjects (p=0.26). 

The expression of TLR2 (p=0.21), TLR4 (p=0.08) and IFNyR (p=0.93) on CD11b'" cells 

was also unchanged in PBMCs isolated from HP and LP subjects. A representative 

FACS plot is demonstrated in the case of each receptor examined.

CD45"^CD1 lb ”" monocytes/macrophages were more phagocytic than CD45'"CD11b' 

cells as assessed using the uptake of fluorescently-labelled latex beads as a readout 

and shown in figure 7.3. A representative FACS plot demonstrates the greater 

percentage of BEAD'" CD45'"CD11b'" monocytes/macrophages (-82%) in comparison 

to BEAD'" CD45'"CD 11b" cells (-22%). No change in the phagocytosis of fluorescently- 

labelled latex beads by CD45'"CD11b'" monocytes/macrophages was observed 

between HP and LP subjects (p=0.35) as shown in figure 7.4.
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Figure 7.2 CD11b, TLR2, TLR2 and IFNyR expression on PBMCs was unchanged 

between LP and HP subjects.

PBMCs were isolated from tine whole blood of HP and LP subjects and assessed for CD11b 

(A), TLR2 (B), TLR4 (C) and IFNyR (D) expression using flow cytometry. Debris and non- 

cellular events were initially excluded using forward/side scatter, with all further analysis 

gated on CD11b'" PBMCs identified by the appropriate FMO. CD11b expression on PBMCs 

was unchanged between HP and LP subjects. No change was observed in the expression of 

TLR2, TLR4 or IFNyR (B-D) on GDI 1b'" cells between HP and LP subjects. Data are 

expressed as means + SEM (n=5-14).
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Figure 7.3 CD45"^CD11b* monocytes/macrophages were more phagocytic than 

CD45*CD11b‘ cells.

PBMCs were isolated from the whole blood of HP and LP subjects and phagocytosis of 

fluorescently-labelled latex beads by CD45'^CD11b‘" monocytes/macrophages was assessed 

using flow cytometry. Debris and non-cellular events were initially excluded using 

forward/side scatter, with CD45'"CD11b'^ cells identified by the appropriate FMOs. A 

representative FACS plot (A) demonstrates the percentage of CD45'"CD11b'^ 

monocytes/macrophages (-16.5% ) in comparison to CD45'^CD11b' cells (~71.6%). 

CD45'^CD11b'^ cells (B) were significantly more phagocytic, being -82%  positive for the 

uptake of fluorescently-labelled latex beads in comparison to CD45'"CD11b’ cells, which 

were only -22%  positive (C).
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Figure 7.4 Phagocytosis by CD45*CD11b* monocytes/macrophages was unchanged 

between LP and HP subjects.

PBMCs were isolated from the whole blood of HP and LP subjects and phagocytosis of 

fluorescently-labelled latex beads by CD45"^CD11b'" monocytes/macrophages was assessed 

using flow cytometry. Debris and non-cellular events were initially excluded using 

forward/side scatter, with CD45'"CD11b'" cells identified by the appropriate FMOs. The 

uptake of beads by CD45'"CD11b‘" cells was unchanged between HP and LP subjects. Data 

are expressed as means + SEM (n=12-35).
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7.3.4 Analysis of CD11b, TLR2, TLR4, IFNyR and IL-4Ra expression on MDMs derived 

from LP and HP subjects.

Monocytes, isolated from the PBMCs of HP and LP subjects, were cultured for 7 days 

with GM-CSF to generate MDMs. After 7 days, MDMs were assessed for mRNA and 

protein expression of CD11b, TLR2 and TLR4, and protein expression only of IFNyR 

and IL-4Ra using flow cytometry. RT-PCR was carried out by Dr. Eric Downer.

MDMs derived from LP subjects displayed higher protein (p<0.01) but not mRNA 

(p-0.3^)  expression of CD11b compared with those derived from HP subjects as 

shown in figure 7.5. TLR2 mRNA (p<0.05) but not protein (p=0.09) expression was 

enhanced in MDMs derived from LP subjects, while both mRNA and protein (p<0.01) 

expression of TLR4 were increased in MDMs derived from LP subjects as shown in 

figures 7.6 and 7.7 respectively.

MDMs derived from LP subjects also displayed higher IFNyR (p<0.05) expression as 

shown in figure 7.8. In addition, no significant change was observed in the expression 

of IL-4Ra (p=0.16) as shown in figure 7.9.
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Figure 7.5a CD11b expression was enhanced in MDIVIs derived from LP compared 

with HP subjects.

Monocytes, isolated from the PBMCs of HP and LP subjects were cultured for 7 days with 

GM-CSF to generate MDMs. After 7 days, MDMs were assessed for expression of CD11b 

mRNA (A) using RT-PCR and protein (B) using flow cytometry (gating strategy described in 

figure 7.5b). MDMs derived from LP subjects expressed higher protein (p<0.01) but not 

mRNA expression of CD11b. Data are expressed as means + SEM (n=12-35). **p<0.01 

versus HP group (Student’s f-test for independent means).
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Figure 7.5b Gating strategy for the analysis of CD11 b expression in IVIDIVIs.

Debris and non-cellular events were initially excluded using fonward/side scatter, with all 

further analysis gated on CD IIb"" MDMs identified by the appropriate FMO. Representative 

dot plots from HP and LP subjects are presented plotting side scatter log versus CD11b with 

a gate placed around the C D IIb '^ MDM population.
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Figure 7.6a TLR2 mRNA expression was enhanced in MDMs derived from LP 

compared with HP subjects.

Monocytes, isolated from the PBMCs of HP and LP subjects were cultured for 7 days with 

GM-CSF to generate MDMs. After 7 days, MDMs were assessed for expression of TLR2 

mRNA (A) using RT-PCR and protein (B) using flow cytometry cytometry (gating strategy 

described in figure 7.6b). TLR2 mRNA (p<0.05) but not protein expression was enhanced in 

MDMs derived from HP compared with LP subjects. Data are expressed as means + SEM 

(n=12-35). *p<0.05 versus HP group (Student’s f-test for independent means).
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Figure 7.6b Gating strategy for the analysis of TLR2 expression in MDIVIs.

Debris and non-cellular events were initially excluded using forward/side scatter, with all 

further analysis gated on CD11b'" MDMs identified by the appropriate FMO, Representative 

dot plots from HP and LP subjects are presented plotting CD11b versus TLR2, with the 

percentage of CD11b"^TLR2^ cells in the top right-hand quadrant.
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Figure 7.7a TLR4 expression was entianced in iVIDMs derived from LP compared with 

HP subjects.

