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Abstract 

Alzheimer disease (AD) is the most common form of dementia. Due to longer 

life-spans the number of affected individuals is expected to triple over the next few 

decades. A s a consequence, a great deal of research is focused on determining the many 

processes by which the disease manifests as well as in discovering biomarkers and 

therapeutics to aid in diagnosis and disease prevention. The neuropathological hallmarks 

of A D include extracellular deposits of amyloid into senile plaques, accumulation of 

abnormal Tau filaments into neurofibrillary tangles, extensive neurodegeneration and 

inflammation. Although significant advances have been made in A D neurodegeneration, 

there still remain many unanswered and unforeseen aspects to the disease. 

It has been established that microglia, the immune cells of the brain, become 

activated in response to amyloid; however, the precise intracellular responses of 

microglia to amyloid and the relationship between microglia and amyloid deposition or 

clearance is unresolved. There have been many genes identified whose expression is 

upregulated in activated microglia and many of them have been proposed to be used as 

markers for inflammation. It has been demonstrated in humans that serum levels of 

melanotransferrin (p97), an iron binding molecule, is elevated in individuals affected 

with A D and that it is the activated, plaque-associated microglia that are responsible for 

this upregulation. This thesis further investigated the association between microglial 

activation and p97 gene expression and found that the levels of p97, both m R N A and 

protein, are increased in activated microglia in culture. The change in gene expression 

occurred largely in response to amyloid treatment possibly by the regulation of the AP-1 

transcription factor downstream of the p38 mitogen-activated protein kinase pathway. 
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Moreover, p97 expression was altered by the treatment of activated microglia with anti

inflammatory drugs indicating that p97 may be used as a marker specific for amyloid-

induced inflammation. 

The production and degradation of amyloid in the brain appears to be in a strict 

equilibrium. In A D , it is thought that the production of amyloid occurs at a faster rate 

than its removal and degradation and it is this shift in equilibrium that leads to plaque 

development. This study addressed the role of microglia in amyloid plaque formation 

using an A D transgenic model mouse that exhibits dysfunctional microglia. These mice 

accumulated amyloid deposits at the same rate as A D model mice however, limited 

numbers of mice did not allow for definite conclusions. Interestingly, these mice also 

displayed a shift in amyloid distribution, as indicated by increased vascular deposits, 

whereas normal A D model mice did not. 

Microglial activation and subsequent removal of amyloid deposits is one of the 

mechanisms suggested to explain the success of the amyloid beta vaccination treatment 

protocols. Immunization with amyloid and anti-human amyloid antibodies has resulted 

in the decrease in amyloid plaque burden, neurodegeneration, gliosis, early Tau 

pathology and cognitive and memory deficits. One aspect of A D not previously 

investigated was the effect of immunization on the integrity of the blood-brain barrier 

( B B B ) . The studies performed in this thesis show that there was a decrease in B B B 

permeability after amyloid immunization. These data further support amyloid 

immunization as a treatment for A D as well as provide an explanation of the mechanism 

by which immunization effectively reduces A D pathology. 
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Chapter 1: Introduction 

1.1 Alzheimer disease 

Alzheimer disease ( A D ) was first described in 1907 by Alios Alzheimer as a 

neuropathological syndrome characterized by progressive dementia and deterioration of 

cognitive function along with neurological lesions identified as dark staining plaques and 

fiber-like tangles \ A D accounts for approximately 65% of all dementia cases in the 

elderly 1 . It is estimated that there are approximately 20 million people affected 

worldwide with either A D or mild cognitive impairment. The prevalence of A D , in the 

general population, increases with age as the rate is 3% in those between 65 and 74 years 

compared with 47% among those over 85 years of age 3 . Progressive memory and 

cognitive decline as well as difficulty in language, praxis and visual perception are the 

clinical manifestations which characterize the disease. The decline in intellectual 

function progresses at a slow but inexorable rate and leads to severe debilitation and 

death within 12 years after onset 4. 

Pathologically, A D selectively damages brain regions and neural circuits critical for 

cognition and memory and is distinguished by the presence of proteinaceous deposits in 

the brain, comprised of extracellular amyloid plaques and accumulated paired helical 

filaments of hyper-phosphorylated Tau in intracellular neurofibrillary tangles (NFTs), 

dystrophic neuritis and neuropil threads 5 ' 6 . Inflammation also plays a key role in A D 

and appears to be facilitated by activated microglia, the immune cells of the central 

nervous system (CNS). It took 75 more years to determine that the main constituent of 

the plaques was a 40-42 amino acid peptide referred to as amyloid p (AP).7. AP is a 
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metabolic product resulting from the proteolytic cleavage of the amyloid precursor 

protein (APP) and its aggregation into fibrils is thought to be the central event of A D . 

The "amyloid cascade hypothesis" proposes that A P precipitation into fibrils initiates the 

formation of amyloid plaques which in turn contribute to the formation of neurofibrillary 

tangles, initiate complement cascades and inflammatory processes and ultimately 

culminate in cell death 8 . However, this hypothesis is not consistent with recent advances 

that implicate inflammation, NFTs and oxidative stress as independent processes that 

may even be upstream of A P aggregation. 

1.2 Genetics of Alzheimer disease 

The inheritance of predisposing genetic factors appears to play an important role in 

A D . After age, family history is the second greatest risk factor for A D . There are two 

classes of A D : early-onset familial A D ( E O F A D ) , where the age of onset is less than 60 

years of age; and late-onset A D ( L O A D ) , where age of onset is greater than 60 years. 

The genetics of A D are complex since A D is a heterogeneous genetic disorder in which 

numerous genetic factors, with both minor and major effects, play independent, 

simultaneous and interdependent roles. Further complexity arises since mutations and 

polymorphisms in multiple genes are acting together with many environmental factors. 

Moreover, A D represents a dichotomous situation where genes which cause E O F A D are 

rare in prevalence but 100% penetrant, while genes which confer increased risk for 

L O A D are highly prevalent with low penetrance 9 . Present research is focused on 

elucidating the genes responsible for the various aspects of A D . This wi l l make it 
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possible to create and estimate a person's genetic susceptibility profile that w i l l aid in 

both early diagnosis and the development of preventative treatment. 

1.2.1 Early onset gene candidates 

The first candidate gene for A D was discovered in the early 1980's. Linkage 

analysis and subsequent positional cloning techniques were performed on 

multigenerational families who all had E O F A D . The inheritance pattern in all these 

families appeared to be autosomal dominant and highly penetrant. The findings from 

these families showed linkage to chromosome 21 and focused on a candidate gene 

encoding the A P P 1 0 . Although association was later found to be a false positive, it did 

lead investigators to a compelling candidate gene. More persuasive evidence for the 

involvement of A P P in A D was the fact that Down's Syndrome patients, who have 

trisomy 21, had strikingly similar brain pathology to those suffering from A D " . In 

addition, Down's patients had increased A P P messenger ribonucleic acid ( m R N A ) 

expression along with elevated A P P and A P in the serum and brain 1 2 ' 1 3 . Finally, mice 

overexpressing mutant forms of A P P developed A D - l i k e pathology, further implicating 

A P P as a genetic determinant for A D . 

The first A P P mutation was found in 1990 in a Dutch family where individuals 

were affected with cerebral hemorrhage with significant amyloid deposits in accordance 

with an autosomal dominance inheritance pattern 9 . Since then 20 mutations in the A P P 

gene have been found, all of which are missense mutations located close to or within the 

coding region of the A p fragment in the P and y-secretase cleavage sites (Figure 1.1) 1 0 . 

Overall, mutations in the A P P gene result in an increase in the production of Api_42 

peptide, the more amyloidogenic and toxic species of A p . Other mutations, such as the 
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London mutation (V7171), cause an increase in the ratio of APi_42 peptide to A P M O 

peptide l 4 , whereas the Swedish mutation (K670N/M671L) causes an increase in the 

production of both species of ApMo and AP142 ' 5 . Individuals with A P P mutations have 

an average year of onset of 49 ± 8 years and disease duration of approximately 12 years . 