Monocytes, isolated from the PBIVICs of HP and LP subjects, were cultured for 7 days with 

GM-CSF to generate MDMs. After 7 days, MDMs were assessed for expression of TLR4 

mRNA (A) using RT-PCR and protein (B) using flow cytometry cytometry (gating strategy 

described in figure 7.7b). Both mRNA (p<0.05) and protein (p<0.05) expression of TLR4 

were enhanced in MDMs derived from HP compared with LP subjects. Data are expressed 

as means + SEM (n=12-35). *p<0.05 versus HP group (Student’s f-test for independent 

means).
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Figure 7.7b Gating strategy for the analysis of TLR4 expression in MDMs.

Debris and non-cellular events were initially excluded using forward/side scatter, with all 

further analysis gated on CD11b'" MDMs identified by the appropriate FMO. Representative 

dot plots from HP and LP subjects are presented plotting CD11b versus TLR4, with the 

percentage of CD11b'"TLR4'" cells in the top right-hand quadrant.
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Figure 7.8 IFNyR expression was enhanced in MDMs derived from LP compared with 

HP subjects.

Monocytes, isolated from the PBMCs of HP and LP subjects, were cultured for 7 days with 

GM-CSF to generate MDMs. After 7 days, MDMs were assessed for expression of IFNyR 

using flow cytometry. Debris and non-cellular events were initially excluded using 

forward/side scatter, with all further analysis gated on CD11b'^ MDMs identified by the 

appropriate FMO. Protein expression of IFNyR (p<0.05) was increased in MDMs derived 

from LP compared with HP subjects. Data are expressed as means + SEM (n=12-35). 

*p<0.05 versus HP group (Student's West for independent means).
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Figure 7.9 IL-4Ra expression was unchanged in MDMs derived from LP compared 

with HP subjects.

Monocytes, isolated from the PBMCs of HP and LP subjects, were cultured for 7 days with 

GM-CSF to generate MDMs. After 7 days, MDMs were assessed for expression of IL-4Ra 

using flow cytometry. Debris and non-cellular events were initially excluded using 

forward/side scatter, with all further analysis gated on CDUb'" MDMs identified by the 

appropriate FMO. The data show that expression of IL-4Ra was unchanged between HP and 

LP subjects. Data are expressed as means + SEM (n=12-35).
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7.3.5 Analysis of the effect of LPS on cytokine release from MDMs derived from LP 

and HP subjects

Monocytes, isolated from the PBMCs of HP and LP subjects, were cultured for 7 days 

with GM-CSF to generate MDMs. After 7 days, cells were stimulated with LPS 

(100ng/ml) for 24 hours and supernatants were assessed for the release of IL-1(3, 

IFNy, TNFa, IL-6, IL-12p70 and IL-10 by multiplex ELISA.

A 2-way AVOVA followed by post-hoc analysis demonstrated that LPS induced the 

release of IL-1(3 and IFNy (p<0.01) by MDMs derived from both HP and LP subjects as 

shown in figures 7.10 and 7.11 respectively. No difference in the production of IL-ip 

and IFNy from MDMs was observed between HP and LP subjects.

A 2-way AVOVA and post-hoc analysis further demonstrated that LPS also stimulated 

the release of TNFa, IL-6, IL-12p70 and IL-10 (p<0.01) by MDMs derived from HP and 

LP subjects as shown in figures 7 .1 2 -7 .15 , however release of these cytokines was 

exaggerated in MDMs derived from LP compared with HP subjects (p<0.05).
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Figure 7.10 IL-1p release in MDMs stimulated with LPS was unchanged between LP 

and HP subjects.

Monocytes, isolated from the PBMCs of HP and LP subjects, were cultured for 7 days with 

GM-CSF to generate MDMs. After 7 days, cells were stimulated with LPS (lOOng/ml) for 24 

hours and supernatants assessed for the presence of IL-1(3 by multiplex ELISA. LPS induced 

the release of IL-1P (p<0.01) by MDMs derived from HP and LP subjects but no further 

differences were observed between groups. Data are expressed as means + SEM (n=12- 

35). **p<0.01 versus vehicle control (2-way ANOVA followed by Newman-Keuls post-hoc 

analysis).

LPSeffect [Ff,,76;=40.239, p<0.0001], groupeffect [F^,.76;=0 .008 , p=0.9307], interactiongffect

[Ff,,,2r0.01, p=0.9179].
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Figure 7.11 IFNy release in MDMs stimulated with LPS was unchanged between LP 

and HP subjects.

Monocytes, isolated from the PBMCs of HP and LP subjects, were cultured for 7 days with 

GM-CSF to generate MDMs. After 7 days, cells were stimulated with LPS (100ng/ml) for 24 

hours and supernatants were assessed for the presence of IFNy by multiplex ELISA. LPS 

induced the release of IFNy (p<0.01) by MDMs derived from both HP and LP subjects but no 

further differences were observed between groups. Data are expressed as means + SEM 

(n=12-35). **p<0.01 versus vehicle control (2-way ANOVA followed by Newman-Keuls post- 

hoc analysis).

LPSeffect [F^r,76r113.37, p<0.0001], groupeffect [F(176)=^.26, p=0.2654], interactioHeffect

[F^,.,2r0.988, p=0.3235].
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Figure 7.12 LPS induced a greater release of TNFa in IVIDMs derived from LP 

compared with HP subjects.

Monocytes, isolated from the PBMCs of HP and LP subjects, were cultured for 7 days with 

GM-CSF to generate MDMs. After 7 days, cells were stimulated with LPS (lOOng/ml) for 24 

hours and supernatants were assessed for the presence of TNFa by multiplex ELISA. LPS 

induced the release of TNFa (p<0.01) by MDMs derived from both LP and HP subjects, 

however this was exaggerated in MDMs prepared from LP subjects (p<0.05). Data are 

expressed as means + SEM (0=12-35). **p<0.01 versus vehicle control; *p<0.05 versus HP 

group (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

LPSeffect [Ffj,76;= 5491.2, p<0.0001], groupeffect [F,'r,76;=1-733, p=0.1932], interactioneffect 

[F^,,,2j=2.77,p=0.1004].
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Figure 7.13 LPS induced IL-6 was exacerbated in IVIDMs derived from LP compared 

with HP subjects.