Mutations in the A P P gene account for 5-7% of all E O F A D cases which account for less 

than 2% of all A D cases. 

p-secretase a-secretase 

i 

G (Arctic) 
K (Italian) 
N (Iowa) 

t 
...SEVKM 

Hi 
(Swedish) N L 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVI 

i i 
(Flemish) G Q (Dutch) 

y-secretase 

(Belgian) A 
(French) MV (Florida) 

It 
gTVIVITLVMLKK... 

/ / | \ |S 
I I F G P 

(Austrian) (London) (Australian) 

Figure 1.1. Mutations in A P P genetically linked to E O F A D 
The A P coding region within the A P P is expanded and shown by amino acid code. The 
arrows indicate residues with known missense mutations which have been identified in 
E O F A D and/or hereditary cerebral hemorrhage with amyloidosis. Mutations of A P P near 
the positions 670, 693 and 715 have been found to increase the risk of A D . A double 
mutation at K670 and M671 increases the production of both A P M O and Ap42, while 
mutations near the y-secretase cleavage site favors the production of Api_42- Three-digit 
numbers refer to the residue number of A P P (Adapted from Selkoe 1 6 ) . 

A year after the discovery of mutations in the A P P gene, another F A D locus was 

found to be linked to chromosome 14 and later identified as the presenilin 1 (PS1) gene 9 . 

Shortly after, another gene encoding a second member of the presenilin family called 

presenilin 2 (PS2) located on chromosome 1 was also identified . To date there are 
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approximately 140 mutations in PS1 and 10 mutations in PS2, and together presenilin 

mutations account for the majority of EOFAD cases 1 0" 1 6. PS1 encodes a 7 

transmembrane spanning protein that functions as an aspartyl protease and is required for 

y-secretase activity 1 7 . At first it was thought that PS1 was the y-secretase. However, 

many studies have demonstrated that PS1 is part of a protease complex consisting of at 

18 19 20 

least three other proteins including, nicastrin, APH-1, and Pen-2 ' ' . Mutations in 

presenilin genes result in the over production of A P 1 - 4 2 , presumably by altering y-

secretase activity 2 1 . Individuals with PS1 mutations have an earlier age of disease onset 

(43.5 ± 0.7 years) and have shorter disease, duration (4.5 ± 0.7 years), while PS2 
S 22 

mutations have a later age of onset and longer duration . Interestingly, PS2 mutations 

are not highly penetrant compared to PS1 mutations which are completely penetrant. 

Overall, mutations in PS genes account for greater than 55% of all EOFAD mutations. 
1.2.2 Late onset gene candidates 

LOAD accounts for approximately 95% of AD cases and is classified as sporadic 

AD. The genetic contributions to LOAD are more difficult to address due to the lack of 

complete family histories and fewer living subjects from which to obtain blood samples. 

There are a few gene candidates for LOAD which have been identified by association or 

linkage disequilibrium studies. Co-segregation of particular allele(s) and disease 

phenotype was one of the strategies employed to identify an allele of the gene encoding 

apolipoprotein E (ApoE) as a risk factor for AD 2 3 . There are three alleles of the ApoE 

gene; s2, s3, and s4. Individuals who have the e4 allele, either heterozygous or 

homozygous, have a greater risk of developing AD; however, there are many individuals 

who are homozygous for the 84 allele and do not develop dementia. Therefore, the e4 
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allele is neither necessary nor sufficient for the development of A D . A p o E is a 299 

amino acid glycoprotein that normally functions in cholesterol and lipid metabolism 2 4 . It 

is thought that the s4 allele acts as a modifying gene by decreasing the age of onset in a 

dose dependent manner 1 0 . The s4 isoform has also been reported to promote A p 

aggregation by mechanisms not yet elucidated. It is thought that e4 is less capable of 

clearing A P from the neuropil and that 84 binds to A p with a lower affinity than the other 

isoforms 2 5 . 

Genetic linkage studies have also given rise to many more candidate genes 

including a 2-macroglobulin, low-density lipoprotein receptor related protein (LRP-1) , 

insulin degrading enzyme, urokinase plasminogen activator and the very low-density 

lipoprotein receptor ( V L D L - R ) . a2-Macroglobulin and L R P - 1 , both located on 

chromosome 12, appear to play a role in A P clearance and degradation. LRP-1 can also 

serve as a receptor for A p o E , a2-macroglobulin and secreted forms of A P P and 

polymorphisms in exon 3 and 6 have been linked to A D 9 ' 2 6 . Insulin degrading enzyme 

and urokinase plasminogen activator, located on chromosome 10, have also been 

suggested to play a role in A P degradation 2 1 . Finally, V L D L - R , located on the short arm 

of chromosome 9, may be a receptor for lipoproteins such as A p o E 9 . There are also 

many inflammatory factors that are deemed to have high risk alleles. Polymorphisms in 

interleukin ( IL) - la , IL-1 P, IL-6, tumor necrosis factor a (TNF-a) and d\-

antichymotrypsin have all been shown to influence A D risk 2 8 . There are approximately 

10 polymorphisms that have been found in the general population and individuals 

carrying one or more of these alleles are hypersensitive to oddities resulting in 

28 
inflammatory processes that can cause increased degeneration . Since the genes 
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identified to date are believed to only account for approximately 30% of the genetic 

variance in A D , the search for genetic factors associated with A D is an ongoing research 

effort. 

1.3 The amyloid precursor protein and amyloid beta 

1.3.1 The amyloid precursor protein 

With the identification of A P P being a genetic determinant for E O F A D , research 

began into clarifying the biological role of A P P and its proteolytic cleavage products. 

A P P is a type 1 transmembrane glycoprotein that is localized to chromosome 21 

(21q21.2-3), contains 18 exons and spans 170 kilobases 2 9 . A P P is expressed 

ubiquitously throughout the body and can exist in at least three isoforms: APP770, APP751, 

and APP695, arising from alternative splicing with different isoforms expressed in specific 

tissues 3 0 . The full length protein contains zinc and copper binding sites, a cysteine rich 

subdomain and an acidic region at the amino terminus. There is also a kunitz protease 

inhibitor domain, although the functional significance of this domain is unclear 4 . In the 

brain the APP695 isoform is the predominant form and is expressed in glial, endothelial 

and neuronal cells. A P P has been observed to be localized to many membranous 

structures including the endoplasmic reticulum (ER), Golgi compartments, plasma 

membrane, postsynaptic densities, axons, and dendrites. In addition, A P P has been 

found in cholesterol and G M 1 ganglioside rich membrane microdomains . 

The exact function of A P P is not clear and many studies have focused on the role 

of A P P and its fragments. It had been demonstrated that A P P and its fragments, such as 
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secreted APPa (sAPPa), secreted APPP (sAPPP) and Ap, are powerful regulators of 

neuronal functions including synaptic plasticity and transmission, neuritic outgrowth, cell 

excitability, cholesterol metabolism, cell adhesion, cell death and gene transcription '. 

One possible function of full length APP is as a cell surface G-protein-coupled receptor. 

Binding of G-proteins to APP causes the G-protein to dissociate into its dimeric form 

resulting in the activation of multiple signal transduction molecules such as 

phospholipase C, voltage dependant calcium channels, adenylyn cyclase and many 

enzymes involved in apoptotic signaling cascades. However, the role of APP mediated 

G-protein activation is not fully understood. APP has also been implicated in cell 

adhesion. Immunohistochemical studies have demonstrated that cell surface APP co-

localizes with adhesion proteins such as P-l integrin 3 1 and telencephalin 3 2 . Moreover, 

APP contains several domains that facilitate the binding of heparin, collagen and laminin 

Other possible functions include synaptic transmission and plasticity and more 

recently memory and cognition. Nerve process outgrowth is thought to be regulated, in 

part, by APP. Studies focusing oh embryonic development and APP expression have 

shown that APP expression is at its highest between embryonic day 6-9, when neuritic 

outgrowth is at its maximum 4 . Moreover, in vitro experiments with synthetic APP 

demonstrate that APP is able to stimulate neuritic outgrowth in PC 12 neuronal cells 4 . 

Research on APP function is conflicting since most AD animal models are transgenic for 

the human form of the protein that may interfere in the evaluation of the endogenous 

mouse protein function. 

8 



1.3.2 A P P processing 

The processing of A P P into its metabolites involves three different enzymes: P-, 

a-, and y-secretases and two cleavage pathways (Figure 1.2). In A P P , there are two main 

cleavage sites on the extracellular side of the membrane and one site within the 

transmembrane domain. P- and a-secretase cleavage appears to be mutually exclusive 

events, each generating soluble carboxyl-terminal (C-terminal) fragments. The 

remaining amino-terminal (N-terminal) fragment of A P P is then cleaved by y-secretase 4 . 

In the non-amyloidogenic pathway, A P P is cleaved by a-secretase at a cleavage site 

located within the A P peptide. This cleavage precludes the production of A p producing a 

612 amino acid soluble protein, sAPPa , which has been shown to have neuroprotective 

and memory enhancing effects 3 3 . Cleavage at this site is dependent on secondary 

structure and on the location of the cleavage site from the membrane. In addition, a-

secretase activity can be regulated by protein kinase C activity as well as by other 

molecules such as estrogen, testosterone, various neurotransmitters and growth factors 3 4 . 

Although the exact identity of a-secretase is still unknown, three proteins have been 

described that appear to have a-secretase-like activities. Studies with protease inhibitors 

have shown that a-secretase is a zinc metalloproteinase and belongs to the family of a 

disintegrin and metalloproteinase ( A D A M s ) . The three candidate proteins are A D A M I 7 

(also known as T N F - a convertase), A D A M 10 and A D A M 9 (also known as M D C 9 ) 3 3 . 

A D A M s are type 1 integral membrane proteins with a multi-domain structure and 

function in cell adhesion, cell fusion, intracellular signaling and proteolysis 3 4 . The 

expression and localization of each these proteins in A D are altered and gives rise to the 

potential role of each in A P P processing. A D A M I 7 has been found to localize to 
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neurons as well as to senile plaques and tangles, although there is no change in its 

expression in A D . In contrast, A D A M 10 protein levels are significantly reduced in A D , 

as are levels of s A P P a and a-secretase ac t iv i ty 3 3 . The emerging hypothesis, as suggested 

by studies involving knock out mice and enzymatic inhibition, is that all three A D A M 

enzymes are involved to a similar extent in A P P processing acting together at the a-

secretase cleavage site to varying degrees depending on cell type. It is possible that 

A D A M 10 is involved in both constitutive and regulative pathways of a-secretase, 

whereas A D M A 1 7 may be involved solely in the regulatory pathway and A D A M 9 in the 

actual cleavage event 3 3 . 

In the amyloidogenic pathway of A P P processing, A P P is first cleaved by P-

secretase followed by cleavage with y-secretase. These events generate two metabolites, 

sAPPp and the AP peptide. Two enzymes capable of cleavage at the P-secretase 

cleavage site are the P-site A P P cleavage enzymes ( B A C E 1 ) and B A C E 2 6 . B A C E 1 , also 

referred to as Asp2 or memapsin2, is a transmembrane aspartyl protease and exists in 

three isoforms. B A C E 1 is expressed at high levels in the pancreas, moderate levels in the 

brain and at low levels in most peripheral tissue. However, B A C E 1 activity is highest in 

neuronal tissue and is increased in A D 3 : > . Intracellularly, B A C E 1 can be found primarily 

in the trans-Golgi network, and the endosomal compartments, although it can also be 

found in the endoplasmic reticulum and on the cell surface 3 4 . Cleavage by B A C E 1 is the 

rate limiting step in the generation of A p . B A C E 1 cleaves at two positions depending on 

intracellular localization, either at the A s p l (P-site) or at G l u l 1 (p'-site) of AP, generating 

an APi_4o/42 fragment or an APi 1.40/42 fragment, respectively. p-site cleavage 

predominantly occurs in the E R while P'-site cleavage occurs in the Golgi 3 4 . Further 

10 



evidence to support the role of B A C E 1 as p-secretase comes from studies on various A D 

animal models. In A P P transgenic mice expressing the Swedish mutation, there is a 10 

fold increase in B A C E cleavage activity. Moreover, mice which overexpress human 

B A C E have a significant increase in A01.40/42 levels and knock out of this gene perturbs 

A P P processing and prevents AP generation 3 6 . Finally, in B A C E l ' / A P P mice there is a 

lack of AP compared to other A P P transgenics 3 6 . 

B A C E 2 , another aspartyl protease, is 55% identical to B A C E 1 and shows similar 

substrate specificity to B A C E 1 . B A G E 2 is widely expressed in peripheral tissues but is 

not highly expressed in the brain. It cleaves AP at position A s p l and at position Phel9 or 

Phe-20 of the A p peptide 3 4 . The precise role of B A C E 2 in A P P processing is unclear. 

There is no direct evidence for the role of B A C E 2 in A D however, cleavage at positions 

19 and 20 located within A p is affected by the F A D Flemish mutation 3 4 and B A C E 2 

maps to chromosome region 21q22.2-22.3 3 7 . 

The final event in A P P processing is the cleavage of the C83 or C99 A P P 

fragments by y-secretase. Cleavage occurs at a site located within the A P P 

transmembrane domain. It was first thought that PS1 and PS2 were y-secretases since 

mutations in PS1 and PS2 cause an increase in the production of A P i ^ 2
 3 S - In addition, 

PS1 and PS2 contain aspartic acid residues in transmembrane domain 6 and 7, sites 

necessary for aspartyl protease activity and hence y-secretase activity 1 7 . PS1 is 

expressed in its full length form as an integral membrane protein with 8 membrane 

spanning regions. In this form, PS1 is thought to be inactive. To form an active 

presenilin complex, the presenilin protein is cleaved between membrane domains 6 and 7. 

This yields C- and N-terminal fragments, which remain coupled and form a 
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heterodimeric active complex \ If one or both of the aspartic residues in presenilin are 

mutated or knocked out, the production of A(3 and the P3 peptide is greatly reduced along 

with an associated increase in the amount of C-terminal fragments, s A P P a and sAPP(3 1 7 . 

This theory was questioned and an alternative hypothesis proposed that states that y-

secretase is multifaceted and is made up of several proteins. The role of presenilins in 

this complex would be in A P P trafficking to sites where cleavage by the complete y-

secretase complex can take place. This viewpoint was corroborated by biochemical and 

genetic studies which have identified four membrane proteins as components of y-

secretase: heterodimeric presenilin, (composed of its N - and C-terminal fragments); 

anterior pharynx-defective-1 (Aph-1); nicastrin, (glycosylated); and presenilin enhancer 2 

(Pen-2) 2 0 . 
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Figure 1.2. Schematic diagram of APP and its metabolic derivatives 
A P P is a type 1 membrane protein and exists in three major isoforms, A P 7 7 0 , A P 7 5 1 , and 
AP695. Enlargement of the A p peptide region shows the amino acid sequence and 
primary sites of cleavage by the various secretases. Cleavage of A P P by either P- or a-
secretase results in soluble N-terminal fragments, sAPPp and s A P P a and two membrane-
bound C-terminal fragments, C99 and C83, respectively. Subsequent cleavage by y-
secretase gives rise to a non-pathogenic A p peptide and P3 (Adapted from Small, 4 ) . 