Monocytes, isolated from the PBMCs of HP and LP subjects, were cultured for 7 days with 

GM-CSF to generate MDMs. After 7 days, cells were stimulated with LPS (100ng/ml) for 24 

hours and supernatants were assessed for the presence of IL-6 by multiplex ELISA. LPS 

induced the release of IL-6 (p<0.01) by MDMs derived from both LP and HP subjects, 

however this was exaggerated in MDMs prepared from LP subjects (p<0.05). Data are 

expressed as means + SEM (n=12-35). **p<0.01 versus vehicle control; *p<0.05 versus HP 

group (2-way ANOVA followed by Newman-Keuls post-hoc analysis).

LPSeffeci [Fft,76r449.8, p<0.0001], groupeffect [Fft,76;=5.91, p=0.0176], interactioneffed [Ff,,,2;=5.8,

p=0.0186].
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Figure 7.14 LPS induced IL-12p70 was exacerbated in IVIDMs derived from LP 

compared with HP subjects.

Monocytes, isolated from the PBIVICs o f HP and LP subjects, were cultured fo r 7 days with 

GM-CSF to generate MDMs. A fter 7 days, cells were stim ulated with LPS (100ng/m l) fo r 24 

hours and supernatants were assessed for the presence o f IL-12p70 by multiplex ELISA. 

LPS induced the release o f IL-12p70 (p<0.01) by MDMs derived from both LP and HP 

subjects, however th is was exaggerated in MDMs prepared from LP subjects (p<0.05). Data 

are expressed as means + SEM (n=12-35). **p<0.01 versus vehicle control; *p<0.05 versus 

HP group (2-way AN O VA followed by Newm an-Keuls post-hoc analysis).

LPSeffect [F^, 76r 5 1 .6 8 , p<0.0001], groupeffect [F f j .76r 0 .0 0 6 , p=0.9379], in taractioneffect

[Fn.,2r0.467, p=0.497].
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Figure 7.15 LPS induced a greater release of IL-10 in IVIDMs derived from LP 

compared with HP subjects.

Monocytes, isolated from the PBMCs o f HP and LP subjects, were cultured for 7 days with 

GM -CSF to generate MDMs. A fter 7 days, cells were stimulated w ith LPS (100ng/ml) fo r 24 

hours and supernatants were assessed for the presence of IL-10 by multiplex ELISA. LPS 

induced the release of IL-10 (p<0.01) by MDMs derived from both LP and HP subjects, 

however th is w as exaggerated in MDMs prepared from LP subjects (p<0.05). Data are 

expressed as m eans + SEM (n=12-35). **p<0.01 versus vehicle control; *p<0.05  versus HP 

group (2-way AN O VA followed by Newm an-Keuls post-hoc  analysis).

LPSeffect [Ff,,76;=32.91, p<0 .00 01 ], groupeffect [F^,,76;=2.574, p=0.1128], interactioHeffect [Ff,.,2;=2 .6 2 , 

p=0.1097].
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Discussion

The aim of this study was to assess whether inflammatory changes in MDMs 

accompany subtle episodic memory loss in older individuals and thus have the 

potential to provide a robust marker of early disease. This was assessed in a cohort of 

elderly individuals with episodic memory lower than expected for their IQ compared 

with healthy age-matched controls. It is important to note that this study was carried 

out in a non-clinical cohort with no apparent symptoms of MCI or AD. However, while 

only very early cognitive changes are reported here, these were found to be 

accompanied by alterations in MDMs and their susceptibly to inflammatory insult. The 

most significant findings indicate that MDMs isolated from LP subjects displayed

enhanced expression of CD11b, TLR2 and TLR4, compared with those from HP

subjects, and that stimulation of MDMs with LPS promoted exaggerated cytokine

production by MDMs isolated from LP subjects.

Presence of the inflammatory C-reactive protein (CRP) was initially assessed in 

plasma from HP and LP subjects (data not shown here), where no difference was 

observed between groups, indicative of an equivalent infection index at the time of 

analysis. This was important to assess as neurological symptoms of patients suffering 

from neurodegenerative conditions are reported to be exacerbated by infection (Perry 

et ai, 2007). Evidence that systemic events affect the progression of AD were 

demonstrated in a study showing that peripheral infections and raised plasma levels of 

IL-ip  were associated with accelerated cognitive decline (Holmes e ta i,  2003). Studies 

have shown that the presence of inflammatory plasma proteins, such as CRP, were 

increased 5 years before the clinical onset of dementia compared with age-matched 

controls who did not go on to develop dementia (Engelhart et al., 2004). In accordance 

with this, the suppression of inflammation has been linked with the efficacy of long

term use of NSAIDs in offering some level of protection against the development of AD 

(Etminan et al., 2003).



A further aim  of this study was to com pare plasma concentrations o f AP i.38 , A p i^o  and 

A P i^ 2  between HP and LP subjects in order to correlate this with inflammatory 

changes. Low concentrations o f Ap in plasma necessitate a sensitive and reliable 

quantitation assay, and in the case o f the current study, the presence of AP i^ 2  in 

p lasma was found to be below  the lim it of detection. Results indicate that plasma 

concentra tions o f APi_3s and AP i^o were unchanged between HP and LP subjects. 

Decreased A p i^ 2  and increased tau in CSF have previously been described as 

biom arkers fo r AD (Haldenwanger e f a/., 2010). However, collection o f CSF via lumbar 

puncture is an invasive and tim e-consum ing procedure requiring medically trained 

personnel, and thus the identification o f a b lood-based biom arker would be more 

desirable. A lthough many studies have investigated plasma Ap as a potential 

b iom arker fo r AD, the findings indicate that th is may not be a completely reliable 

m easure o f disease progression. Several cross-sectional studies and two longitudinal 

studies investigating plasma Ap concentrations in AD identified no differences between 

AD patients and controls, suggesting that plasma Ap is unlikely to be useful in 

predicting AD (Irizarry, 2004). These results are likely due to the fact that the majority 

o f p lasma Ap is derived from  peripheral tissues, and therefore does not reflect turnover 

o r m etabolism  o f Ap w ithin the brain (Mehta et al., 2000). W hile the subjects used in 

th is study have no apparent sym ptom s o f AD, it was o f interest to assess this measure 

in a group that may be more susceptible in progressing to develop MCI or AD.

Cells o f the innate immune system, such as m onocytes/m acrophages, are the first line 

o f defence against infection, acting as critical regulators o f the inflammatory response. 

M onocytes circulate in the bloodstream for 1-3 days, and then typically m igrate to 

tissues w here they differentiate into multifunctional tissue-specific m acrophages. The 

transform ation from a m onocyte to a macrophage involves the cell enlarging, 

increasing the number and complexity o f its intracellular organelles and producing 

higher levels of hydrolytic enzymes in order to increase its phagocytic capability. 