Nicastrin is a type 1 transmembrane glycoprotein that is 709 amino acids long and 

contains 4 conserved cysteine residues at the N-terminus. It is encoded on chromosome 

lq23, a region previously identified as a susceptibility locus for L O A D 3 4 . Nicastrin has 

been shown to interact with PS1 and PS2 as well as with the C-terminal A P P fragments, 

C83 and C99. Mutations in either PS 1/2 directly effect nicastrin trafficking and post

translational modifications thereby preventing its maturation and function. In this state, 

the y-secretase complex cannot form and A P production is abolished 3 4 . Aph-1 and Pen-2 

were two proteins discovered through a genetic screen of Caenorhabditis elegans. These 
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genes both encode multi-pass transmembrane proteins that have the capability of binding 

to PS1, PS2, and nicastrin with high affinity. The specific role of Aph-1 and Pen-2 and 

the protein-protein interactions responsible for assembling Aph-1 and Pen-2 into the 

multimeric protease complex remains unknown. Recently, it was revealed that Aph-1 

binds to nicastrin in its immature, non-glycosylated form and remains bound after 

glycosylation and maturation 3 9 . In regards to how this complex forms, it is thought that 

Aph-1 and nicastrin initially form a subcomplex. Once nicastrin is modified and matured 

the Aph-1/nicastrin complex binds to and stabilizes presenilin. Pen-2 then binds, confers 

the y-secretase activity and facilitates endoproteolysis of presenilin which serves as the 

catalytically active core of the y-secretase complex 3 9 . There are many details about the 

active y-secretase complex that remain to be uncovered These include determining which 

y-secretase co-factors physically interact with one another and identifying the protein-

protein binding domains that govern these interactions. 

1.3.3 Amylo id beta, structure and function 

A P is a 4 kiloDalton peptide and is a normal cellular product and exists in two 

predominant forms with different C-termini, Api^o and Api42- A P contains seven 

positively and seven negatively charged residues at the N-terminal region and a 

2 1 

hydrophobic domain at residues 17-21 and 29-40/42 (Figure 1.2) . The A P protein 

exists as monomers, dimers, and oligomers and can undergo further aggregation to yield 

full fibrils. The conformation of A P appears to be in a dynamic flux and is dependant 

upon environmental conditions, metal binding and interactions with various other 

proteins. In its monomeric state A P exists as a random coil containing two a-helices 

between residues 15-23 and 31-3 5 4 0 . Transition of these a-helical coils into P-pleated 
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sheets facilitates fertilization where the p-pleated sheets are anti-parallel to one another. 

It is these full fibrils that are found to make up the bulk of the senile plaques and are 

thought to have neurotoxic properties 4 1 . However, pools of soluble A p have been found 

in the brains of A D patients indicating that monomeric, dimeric and oligomeric forms of 

A p may facilitate the pathology of A D 4 1 . The proportion of soluble A P M 2 in these pools 

is significantly higher than soluble A P M O levels. Soluble A P i ^ 2 dimers have also been 

shown to have a higher magnitude of neurotoxicity than Api^o 4 1 • 

The deposition of amyloid is not found in all regions of the brain. A P plaques 

exhibit a spatio-temporal distribution pattern where regions such as the cortex and 

hippocampus contain many plaques and regions such as the cerebellum exhibit little to no 

A p . One possible explanation for the distribution pattern of A p has been proposed 

stating that the presence of A p in the neuropil of neurons sets in motion a cascade of 

reactions including inflammation, neuritic sprouting and the upregulation of A P P 

expression 4 . This model is based on a positive feedback loop which relies on neuritic 

sprouting and A P P expression. It is known that as the brain ages, certain areas become 

myelinated and mechanisms which facilitate neuritic outgrowth are suppressed. 

However, regions of the brain responsible for memory have ongoing synaptic 

remodeling, continuation of neuritic outgrowth and are thus the most vulnerable. These 

include the cortex, hippocampus and olfactory system all of which are affected in A D 4 . 

In addition, regions of the brain that are the last to undergo myelination, such as the 

temporal cortex, are the first regions to be affected. Therefore, myelin proteins may 

prevent neuritic sprouting and subsequent A P P expression thereby protecting a given 

brain region from degeneration 4 2 . 

15 



The aggregation of A|3 into fibrils and toxicity can occur in response to a variety 

of actions, including a shortage in the supply of energy in the cell, oxidative stresses, 

calcium dysregulation and apoptosis. Studies have shown that a disruption in 

mitochondrial energy metabolism and dysregulation of calcium homeostasis can up 

regulate the expression of A P P as well as promote the pro-amyloidigenic processing of 

A P P to A p and subsequent plaque formation 4 3 ' 4 4 . Oxidative stresses like hydrogen 

peroxide, ultraviolet light, and superoxide radicals have been shown to increase the 

production of neuronal Ap . Moreover, high concentrations of extracellular A P had been 

shown to induce oxidative stress and in turn render cells vulnerable to exocitoxicity and 

apoptosis through the dysregulation of calcium homeostasis. Metal ions have also been 

shown to cause A P aggregation and promote the formation of diffuse plaques. In the A D 

brain, there are significant amounts of transition metals, such as copper II (Cu(II)), zinc II 

(Zn(II)) and iron III (Fe(III)), in both A p plaques and neuropil 4 5 . Histidine residues 

located in the A p peptide bind to Cu(II), Zn(Il) and Fe(III) as sequester it in the brain 

during times of oxidative stress and inflammation, since the interaction of these metals 

with hydrogen peroxide, which is generated in both processes, would cause the 

production or reactive oxygen species 4 5 . Treatment of post-mortem A D brains with 

metal-chelators confirmed this finding since the chelators were able to enhance the 

solubilization of A P 46. The generation of reactive oxygen species has many harmful 

consequences including disruption of calcium homeostasis by impairing ATPase activity, 

increase lipid peroxidation and altering the activity of the anti-oxidant enzyme, 

superoxide dismutase 4 1 . 
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It was originally demonstrated in non-neuronal cells, that APP metabolism can 

elevate intracellular calcium levels which enhances A P production. This creates a feed 

back loop since an increase in A p results in the increase of intracellular calcium 4 7 . Soon 

after studies in neuronal cells, other studies reported that exposure to fibrillar A P causes a 

disruption in calcium homeostasis generally leading to an increase in cytosolic calcium 

47,48,49 j j i e m f l u x 0 f calcium is thought to be mediated by L-type voltage-gated calcium 

48 

channels and is regulated by the mitogen-activated protein kinase (MAPK) pathways . 

Under normal physiological conditions, calcium influx in neuronal cells has been 

implicated in promoting synaptic plasticity and thus beneficial. However, if too much 

calcium enters the cell or if the entry of calcium occurs at a dramatic rate, it could cause 

down-regulation of neuronal plasticity mechanisms due to the self-inhibitory mechanisms 

of calcium '. Pierrot et al. have recently established that high cytosolic calcium 

concentrations favour the amyloidogenic pathway of APP by preventing the cleavage of 

APP by a-secretase possibly through modifications of APP by phosphorylation 4 9 . In 

addition, high calcium levels resulted in the increase in AP142, with no change in A p ^ o , 

suggesting that calcium may also regulate y-secretase activity. Nonetheless, alterations in 

calcium homeostasis are detrimental to neuronal survival due to their high polarized 

nature. 

Recent advances in AD research suggest that in addition to extracellular A p , 

intracellular neuronal A P plays a significant role in neurodegeneration. Increasing 

evidence indicates that A P is more toxic to cells in its protofibrillar state rather than in its 

P-pleated conformation 1 6 . Initial studies by Wertkin et al. demonstrated that NT2N 

neuronal cells produced A P and either stored it in the cell or secreted it into the medium 
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. Examination of brain sections from young and old animal models illustrated an 

anterior to posterior gradient of intra-neuronal A p immunoreactivity in the hippocampus 

which increased with age in distal processes and synaptic compartments 5 1 . What effect 

intraneuronal A p exerts on neurons is unclear. Current studies in h A P P and PS 

transgenic rats propose that physiological levels of A p play a role in synaptic plasticity 

via activation of c A M P Responsive Element Binding Protein ( C R E B ) directed gene 

expression 5 2 . A pathological increase in intraneuronal A p would cause abnormal 

phosphorylation patterns that end up dysregulating these pathways. This is noteworthy 

since CREB-dr iven gene expression has been found to be important for learning and 

memory. It was also found that A p caused an upregulation of extracellular signal-

regulated kinases ( E R K ) , and E R K then phosphorylates a number of proteins, including 