M acrophages usually enter tissue w ithin hours to a few  days follow ing the initiation of
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inflammation, where their main biological function is to ingest and destroy foreign 

material and subsequently process and present it to lymphocytes via MHC.

CD11b is an cellular adhesion molecule, primarily expressed on the surface of 

monocytes/macrophages, but also on activated lymphocytes and a subset of NK cells, 

that mediates leukocyte adhesion and migration in order to promote an inflammatory 

response (Springer, 1990). Recent work has suggested that expression patterns of 

other monocytic cell adhesion molecules, such as intracellular adhesion molecule 1 

(ICAM1), are altered in patients with MCI and AD (Hochstrasser et al., 2010) 

Monocytes/macrophages also express a wide range of TLRs, each of which recognise 

a distinct class of conserved microbial molecules and elicits a tailored pattern of 

inflammatory gene expression. Activation of TLRs directly mediates innate immune 

responses by regulating phagocytosis and triggering anti-microbial activity, but also 

initiates the adaptive immune response by inducing the release of cytokines (Krutzik et 

al., 2005). In the present study the focus was on examining expression of TLR2 and 

TLR4 since much evidence indicates the role of these receptors in AD, as has been 

described in previous chapters. Expression of TLR2 and TLR4 mRNA is also reported 

to be upregulated in PBMCs from patients with late-onset AD compared with age- 

matched controls (Zhang et al., 2012). Presence of the IFNyR was assessed due to its 

pivotal role in stimulation of classical activation in macrophages.

PBMCs predominantly constitute lymphocytes and monocytes, with lower numbers of 

NK and dendritic cells. Results presented here indicate there was no difference in the 

expression of C D IIb , TLR2, TLR4 or IFNyR on macrophage/monocytes on PBMCs 

derived from HP and LP subjects. However, it must be noted that this analysis was 

carried out on only half of the cohort, and perhaps if the full population had been 

assessed, significance may have been attained, particularly in the case of TLR4.

The uptake of fluorescently-labelled beads by monocytes/macrophages isolated from 

HP and LP subjects was also investigated. As predicted, cells expressing CD11b were
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significantly more phagocytic than those without it, in accordance with its role in role 

cell migration and phagocytosis (Solovjov et a i, 2005). However, no overall change 

was observed in the phagocytic capacity of monocytes/macrophages isolated from HP 

and LP groups. A recent study has suggested that the phagocytic capacity of 

monocytes/macrophages isolated from the blood of AD patients was decreased 

compared with age-matched controls (Fiala et a i, 2005). Monocytes from healthy 

controls were reported to display excellent differentiation into macrophages and 

intracellular phagocytosis of A(3, while AD monocytes showed poor differentiation and 

only surface uptake of Ap. Monocytes incubated with AD brains sections in vitro were 

also unable to degrade A(3 efficiently (Fiala et al., 2007). In contrast, macrophages 

from age-matched controls transported A(3 to endosomes and lysosomes, aiding the 

clearance of Ap from AD brain sections. Work carried out by the same lab has 

suggested the use of a flow cytometric assay of phagocytosis as an early biomarker of 

AD (Avagyan et al., 2009).

The next step in this study was to differentiate CD14'" monocytes to become MDMs, 

type I or classically activated (M1) macrophages displaying a pro-inflammatory 

phenotype (Hendriks et al., 2005). MDMs are considered to be the peripheral 

counterpart of microglia, sharing the same progenitor and antigen markers, and having 

similar biological behaviours that mirror microglial function in the brain (Templeton et 

al., 2008, Dalmau et al., 2003). Results demonstrate that MDMs derived from LP 

subjects displayed increased protein expression of CD11b compared with those 

derived from HP subjects. TLR2 mRNA expression was enhanced in MDMs derived 

from LP subjects, while both mRNA and protein expression of TLR4 were also 

increased in MDMs derived from LP compared with HP subjects. MDMs derived from 

LP subjects also displayed higher surface expression of IFNyR, while no change was 

observed in the expression of IL-4Ra.

These results perhaps indicate that MDMs from LP subjects may be more responsive

to ligands of CD11b, TLR2, TLR4 and IFNyR, resulting in enhanced inflammatory
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responses following stimulation. Given that TLR4 acts as the primary signalling 

receptor for Gram-negative bacterial LPS (Akira et al., 2006), with TLR2 also required 

for LPS-induced TLR4 signalling (Good et al., 2012), the effect of LPS on cytokine 

production in MDMs from HP and LP groups was determined. Stimulation of TLR4 by 

LPS initiates a complex signal-transduction pathway ultimately leading to activation of 

NFkB and an increase in the expression of pro-inflammatory cytokines. Here, LPS 

significantly increased cytokine production of IL-ip , IFNy, TNFa, IL-6, IL-10 and IL- 

12p70 in MDMs from both groups, and importantly the production of TNFa, IL-6, IL- 

12p70 and IL-10 was exaggerated in MDMs prepared from LP compared with HP 

subjects.

The exaggerated release of these cytokines following stimulation with LPS indicates 

that MDMs prepared from LP subjects display an over-activated phenotype, at least in 

terms of cytokine production, and the increase in TLR4 and TLR2 expression provides 

a plausible mechanism for this effect. Increased expression of IFNyR may also have 

played a role in the enhanced response of MDMs from LP subjects to LPS, as IFNy 

released following LPS stimulation presumably interacted with its cognate receptor 

resulting in the further release of cytokines involved in classical activation. No change 

in expression of IL-4Ra was observed, which may have been beneficial in promoting 

an anti-inflammatory response.

Plasma concentrations of IL -ip  and IL-6 are reported to be increased in patients with 

AD compared with age-matched controls (Licastro et al., 2000). Evidence has also 

demonstrated that PBMCs isolated from AD patients release enhanced levels of IL-ip , 

IL-6 and TNFa, and less IL-4 than those from healthy controls (Reale et al., 2004). A 

recent study has also shown that LPS-stimulation of PBMCs isolated from AD patients 

released higher amounts of IL-6 compared with controls (Kaplin et al., 2009). These 

findings suggest that PBMC function is dysregulated in AD. The present study 

expands on this to demonstrate that similar changes can be determined in MDMs
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prepared from a group of otherwise healthy adults whose memory performance was 

discrepant with their estimated IQ

The use of biomarkers to predict development of AD among pre-dementia or MCI 

stage individuals would yield substantial therapeutic and economic benefits. The most 

significant data reported here identifies changes in expression of CD11b, TLR2, TLR4 

and IFNyR on MDMs isolated from a unique cohort of elderly individuals whose 

memory was in the normal range but whose memory performance was lower than 

expected for their educational and intellectual level. It was further shown that in vitro 

treatment with LPS promoted exaggerated cytokine production in MDMs from LP 

compared with HP subjects, with the observed increases in TLR4 and TLR2 

expression suggested as probable candidates for this effect. This study thus identifies 

a novel association between MDM receptor and cytokine expression, and a population 

with episodic memory loss. These changes in peripheral cells are indicative of 

inflammation and may be associated with cellular events further leading to the 

development of neurodegenerative disease.
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8: Conclusions
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Conclusions