Tau, inferring a further link between A p and Tau pathways 5 2 . In addition, both aged 

animal models and humans exhibit high levels of AP immunoreactivity in the cholinergic 

neuron of the basal forebrain. The accumulation of intracellular A p in neuronal processes 

and synapses is suggested to be associated with the manifestation of cognitive decline 

seen in A D , since accumulation of A p is concordant with abnormal cytoskeletal 

architecture and synaptic dysfunction 5 3 . Synaptic dysfunction is one of the proposed 

causes of cognitive decline. Moreover, oligomer A p neuronal accumulation and 

cognitive decline occur before plaque deposition. These findings proposed the "Synaptic 

A p Hypothesis" that proposes A P accumulates in neuronal synapses in the brain. Once 

the A p load in the neuron becomes too cumbersome, the cell dies and releases the 

amyloid into the extracellular space. The released amyloid can then act as a seed and 

attract soluble A P MO/42 thereby forming a plaque 5 3 . 
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Apoptotic processes are viewed to play a major role in A D pathology. Evidence 

suggests that selective neuronal loss seen in A D involves the activation of cysteine 

aspartyl proteases (caspases), which initiate and execute apoptosis 5 4 . Both extracellular 

A p oligomers and intracellular A p may activate caspases. Extracellular A P initiates 

caspase activity via activation of cell surface death receptors. This pathway involves 

signaling through cell surface death receptors, such as the T N F receptor, which are 

regulated by decoy receptors and Fas-associated death domain proteins, however, direct 

binding of A p or A p oligomers to death receptors remains to be shown 5 5 . It is speculated 

that the binding of A p to these receptors causes downstream activation of various 

caspases such as caspases 2 and 8, leading to the activation of caspases 3, 6 and 7, all of 

which are important initiators of the apoptotic signaling cascade 5 4 . Alternatively, 

intracellular A P may activate caspases through a process that involves E R stress or 

mitochondrial stress. This leads to the downstream activation of caspase 9 and caspases 

3, 6 and 7 5 6 . Caspase activation is thought to facilitate the cleavage of Tau thereby 

favouring conformational changes of the protein into paired helical filaments. The 

accumulation of the altered Tau proteins causes cytoskeletal disruption and the 

consequent failure of axoplasmic and dendritic transport that culminates in neuronal 

death 5 4 . 

A P has also been shown to elicit its toxic effects by the initiation of host immune 

responses. The action of A P on glial cells results in an inflammatory reaction and 

progressive amyloid deposition promotes the chemotaxis and subsequent activation of 

microglia 2 6 . Studies by McDonald et al. have established that exposure of fibrillar A P to 

microglia or monocytes activates M A P K pathways involving p38 and the E R K , as well 
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as tyrosine kinase-dependent signaling pathways, involving Lyn , Syk and F A K ' . The 

activation of these pathways leads to changes in the expression of various cytokine and 

pro-inflammatory genes and generates reactive oxygen intermediates, respectively, 

leading to further neurotoxicity and degeneration. The extensive effect of A p on the 

inflammatory response elicited by glial cells w i l l be discussed in greater detail later. 

1.3.4 Putative amyloid beta receptors 

The binding of amyloid to plasma membranes has been implicated in many of the 

pathological features of A D . Binding of A P to various receptors elicits neurotoxicity in 

neurons and cerebral vascular endothelia and activation of inflammation in microglia. 

Due to its structure, A p can bind to a variety of molecules including proteins, 

proteoglycans, and lipids 5 9 . On microglia, scavenger receptor A (SR-A) and BI (SR-BI), 

CD36, heparin sulfate proteoglycan, formyl peptide receptor-like 1 (FPRL1) and a 

complex of CD36, a 6 p 1-integrin, and CD47 have been shown to bind to A p . Neuronal 

receptors include the N-methyl-D-aspartate receptor, the a7-nicotinic acetylcholine 

receptor, the p75 neurotrophin receptor and the CLAC-P/col lagen type X X V receptor 5 9 . 

Receptors common to glial cells, neurons and cerebral endothelia include the receptor for 

advanced glycation end product ( R A G E ) , L R P , the insulin receptor, integrins and the 

serpine-enzyme complex receptor 5 9 . These receptors vary in their ability to bind 

monomeric or fibrillar A p . A few of these receptors wi l l be discussed below. 

S R - A and SR-BI receptors are expressed on microglia, bind fibrillar A p and 

mediate the clearance of amyloid aggregates 6 0 . These receptors have also been 

implicated in inflammatory responses and the production of reactive oxygen species; 
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however they are not needed for microglial activation. Expression of S R - A and SR-BI 

are developmental^ regulated and are not expressed normally in adult mouse brain 6 1 ; 

however, expression of S R - A and SR-BI m R N A and protein are both upregulated in-

vitro and in-vivo upon exposure to lipopolysaccharide (LPS), interferon gamma (IFN-y) 

and IL-1 a 6 2 . Another microglial receptor for A p is CD36. CD36 is a class B scavenger 

receptor that has been shown to bind to fibrillar A p and contribute to microglial 

activation. A p binding to CD36 elicits many signaling cascades involving Src family 

kinases Lyn and Fyn, and the mitogen-activated protein kinases ( M A P K ) as well as the 

production of reactive oxygen species. CD36 is also involved in a multi-receptor 

complex with a6pl-integrin and CD47 , and this complex mediates the binding of 

microglia to fibrillar A p and the subsequent activation of pro-inflammatory pathways, 

respiratory bursts, adhesion and cell migration . Both S R - A and CD36 are elevated in 

microglia in brains of A D patients compared to controls 6 4 . F P R L 1 is a seven 

transmembrane, G-protein coupled protein and is thought to initiate pro-inflammatory 

effects in response to both soluble and fibrillar A P 65. Activation of F P R L 1 can lead to 

the production of reactive oxygen species and pro-inflammatory cytokines. In addition, 

F P R L 1 is involved in mediating the chemotactic activity of A p on microglia. Other 

studies have shown that FPRL1 can form a complex with A p and can be internalized into 

cytoplasmic compartments resulting in the accumulation of intracellular amyloid 

aggregates 6 6 . Under normal condition FPRL1 is expressed at low levels. In A D , F P R L 1 

expression is increased and is seen at high levels in plaque infiltrating mic rog l i a 6 5 . 

The R A G E receptor is a multi-ligand receptor in the immunoglobulin superfamily 

found in neurons, microglia and cerebral endothelial cells. It binds many ligands such as 

21 



AP, the S1 OO/calgranulin family of pro-inflammatory cytokine-like mediators and the 

high mobility group 1 D N A binding protein amphoterin 6 7 ' 6 7 . The interaction of Ap with 

R A G E initiates signaling cascades that result in oxidative stress via the production of 

reactive oxygen species and lipid peroxides as well as the enhanced expression of 

macrophage colony stimulating factor, which stimulates microglial proliferation and 

receptor expression. It has also been implicated in Ap internalization on microglia 6 8 . Its 

expression is ligand dependent and is up-regulated in A D , particularly in the vasculature. 

R A G E expression is also increased in neurons and microglia, but not as much as in 

cerebral endothelia. Many in vitro and in vivo studies.have demonstrated that R A G E 

mediates AP transport, therefore, R A G E is thought to be the major influx receptor for 

peripheral Ap at the B B B 6 9 ' 7 0 ' 6 7 . 

LRP is a member of the L D L receptor family and is a multifunctional scavenger 

receptor and signaling receptor. Its ligands include biomolecules such as ApoE and 0C2-

macroglobulin, tissue plasminogen activator, APP and lactoferrin 7 1 . LRP has been 

genetically linked to L O A D , but the exact mechanism by which LRP affects disease 

onset in not known 9 . Expression of LRP in A D is decreased and many animal studies 

involving LRP deficient mice and A D mice results in increased cerebral amyloid load 

and increase in parenchymal amyloid plaques 7 2 ' 7 3 . As a result, LRP is thought to 

70 
regulate AP clearance by controlling its efflux from brain to blood . 

1.3.5 Animal models 

With the multiple genetic mutations associated with the APP gene, many 

transgenic mouse models have been created to mimic the diverse pathological features of 

AD. To date, there are approximately 20 APP transgenic mice made, some of which are 
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described in detail below (Table 1). The first generation of A D model mice involved 

expression of the wild-type human A P P (hAPP) complementary deoxyribonucleic acid 

( cDNA) 7 4 . These mice, with the exception of the N S E A P P mouse, did not develop 

amyloid deposits. In the N S E A P P mouse the h A P P 7 5 i isoform is expressed under control 

of the neuron-specific enolase promoter. These mice develop amyloid pathology; 

however, the deposits in the brain were diffuse and did not resemble the compact plaques 

seen in the brains of A D patients 7 5 . The next generation of mice focused on 

overexpressing the mutated h A P P protein at levels well above the endogenous gene level. 

This required vectors that provide transgene expression specific to the C N S . Examples of 

these promoters include the Thy-1 promoter, which exhibits neuron specific gene 

expression 7 6 , and the hamster prion promoter, which is largely C N S specific with 

77 
expression in peripheral organs such as the heart . More recently, transgenic mice have 

7 X 

been generated expressing the complete h A P P by using a yeast artificial chromosome . 

Second generation A D mice include P D A P P , Tg2576 and APP23 . The P D A P P 

transgenic mouse expresses all isoforms of the h A P P gene and contains the Indiana 

mutation, V717F, under control of the platelet-derived growth factor P-chain mini-

promoter 7 9 . These mice exhibit many of the pathological features of A D including 

neuritic plaques in the hippocampus and neocortical regions, dystrophic neurites, astro-

and microgliosis and synaptic degeneration. However, N F T s and clear 
79 80 

neurodegeneration have not been identified in these animals * . Radial arm maze 

testing and Morris water maze testing showed that these mice also exhibit memory 

impairment as early as 3 months of age, in the pre-plaque stage, and that these 

23 



81 82 impairments were correlated with increased age and plaque load ' . The pathological 

features observed in these animals are evident as early as 8 months of age 8 3 . 

A second transgenic model, which is one of the most widely used A D model, is 

the Tg2576 mouse. The Tg2576 mouse expresses the hAPP695 transgene containing the 

Swedish double mutation K 6 7 0 N / M 6 7 1 L under control of the prion promoter at levels 

approximately 5 fold higher than the endogenous gene 8 4 ' 8 5 . These mice develop amyloid 

plaques at approximately 9 months of age, with the first deposition in the entorhinal and 

piriform cortices 8 6 ; exhibit increased gliosis, as well as a decrease in synaptic activity in 

the hippocampal C A 1 region, dentate gyrus; and exhibit a reduction in long term 

potentiation 8 7 (see Appendix II for diagram of brain regions) . Cognitive deficits, as 

determined by Y-maze alternation and water maze learning, occur at 9-10 months of age 

8 5 . The one shortfall of these animals is that there is a lack of neurodegeneration 8 3 . This 

may be due to genetic background since genetics influences susceptibility to excitotoxic 

cell death 8 8 . 

Another mouse model which expresses the Swedish mutation A P P 7 5 1 gene is the 

APP23 mouse. This mouse differs from the Tg2576 by expression of the gene under 

control of the Thy-1 promoter, resulting in a 7 fold increase in gene expression. A s early 

as 6 months of age, these mice develop plaques and have astro- and microgliosis, 

memory deficits as well as hyperphosphorylated Tau 8 9> 9 0 ' 9 1 . in contrast to other mouse 

models, APP23 mice exhibit a 14% decrease in the number of C A 1 neurons compared to 

control mice and have deposits of cerebral A p , preferentially in capillaries and arterioles, 

and develop cerebral amyloid angiopathy ( C A A ) 9 2 ' 9 3 . 
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In addition to transgenic mice expressing mutated h A P P , mice expressing PS1 

mutations or PS-1 knock out mice have been generated. Expression of the presenilin 

gene did not result in the formation of plaques, but did result in an increase in the 

production of A P 1 4 2 3 8 • These mice were then crossed with the aforementioned mouse 

models to develop mouse strains that would better represent human pathology. In 

PS 1/hAPP mice there is an elevation in the levels of A p and most interestingly, 

acceleration in the rate of amyloid plaque depositions with plaque formation occurring at 

6 months of age 9 4 . In addition, other transgenic mice, for example A p o E knock out, 

ApoE4, B A C E overexpressing, B A C E knockout mice and Tau mice have been crossed to 

A P P mice in the hope to provide models which accurately mimic A D and help aid in 

future diagnosis, treatment and prevention. To date no single mouse model faithfully 

demonstrates the classic triad of human A D pathology; A p containing plaques, NFTs and 

wide spread neuronal loss in the hippocampus and cortical areas, and as such none can be 

considered a complete model of the disease. 
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Tg line Transgene Mutation Age at onset Plaque Micro- and Neuronal Cognitive NFTs Ref 
(background) promoter of AP location Astrogliosis loss deficits 

deposits 
Tg2576 Hamster (HUAPP69S) 9-12 months HI, CC, yes Not yes AT8 84, 85 , 

(C57BL/6 x PrP A P P 
n l 1 K 6 7 0 M / N 6 7 1 L 

(Congo red amygdala detectable positive 9 5 , 8 3 

SJL) Positive) 
79 , 80, PDAPP PDGF-p APPV 7 1 7 1; 6 months HI, corp yes Not Yes AT8 79 , 80, 

(C57BL/6 x 
APPV 7 1 7 1; 

(diffuse and call, CC detectable positive 82 

DBA/2 x compact) 
Swiss 

Webster) 
8 9 , 9 2 TgAPP23 Murine A P P 

r Y 1 L K 6 7 0 M / N 6 7 1 L 
6 months HI, yes Yes, N.D. AT8 8 9 , 9 2 

(C57BL/6 x Thy-1 
A P P 

r Y 1 L K 6 7 0 M / N 6 7 1 L 

(congophilic neocortex -25% in positive 
DBA/2) and diffuse) CA1 at 

M I S 1 H-1 o 

months 
TgAPP22 Human A P P 

K 6 7 0 M / N 6 7 1 L 
18 months HI yes N.D. N.D. AT8 89 

(C57BL/6) Thy-1 andv7ni positive andv7ni 
around 
Congo 

red 
plaques 

(no 
NFTs) 

38,94 Tg2576/PSl Hamster A P P 
K 6 7 0 M / N 6 7 1 L 

6 months HI, CC, yes N.D. Yes AT8 38,94 

(PSAPP) PrP and PS1 (Congo red amygdala positive 
(C57BL/6 x p Positive) 

SJL) 
M I 4 6 L 

Positive) 

96 ,97 TgAPP/Ld/2 Murine A P P 
V717I 

13-18 HI, CC yes No overt yes AT8 96 ,97 

(FVB/N) Thy-1 
A P P 

V717I 

months loss positive 
(diffuse, 

mostly APi. 
4 2 ) 

TgAPP/Sw/1 Murine A P P 
^ " K . 6 7 0 M / N 6 7 1 L 

18 months HI, CC yes No over N.D. AT8 98 

(FVB/N) Thy-1 (diffuse, loss positive 
mostly Ap,_ 

4 0 ) 

Table 1. Summary of the primary APP-based transgenic mouse models of AD 
Genetic parameters, onset of Ap plaque formation and summary of inflammation and 
cognitive deficits are described above for some of the APP transgenic mice generated. 
Abbreviations: HI - hippocampus, CC - cerebral cortex, NFTs - Neurofibrillary tangles, 
N .D. - not determined (Adapted from Janus et al. 1 0°, Gotz et al. m). 

26 



1.4 Microglia, inflammation and Alzheimer disease 

The involvement of inflammatory processes in A D pathology has been established 

by multiple lines of evidence. The upregulation of many inflammatory markers co-

localize to regions of the brain affected by A D , in close proximity to A p deposits and 
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NFTs . There is also direct evidence of inflammatory mediated neurotoxicity as 

illustrated by the extensive amount of neuronal death in areas with dense microglia. 