AD is reported to affect over 41,000 people in Ireland and more than 35.6 million 

people worldwide (www.alzheimer.ie). It is the fifth leading cause of death amongst 

people over 65, and the seventh leading cause of death across all age-groups. Due to 

the rapidly ageing population, the number of people suffering from AD is expected to 

triple by the year 2050. However, if it were possible to delay AD by only one year it is 

reported that there would be 9.5 million fewer people suffering from the disease in 

2050. The World Alzheimer Report recently revealed that in 2010, the worldwide cost 

of dementia exceeded 1% of global GDP, priced at US$604 billion. Strikingly, if the 

cost of dementia care were a country, it would be the world's 18**̂  largest economy 

(www.alz.org.uk).

The first objective of this study was to assess the impact of exogenous and 

endogenous Ap on microglia and astrocytes both in vitro and in vivo, with specific 

regard to its effect on phagocytosis, cytokine release and the expression of putative Ap 

binding receptors. A particular emphasis was placed on evaluating the potential 

receptors and signalling pathways involved in the response of astrocytes to Ap, due to 

the relative scarcity of data compared with that of microglia. The modulatory effect of 

age on the accumulation of endogenous Ap was examined in APP/PS1 mice, with 

attention focused on evaluating the expression profile of markers of classical, 

alternative and acquired deactivation in microglia, in addition to factors that serve to 

induce these phenotypes. In an effort to translate findings, which indicated that 

inflammation was a key component in age-related changes observed in a mouse 

model of AD, inflammatory changes in MDMs from an elderly human cohort with subtle 

cognitive deficits were investigated in an attempt to identify a potential biomarker in a 

prodromal condition that may preface AD.

Among the most significant findings described in this thesis is that astrocytes are

efficient phagocytes. The phagocytic function of activated microglia has been known
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for decades. In contrast, there are relatively few reports in the literature indicating that 

astrocytes have phagocytic potential. A recently-generated transcriptome database 

demonstrated that astrocytes highly express some of the evolutionarily conserved 

phagocytic pathways present in Drosophila and Caenorhabditis elegans (Cahoy et a i, 

2008). These include specific cell death abnormality (ced) proteins, such as ced-1 and 

ced-7, which form parallel pathways leading to ced-10 (R a d ) cytoskeletal activation 

and target engulfment. The molecular components for other well-defined phagocytic 

pathways, including receptor tyrosine kinase and av(35 integrin, which modulates 

stabilin-2-mediated phagocytosis (Kim et al., 2012), were also found to be expressed 

by astrocytes (Cahoy et al., 2008). The authors proposed these phagocytic pathways 

might be excellent candidates in mediating the phagocytosis of Af3 by astrocytes. The 

present data are consistent with the proposal that astrocytes have the ability to 

phagocytose Ap, as they were shown to efficiently engulf fluorescently-labelled Ap in a 

manner dependent on actin polymerisation.

There are conflicting data regarding the modulatory effect of inflammatory cytokines on 

phagocytosis by microglia, with some groups suggesting a stimulatory effect (Shaftel 

et al., 2007, Chakrabarty et al., 2010) and others reporting the opposite 

(Koenigsknecht-Talboo and Landreth, 2005). Ap results in the release of several 

inflammatory cytokines by microglia and astrocytes in vitro (Floden et al., 2005, 

Lindberg et al., 2005, Benveniste et al., 2001, Veerhuis et al., 2005, Butovsky et al., 

2005). A further significant finding reported here is that Ap enhanced phagocytosis by 

astrocytes, as well as microglia, in addition to increasing mRNA and protein 

expression of markers of activation and inflammation. These findings suggest that 

phagocytosis can occur by both cell types, even when inflammatory changes persist.

In the case of astrocytes, phagocytic function and the production of pro-inflammatory

cytokines appeared to involve CD36, CD47, TLR2 and RAGE, as blocking these

receptors using neutralising antibodies modulated the release of pro-inflammatory

cytokines and phagocytosis following exposure to Ap. The finding that these proteins
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are expressed on astrocytes is consistent with previous observations (Sick et al., 2011, 

Bao et al., 2012, Askarova et al., 2011) although earlier findings had suggested that 

RAGE was only expressed on microglia (Alarcon et al., 2005). Interestingly, in the 

case of all but TLR2, neutralising antibodies decreased uptake of beads even in the 

absence of Ap. A role for these proteins in phagocytosis by macrophages or microglia 

has been reported (Matozaki et al., 2009, Greenberg eta l., 2006, Friggeri et al., 2011, 

Bao et al., 2012, Gitik et al., 2011) but, to our knowledge, there is no previous 

evidence that they play a role in phagocytosis by astrocytes. Furthermore, the data 

suggest a role for NFkB signalling following downstream activation of these receptors 

by Ap, as inhibition of its activity significantly attenuated both phagocytosis and the Ap- 

induced release of IL -ip , IL-6 and TNFa.

Having shown that short-term exposure of microglia and astrocytes to Ap in vitro 

triggers inflammatory responses and phagocytosis, the effect of intracerebroventricular 

infusion of Ap for 28 days was examined. This experiment was designed to assess the 

effect of exogenous Ap accumulation in the brain, as has been shown to occur 

following this infusion protocol (unpublished data, Belinda Grehan). The number of 

CDIIb"^ cells was found to be increased in tissue prepared from Ap- compared with 

control-treated rats indicating an increase in microglial activation; this is consistent with 

previous findings which reported that chronic infusion of Ap increased the number of 

F4/80-positive microglia (Craft et al., 2004). Oxidative stress (Malm et al., 2006, 

Frautschy et al., 2001). Long-lasting increases in IL -ip  and TNFa have also been 

reported following chronic Ap infusion (Craft et al., 2004). These changes were 

accompanied by a decreased neuronal count, downregulation of markers of synaptic 

function and, in some cases, reduced cognitive function, thus emphasising the 

negative impact of persistent inflammatory changes on neuronal function (Frautschy et 

al., 2001).