Finally, many epidemiological studies have suggested that the use of non-steroidal anti

inflammatory drugs (NSAIDs) reduces the risk and delay the onset of A D 1 0 2 ' 1 0 3 . The 

inflammatory processes seen in A D appear to be mediated by microglia 1 0 4 . 

1.4.1 Microglia as immune cells of the brain 

Microglia were first functionally described by del Rio-Hortega in 1932 as 

mesodermal pial cells that invaded the brain during embryonic development. They have 

migratory and phagocytic properties and exist in different resting and activated states 1 0 5 . 

It is estimated that microglia make up 5-15% of the brain and are considered to be 

permanent residents that do not move like macrophages 1 0 6 . There is still much debate as 

to the ontogenic origin of microglia. Initially, microglia were thought to be of 

mesodermal origin. Further studies confirmed this and found that microglial precursor 

cells are found in the yolk sac and in the mesenchymal tissue associated with the 

neuroepithelium. These cells enter the brain, become amoeboid microglia and spread 

throughout the brain 1 0 7 . Alternatively, carbon particle tracing and immunohistochemical 

techniques showed that ramified microglia originated from circulating blood monocytes 

that entered the developing brain during development and assumed the form of amoeboid 

microglia that ultimately evolve to become the ramified microglia 1 0 7 . Lastly, others state 
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that microglia are not derived from monocytes, rather they are derived during fetal 

development from neuroectodermal cell precursors; glioblasts or cells of the germinal 

matrix 1 0 5 . Regardless of their origin, it is agreed that microglial cells constitute the 

immune system of the brain. They carry out the innate immune response observed in the 

central nervous system during injury and infection. 

1.4.2 Morphological plasticity of microglia 

It has been established that microglia can assume various morphological 

appearances that can correlate to a distinct functional state (Figure 1.3). Studies 

performed in the facial nerve system first demonstrated this phenomenon by showing that 

motor neuron regeneration occurred after injury as a result of a microglial response. 

Microglia appeared at the site of injury within minutes in response to neuronal signals, 

became activated and assumed a highly ramified morphology, proliferated and 

surrounded the injured neuron. During the degenerative phase of the response, microglia 

became rounded and phagocytosed the dying neuron 1 0 8 . In the normal adult brain, 

microglia exist in a resting state and also in a highly ramified state. Amoeboid microglia 

are also seen but these are present predominantly in the developing brain and can 

transform into ramified cells with age 1 0 7 . Resting microglia are small with flattened or 

angular nuclei and have been shown to be non-dividing. Once activated, microglia take 

on a different shape that is dependent on environment and brain architecture 1 0 5 . 
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Hyper-ramified microglia 
(itiicrmediate stage) 

Figure 1.3. Morphological and functional plasticity of microglia 
Microglia can assume different types of morphological shapes in response to 
environmental stimuli. Signals from damaged or dying neurons cause resting microglia 
to become active. The amount of signal dictates what conformational state the microglia 
adopt. In a resting state, microglia have small cell bodies and thin ramified processes 
with few branches. Intermediate signals from mildly injured neurons cause a hyper-
ramified state but in'most cases microglia become reactive in response to stimuli. This 
activation causes the cell to adopt a larger cell body and thicker more highly branched 
processes. In some instances microglia can become amoeboid in shape and take on a 
phagocytic role, removing dying cells from the brain (Adapted from Streit et al. 104). 

When activated, microglia adopt a reactive conformation with ramified thick 

processes and abundant cytoplasm. These microglia are usually found in the gray matter 

of the brain. The hyper-ramified state represents an intermediate stage between the 

resting and reactive form and signifies the beginning of microglial activation 1 0 4 ' 1 0 5 . 

Microglia have also been seen as rod-shaped with elongated bodies and thin ramified 

processes. These can be found in the brain white matter as well as in the aged brains of 

normal individual. In this instance, aged microglia lose contact inhibition and fuse with 

one another to create rod cells 1 0 4 1 0 5 . Finally, upon neuronal cell death, microglia morph 

into brain macrophages, with even more cytoplasm than the reactive state and short thick 
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processes. It is this conformation that microglia are able to phagocytose and degrade cell 

debris 1 0 5 . 

1.4.3 The function of microglia in the central nervous system 

Microglia are a highly responsive population of cells with the potential to engage 

in various functions. These include response to invading pathogens and injury, 

elimination of dying cells and debris, initiation in inflammatory processes as well as 

regulation of homeostatic mechanisms and neurodevelopment. When microglia respond 

to neuronal stress signals ( A T P , neuropeptides and neurotransmitters) they become 

activated, release several secretory proteins such as complement (classical and alternative 

pathway proteins), proteinases, cytokines, chemokines, excitotoxins, reactive nitrogen 

and oxygen intermediates, and have altered gene expression 2 6 - 1 0 9 . Microglia can also 

function as antigen presenting cells, albeit not as well as peripheral macrophage. 

Microglia residing in the C N S rarely encounter T cells and as a result, may not need to 

present antigen efficiently 1 0 9 . Microglial activation in response to acute C N S injury is 

short lived and is a beneficial process. Within 24 hours of insult, microglia arrive to the 

area and upregulate surface protein expression. Proliferation occurs within 2-3 days and 

immunophenotypic changes are evident by day 7 m . Microglia maintains a very close 

physical association with injured neurons in order to facilitate targeted delivery of growth 

factors and to displace afferent synapses thereby aiding in neuronal regeneration. In non

reversible injury, such as ischemic damage, reactive microglia secrete neurotoxic factors 

that aid in kill ing the damaged neuron preparing it for removal and degradation by 

phagocytic microglia 1 0 4 . 
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In circumstances that engage chronic activation, microglia may exert detrimental 

effects by transforming into autoaggressive effector cells that attack healthy cells, also 

known as bystander damage. Chronic C N S activation, as in A D , is primarily caused by 

bystander damage and is characterized by slow, progressive neurodegeneration that takes 

decades to develop. Exposure of cells to the various proteases and toxic molecules, 

produced by activated microglia for a long period of time causes extensive neuronal 

damage and death. Moreover, many of the pro-inflammatory cytokines and chemokines 

that are secreted contribute to a positive feedback mechanism, causing further attraction 

and activation of more microglia. These same factors have also been implicated in 

initiating signal transduction cascades on both microglia and neuronal cells that results in 

the transcription of I L - l p , transforming growth factor-P ( T G F - P ) and more cytotoxic 

agents via the nuclear factor K B ( N F K B ) transcription factor 1 0 5 . Finally, many of the 

inflammatory products secreted by microglia can alter the processing of A P P in neurons 

to favour the production of AP1 -42 , thereby resulting in more plaque formation, microglial 

activation and neuronal death . 

1.4.4 The role of activated microglia in Alzheimer disease 

Many reports imply that microglia may exacerbate the pathological states in 

neurodegenerative diseases. Persistent activation of microglia is an accepted hallmark of 

A D and a substantial amount of the neuronal damage observed in A D may be due to the 

inflammatory response mediated by microglia. A p , N F T s and degenerating neurons are 

most likely the stimulants for inflammation in A D . A s in the periphery, there is not just 

one system of inflammation that is involved in a response. In the A D brain there is 

substantial evidence for the multiple interactions of complement pathways, cytokine and 
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chemokine pathways, cyclo-oxygenase ( C O X ) and acute phase proteins. In vitro 

experiments with A p aggregates, in vivo experiments in A D mice and A p infused 

animals, and in situ studies on post-mortem A D brains have all demonstrated that A p can 

induce microglia to upregulate the expression of cytokines ( IL - ip , TNF-a , IL-6), 
I 

chemokines (IL-8, macrophage inflammatory protein-la and macrophage 

chemoattractant peptide-1) chemokine receptors (CCR3 and C C R 5 ) , complement 

proteins ( C l q and C 3 , C4) and major histocompatibility complex II and other genes 

such as melanotransferrin (p97) 1 1 0 1 1 1 heme oxygenase 1 1 1 2 and urokinase plasminogen-

activating receptor " 3 . Activated microglia also release the excitotoxins quinolinic acid 

1 1 4 and glutamate 1 1 5 . Since endotoxins only cause limited damage to synapses and 

dendrites, it is thought that they may contribute to the neuronal dysfunction rather than 

complete neuronal death 2 6 . Together, all of these factors contribute to the inflammatory 

mechanisms observed in the disease. 