Although Ap increased the number of C D IIb '' cells following intracerebroventricular

infusion, uptake of fluorescently-labelled latex beads by these cells was similar in
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preparations obtained from control- and A(3-treated rats. In contrast, while no change 

in the number of GLAST"^ cells was observed, A(3 infusion was found to increase 

mRNA expression of GFAP, consistent with previous reports (Craft et a i, 2004). 

Interestingly, A|3 increased the number of GLAST'" cells that engulfed fluorescently- 

labelled latex beads indicating that chronic infusion of Ap enhanced the phagocytic 

activity of astrocytes but not microglia. It appears, therefore, that astrocytes have a 

more important role to play in clearing A|3 in vivo under these experimental conditions, 

further indicating the phagocytic role of astrocytes may be more important than 

previously suspected.

These results are particularly interesting in context of the recent finding that ablation of 

microglia resulted in no change in A(3 accumulation in two transgenic mouse models of 

AD (Grathwohl et a/., 2009). These findings indicated that the almost-complete 

absence of microglia for a 4-week period exerted no effect on either congophilic Ap 

deposits or dystrophic neuritic structures, suggesting that the role of microglia, at least 

during a specified time period, exerts limited effect on the de novo formation or 

clearance of Ap-plaques. While results from the study by Grathwohl et al. also report a 

concomitant increase in GFAP expression, the question as to whether or not these 

functions are controlled by astrocytes remains to be further elucidated, as they were 

not assessed for phagocytic function. Either way, the current data certainly indicate 

that astrocytes are efficient phagocytes.

While the etiology of AD remains unclear, it is suggested that soluble oligomers rather 

than fibrillar plaques represent the most toxic species of Ap. Soluble Ap present in the 

brain and CSF is reported to better correlate with disease severity than the presence 

of plaques (Kuo et al., 1996). Studies have shown that concentrations of soluble Ap in 

the cortex are increased 3-fold in AD and correlate highly with other markers of 

disease severity, in contrast to insoluble Ap which was found merely to discriminate 

AD patients from healthy controls (McLean et al., 1999). Even so, the beneficial effects
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of inhibiting Ap production would undoubtedly be useful as a therapeutic strategy due 

to ample evidence attributing the toxic effects of excess soluble Ap to AD pathology.

Utilising an APP/PS1 model of AD, the present data demonstrate that concentrations 

of both soluble and insoluble Ap were increased with age in the hippocampus. It is of 

interest that no plateau effect appeared to exist in the age-related accumulation of Ap, 

at least at the time-points investigated here. This finding was accompanied by 

evidence of enhanced activation of microglia and astrocytes with age, as revealed by 

the exaggerated expression of markers such as CD11b, CD68 and GFAP. 

Unfortunately, it still remains uncertain as to whether inflammatory changes contribute 

to pathogenesis of the disease and result in increased production of Ap, or whether 

they are secondary to deposition of Ap and other pathological changes. A deeper 

understanding of the precise sequence of events by assessing groups of mice at 

several ages would address this question, and a clear result would aid the 

development of strategies aimed at delaying disease progression.

Expression of the putative Ap-binding receptors, TLR2 and TLR4, were increased in

the cortex and hippocampus of APP/PS1 mice, and in the case of TLR2, this was

further enhanced in older animals. The presence of increased Ap, as well as enhanced

expression of its putative receptor is likely to contribute to the release of pro-

inflammatory cytokines following activation of NF-kB signalling pathways. Predictably,

the data describe enhanced expression of markers of classical activation of microglia,

such as TNFa and IL-1p, in the brains of aged, compared with middle-aged, APP/PS1

mice. There was no change in expression of MR, arginase-1 or FIZZ-1, all of which are

markers of alternatively activated microglia; indeed decreased expression of IL-4Ra,

NGF and BDNF were observed. These inflammatory changes were accompanied by

breakdown of the BBB and enhanced chemokine expression in the hippocampus, with

further evidence indicating that T cells, monocytes/macrophages and neutrophils

infiltrated the brain parenchyma of APP/PS1 mice. The effect of leukocyte infiltration

remains to be unequivocally determined, with some data indicating that it is detrimental
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to neuronal function (Nikolic et a i, 2007) and others suggesting that infiltration of 

macrophages limits A3 accumulation (Town et al., 2008), and infiltrating leukocytes 

may be protective (Yong and Rivest, 2009). In the current study, however, it is 

proposed that accumulation of A(3 and infiltration of peripheral leukocytes combine to 

induce an age-related shift towards a classical pro-inflammatory phenotype in aged 

APP/PS1 mice.

In an effort to translate findings indicating that inflammation is a key component of the 

age-related changes reported in an APP/PS1 mouse model of AD, MDMs were 

isolated from the blood of a unique group of healthy elderly adults classified as IQ 

memory-discrepant (LP) or IQ memory-consistent (HP); this cohort consisted of elderly 

individuals whose memory performance was lower than predicted for their educational 

and intellectual level. Consistent with a role for inflammatory changes in the very early 

stages of cognitive deterioration, MDMs from the LP group displayed increased 

expression of CD11b, TLR2, TLR4 and IFNyR, suggesting an enhanced activation 

state, and it was further shown that when stimulated with LPS in vitro, MDMs from LP 

subjects were hypersensitive such that the release of the cytokines TNFa, IL-6, IL- 

12p70 and IL-10 was greater than in MDMs prepared from HP subjects. This is 

suggested to occur as a result of the observed increases in expression of TLR2 and 

TLR4.

A great deal of evidence, include some detailed in the current thesis, suggests that 

neuroinflammatory changes are a key component in the pathogenesis of AD. The 

finding that long-term treatment with NSAIDs results in a reduced risk of developing 

AD further suggests that such changes may occur early in the disease process and 

contribute to its development. Numerous studies have reported the presence of 

increased plasma cytokines (Magaki eta!., 2007), chemokines (Bjorkqvist et al., 2012, 

Westin et al., 2012, Kim et al., 2008) and complement (Thambisetty et al., 2011) in 

patients with MCI and AD, all of which are further indicative of inflammatory changes.
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There is no doubt that early intervention with disease-modifying therapy would be vital 

in reducing the impact of AD, however this is hampered by a distinct lack of diagnostic 

tools to allow detection of early changes in cognitive dysfunction which may be 

indicative of prodromal conditions relating to AD. Existing technologies are reliant on 

assessment using invasive lumbar puncture or expensive MRI procedures. In addition 

to changes in AP1.42 and tau in CSF, increased phospholipase A 2 (PLA2 ) activity 

(Chalbot et al., 2009) and the presence of isoprostane (Kester et al., 2012, Pratico et 

al., 2002), have been suggested as potential biomarkers for AD. While these results 

are of great interest, the ultimate goal in diagnostic research is to identify a simple 

blood-based biomarker to enable routine and repeated measurement before neuronal 

damage occurs. Therefore, a specific focus of this study was to assess whether 

changes in MDMs accompany subtle cognitive deficits in older individuals and thus 

have the potential to provide a robust marker of early disease.

This study thus identifies a novel association between cognitive dysfunction and 

expression of receptors and cytokines involved with an inflammatory response in 

MDMs. These inflammatory changes in peripheral cells may be associated with 

cellular events that contribute to the development of more profound cognitive 

dysfunction. These results are interesting, not only as is it a simple blood-based assay, 

but also because the test is subtle enough to identify changes in a non-clinical cohort 

of subjects. If will be of particular interest to pursue the present findings in a study 

which assesses whether these changes are associated with further cognitive 

dysfunction such as that which occurs in MCI or AD. If these were found to correlate, it 

may provide a method to continuously assess deteriorating cognitive dysfunction and 

disease progression. Such an assay could also be useful in clinical trials to examine 

the efficacy of potential disease-modifying treatments. Additionally, confirmation of 

these early changes in a larger cohort may trigger development of preventative 

strategies and novel disease-modifying treatments.
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Overall, the data identify a role for the modulation of astrocytes as an important area to 

explore in finding ways to clear A(3 from the AD brain, provide evidence that 

inflammation is a key component of age-related changes in a mouse model of AD and 

establish a novel association between inflammatory changes in a population with 

episodic memory loss.
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10.1 Solutions and buffers

aCSF solution A NaCl

KCI

C3CI2

MgCIa

8.66g 

0.224g 

0.206g 

0.163g

Dissolve in 500m l pyrogen-free, sterile CIH2O

aCSF solution B Na2HP0 4  0.214g

NaH2P0 4  0.027g

Dissolve in 500m l pyrogen-free, sterile d H 20  

Com bine solutions A and B in a 1:1 ratio

Bis/Acrylamide Acrylamide 29.2g

N’N’ Bisacrylamide 0.8g

M ake up to 100ml with dHzO and filter

Electrode running buffer (10X) Tris base 30g

SDS 10g

Glycine 144g

M ake up to 1L with d H 20

FACS buffer PBS (1X) 500ml

FBS 10ml

Sodium azide 0.5g

Guanidine buffer Guanidine 5M

TrisH C I(pH 8) 50mM
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Laemmli sample buffer (2X, pH 6 .8 ) SDS 4%

P-mercaptoethanol 10%

Glycerol 20%

TrisHCI 0.125M

Bromophenol blue 0.004%

Lysis buffer TrisHCI 50mM

NaCI 150mM

Triton-X 1 %

Protease inhibitors 1%

Phosphatase inhibitors 1%

MACS buffer PBS (1X) 500ml

EDTA 2mM

FBS 10ml

Medium A 1XHBSS 50ml

Glucose (45%) 650|.il

HEPES(1M) 750^1

PBS (1X, pH 7.3) NaCI 8 g

KCI 0,2g

Na2 HP0 4  1.15g

K2 PO4 0.2g

Make up to 1L with CIH2O and  filte r
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Running gel (7.5%)

Running gel (10%)

Stacking gel (4%)

TBS (1X, pH 7.6)

Transfer buffer (10X)

Bis/Acrylamide 1.25ml

H2 O 2.425ml

1.5M Ir is  HCI (pH 8.8) 1.25ml

10%SDS 50(,il

10% APS 25^1

TEMED 3^1

Bis/Acrylamide 1.6655ml

H2 O 2.01ml

1.5M Ir is  HCI (pH 8.8) 1.25ml

10%SDS 50|,il

10% APS 25^1

TEMED 3^1

Bis/Acrylamide 0.325ml

H2 O 1.525ml

0 .5M T risH C I(pH 6 .8 ) 0.625ml 

10%SDS 25nl

10% APS 12.5(,il

TEMED 4|al

Make up to 1L with CH-I2O and  filte r

Trisbase 24g

NaCI 88g

Make up to 1L with dH20 and filte r

Tris base 30g

Glycine 144g

Make up to 1L with dHzO

Add 20% m ethanol when m aking 1X transfe r bu ffe r
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10.2 Suppliers

Absolute ethanol 

ALZET Osmotic Pumps 

APP/PS1 mice 

Ap

APi.4 2 HiLyte Fluor™ 488-labeled 

BiocidalZF™

Black fluorescent plates 

CompBeads

Coverslips (glass, 13 mm) 

Cryovials 

Cytochalasin-D 

Cytotox 96® Assay 

Dimethyl sulfoxide (DMSO) 

Disposable sterile scalpels 

DNeasy Blood & Tissue Kit 

DMEM

Dulbecco’s PBS 

FACS tubes

Filter units (33mm sterile Millex) 

FBS

Hazmat, TCD 

ALZET, USA

Originally purchased from Jackson Laboratory 
Bred in Bioresources Unit, TCD

Invitrogen, UK 

Anaspec, Fremont, USA 

WAK-Chemie Medical, Germany 

Thermo Scientific, UK 

BD Biosciences, USA 

VWR Scientific, Ireland 

Sigma-Aldrich, UK 

Calbiochem, Germany 

Promega Ltd., UK 

Sigma Aldrich, UK 

Swann-Morton Ltd., UK 

Qiagen, Germany 

Invitrogen, UK 

Sigma Aldrich, UK 

BD Biosciences, USA 

Millipore B.V., Ireland 

Invitrogen, UK
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Fungizone

GelRed™

General laboratory chemicals 

General laboratory plasticware 

GM-CSF

GoTaq® Green Master Mix 

HBSS

High capacity cDNA archive kit 

IsoFlo

Latex beads, 1.0pM

Lidocaine hydrofluoride

LPS from E. co//serotype 0111:B4

Lymphoprep

M-CSF

MACS Kit

Mesoscale Assays

Mycoplasma-OFF

Nucleospin*^ RNA I! lisolation Kit

OptiPrep™

Penicillin-streptomycin

Poly-L-lysine

Prestained SDS-PAGE Standards

Invitrogen Life Technologies, UK 

Biotium, USA

Sigma-Aldrich, UK (unless otherwise stated)

Sarstedt Ltd., UK

R&D Systems, UK

Promega Ltd., UK

Invitrogen, UK

Applied Biosystems, UK

Abbott Animal Health, UK

Sigma-Aldrich, UK

Abbott Animal Health, UK

Sigma-Aldrich, UK

Axis-Shield pic, Scotland

R&D Systems, UK

MACS Miltenyi Biotec, Germany

Mesoscale Discovery, USA

Minerva Biolabs, Germany

Macherney-Nagel, Germany

Axis-Shield pic, Scotland

Invitrogen, UK

Sigma Aldrich, UK

BioRad Laboratories Inc., UK
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Resazurin Sigma-Aldrich, UK

Rimadyl Abbott Animal Health, UK

RNase-free microtubes Ambion Inc., USA

RNaseZap*^ wipes Ambion Inc., USA

RPIVIi Invitrogen, UK

Sterile plasticware Sarstedt Ltd., UK

Syringe filters (0.2pm) Pall Corporation, USA

Syringes (20ml, 50 ml) Unitech, Ireland

TaqMan® Universal PCR Master Mix Applied Biosystems, UK

TaqMan’̂  Gene Expression Assays Applied Biosystems, UK

Trypan blue (0.4%) Sigma Aldrich, UK

Trypsin-EDTA Sigma Aldrich, UK

Virkon Antec International, USA

Wedelolactone Merck Millipore, Germany

Wistar rats Bioresources Unit, TCD
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10.3 Published abstracts

J Neuroimmune Pharmacol. 2012 Dec 14. [Epub ahead of print]

Amyloid-p-induced astrocytic phagocytosis is mediated by CD36, CD47 and 

RAGE

Jones, R.S., Minogue, A.M., Connor, T.J., Lynch, M.A.

Astrocytes, the most numerous glial cell in the brain, have multiple functions and are 

key to maintenance of homeostasis in the central nervous system. Microglia are the 

resident immunocompetent cells in the brain and share several functions with 

macrophages, including their phagocytic ability. Indeed microglia are the resident 

phagocytes in the brain and express numerous cell surface proteins which act to 

enable receptor-mediated phagocytosis. However recent evidence suggests that 

astrocytes express some genes which permit phagocytosis of phosphatidylsenne- 

decorated cells and this probably explains sporadic reports in the literature which 

suggest that astrocytes become phagocytic following brain trauma. Here we examined 

the potential of astrocytes to phagocytose fluorescently-labelled latex beads and 

amyloid-(3 (Ap) and report that they competently engulf both in a manner that relies on 

actin polymerization since it was inhibited by cytochalasin D. The data indicate that 

incubation of cultured astrocytes or microglia with Ap increased phagocytosis and 

markers of activation of both cell types. Ap was found to markedly increase expression 

of the putative Ap-binding receptors CD36 and CD47 in astrocytes, while it decreased 

expression of the receptor for advanced glycation endproducts (RAGE). It is 

demonstrated that blocking these receptors using a neutralizing antibody attenuated 

Ap-induced phagocytosis of latex beads by astrocytes. Interestingly blocking these 

receptors also decreased uptake of beads even in the absence of Ap. We conclude 

that astrocytes are competent phagocytes and their ability to engulf Ap may be 

important in the context of identifying strategies which might reduce Ap accumulation in 

Alzheimer’s disease.
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Identifying early inflammatory changes in monocyte-derived macrophages from a 

population with IQ-discrepant episodic memory

*Downer, E.J., *Jones, R.S., Greco, E., Brennan, S., Connor T.J., Roberston, I.H., Lynch,

M.A.

Background Cells of the innate immune system including monocytes and macrophages are 

the first line of defence against infections and are critical regulators of the inflammatory 

response. These cells express toll-like receptors (TLRs), innate immune receptors which 

govern tailored inflammatory gene expression patterns. Monocytes, which produce pro- 

inflammatory mediators, are readily recruited to the central nervous system (CNS) in 

neurodegenerative diseases.

Methods: This study explored the expression of receptors (CD11b, TLR2 and TLR4) on 

circulating monocyte-derived macrophages (MDMs) and peripheral blood mononuclear cells 

(PBMCs) isolated from healthy elderly adults who we classified as either IQ memory- 

consistent (high-performing, HP) or IQ memory-discrepant (low-performing, LP).

Results. The expression of CD11b, TLR4 and TLR2 was increased in MDMs from the LP 

group when compared to HP cohort. MDMs from both groups responded robustly to 

treatment with the TLR4 activator, lipopolysaccharide (LPS), in terms of cytokine production. 

Significantly, MDMs from the LP group displayed hypersensitivity to LPS exposure

Interpretation: Overall these findings define differential receptor expression and cytokine 

profiles that occur in MDMs derived from a cohort of IQ memory-discrepant individuals. 

These changes are indicative of inflammation and may be involved in the prodromal 

processes leading to the development of neurodegenerative disease.

'These authors contributed equally to this work
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Phagocytosis by astrocytes is enhanced by amyloid- p

Jones, R.S., Cowley, T.R., Connor, T.J., Lynch, M.A.

In Alzheimer’s disease (AD), it is widely accepted that the build-up of amyloid-beta (A(3) is 

detrimental and factors contributing to its accumulation are increased production of A(3 and/or 

decreased processing, and ineffective clearance. Microglia, and also infiltrating 

macrophages, are professional phagocytes and primarily responsible for Ap clearance. 

However there is some evidence that astrocytes may also function as phagocytes.

In this study, we first investigated phagocytic activity in mixed glial cells prepared from 1 day 

old rats and report that fluorescently-labelled latex beads were engulfed by both CD11 b'" and 

CD11b' cells. We established that this preparation comprised approximately 10% C D IIb '" 

cells and 90% CD11b" cells, and that the C D IIb ’ cells were predominantly astrocytes. 

Uptake of latex beads by both cell types was inhibited by pre-treatment with cytochalasin D, 

a cell permeable and potent inhibitor of actin polymerisation, indicating that the mechanism of 

cellular uptake involved the phagocytic process. Pre-treatment with Ap was found to enhance 

the uptake of fluorescently-labelled latex beads by both CD11 b'̂  and GFAP”" cells.

We then assessed uptake of fluorescently-labelled Ap and found that it was engulfed by both 

CDUb'^ and GFAP^ cells and that this was again inhibited by cytochalasin D. Confocal 

images demonstrate intracellular localisation of Ap within both C D IIb '"  and GFAP"^ cells. 

Analysis of the uptake of fluorescently-labelled Ap in purified astrocytes confirmed the 

phagocytic capability of these cells. These results indicate that astrocytes are competent 

phagocytes and we suggest that astrocytic dysfunction could contribute to the accumulation 

of Ap that occurs in AD.
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