It has been shown in-situ that microglia cluster around the sites of amyloid deposition 

both in humans and in A P P transgenic mice 1 1 6- l i 7> 9 0> 1 1 8 The clustering of microglia 

around the senile plaques can be explained due to the chemotactic signaling of a number 

of molecules including A p , signals from damaged/dying neurons and also the many pro

inflammatory mediators which are found in the area of the plaque. Still under debate is 

the relationship between microglia and the development of A P plaques. One possibility 

is that microglia may directly contribute to amyloidosis by participating in the synthesis 

and processing of A P P to A p fibrils. It has been demonstrated that cultured microglia are 

able to secrete A p ; however, in vivo, microglia do not appear to express A P P m R N A 2 6 . 

Therefore the likelihood that microglia secrete A P and contribute to A P plaque formation 
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is debatable and requires more research. Another possible mechanism relates to the 

potential of microglia to convert soluble AP into a more fibrillar and aggregative form. 

Many studies have stated that most activated microglia appear to associate around 

neuritic plaques rather than diffuse plaques in both mice and humans m ' 1 1 8 ' 9 0 ; however, 

there are some microglia associated with diffuse plaques 1 2 0 - 1 2 1 . These data suggest that 

microglia play a role in transforming nonfibrillar amyloid into the more insoluble fibrillar 

form and aid in the transformation from diffuse plaques to neuritic plaques. 

Finally, microglia may contribute to plaque formation by their ability to phagocytose 

and degrade Ap . It is proposed that there is a dynamic balance between amyloid 

deposition and removal in the brain. It has been established in culture, that microglia 

migrate to and internalize microaggregates of A p ^ , via a type A scavenger receptor, 

and deliver it to late endosomes and lysosomes, where it is degraded 1 2 2 ' 6 0 . This uptake 
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appears to occur rapidly; however, the degradation process occurs at a slow rate 

Furthermore, it has been reported that microglia found in the cortex of AD patients 

contain fragments of A P , most notably C-terminal fragments, inferring that the A p was 

phagocytosed 1 2 4 , 1 2 5 . This rapid internalization of A p microaggregates coupled with the 

slow degradation can lead to the accumulation of A p inside the cell. Therefore, in the 

case of AD, the overproduction and thus the persistence of A P may become too 

overwhelming for the microglia and thereby disrupting the dynamic balance between A p 

deposition and removal. This was demonstrated in a study by Rogers et al. where 

microglia cultured with A p were able to migrate to and phagocytose the A P ; however, 

degradation of the fibrils took between 2-4 weeks 1 2 6 . Another study found that although 

some degradation of A p by microglia was observed over 3 days, no further degradation 
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was observed over the next 9 days. Instead, there was a slow release of intact A P 

Understanding the mechanism of A p clearance by microglia is important in determining 

the steps of A p plaque formation. It is possible that there is a fine balance between A p 

processing and deposition and degradation. A n y disruption of the A p equilibrium can 

thereby lead to the accumulation of A p and the formation of amyloid plaques. 

A n alternative theory to the role of microglia in A D was offered by Streit 1 0 9 and 

states that microglia become senescent and/or dysfunctional with normal aging, therefore 

their ability to support neurons would be diminished resulting in neuronal degradation. 

The rate of deterioration can be affected by genetic and environmental risk factors 

thereby causing some individuals to develop A D . Some indication of dysfunction may be 

in the structural abnormalities seen in microglia as they age and in A D . Microglia which 

cluster around plaques have bulbous swellings in their cytoplasmic processes, called 

spheroids, as well as the formation of long stringy processes 1 0 9 . However, there is still 

little experimental evidence of microglial dysfunction in A D . 

1.4.5 Signal transduction pathways and microglial activation 

Many in vitro studies have demonstrated that the exposure of microglia to fibrillar 

A p results in the activation of complex kinase and phosphatase signal transduction 

pathways that lead to the activation of various transcription factors involved in 

inflammation. These include: the S T A T family members, peroxisome proliferator-

activated receptor y (PPAR-y) , c-fos, and c-jun; N F k B ; and members of the C / E B P 

family of transcription factors 5 8> 1 2 8- 1 2 9> 1 3 0 Subsequent immunohistochemistry studies in 

A D brains of both human and animal models have revealed the upregulation of many 
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signal transduction proteins in microglia and neurons that are in close proximity to the 

plaque 1 3 1 . 

One of the most important kinase families involved in the inflammatory response 

and consequent neuronal damage/death is the M A P K family. The complex molecular 

interactions between M A P K s and proteins associated with the evolution of A D form a 

cornerstone in the knowledge of a still burgeoning field. The M A P K . family comprises 

four subfamilies: 1) E R K 1 / 2 (p44/42 M A P K ) ; 2) c-jun N-terminal kinases ( INK); 3) p38 

M A P K ; and 4) E R K 5 / b i g M A P kinase 1 1 3 0 . Activation and subsequent phosphorylation 

of E R K 1 / 2 , I N K and p38 have been detected in A D . In the brain, the ERK1/2 kinase 

pathway has been implicated in eliciting stress responses, including oxidative stress, and 

in the regulation of intracellular calcium levels l 3 ° . J N K pathways have also been shown 

to respond to cell stresses and in addition, evidence has confirmed that the 

phosphorylation of J N K leads to the activation of death domain receptors by T N F - a 1 3 2 . 

The p38 M A P K family is activated by inflammatory molecules and is involved in cell 

cycle, cell growth and cell differentiation I 3 0 . In A D mice, phosphorylated p38 levels are 

increased approximately 3 fold in plaque-associated microglia. Many cell culture 

experiments have demonstrated that exposure of microglia and co-cultures of microglia 

and neurons to both oligomer and fibrillar A p leads to the activation of p38, E R K and 

J N K in microglia 5 7 1 3 3 ' 1 2 8 . Moreover, M A P K s have been found to be integral to the 

induction of I L - i p , T N F - a and reactive nitrogen intermediates from L P S and A p treated 

cells 5 7 , 1 3 3 . The molecular mechanisms by which M A P K signaling contribute to glial 

mediated responses in A D are not fully elucidated. It is thought that the different M A P K 

pathways are activated in response to different mediators, leading to a differential 
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response by the microglia. Therefore, delineation of the downstream targets of these 

signaling cascades is also critical in order to further unravel their role in A D as well as in 

creating potential therapeutics. 

1.5 The blood-brain barrier and Alzheimer disease 

1.5.1 The blood-brain barrier, structure and function 

The blood-brain barrier ( B B B ) , found in all vertebrates, prevents the free 

diffusion of circulating molecules and cells into the brain interstitial space. The barrier is 

formed by the presence of epithelial-like, high resistance tight junctions that fuse brain 

capillary endothelia together into a continuous cellular layer separating blood and brain 

interstitial space. There are fine structural differences from the endothelium in the brain 

compared to that of other organs. These include tight junctions between adjacent 

endothelial cells, paucity of pinocytotic vesicles and lack of fenestrations 1 3 4 . The 

endothelial cells of the B B B have high mitochondrial content. It is thought that the 

energy generated in the mitochondria provide energy to the cell in order to create and 

sustain high-resistant tight junctions 1 3 4 . The junctions that comprise the B B B are made 

up of adherens junctions and tight junctions. Adherens junctions are made up of 

cadherins which form adhesive contacts between cells by binding to cadherins on the 

surface of neighboring cells. Inside the cell, cadherins bind to the actin cytoskeleton via 

proteins such as catenins 1 3 4 . Tight junctions consist of three integral membrane proteins, 

claudin, occludin and junction adhesion molecules. There are also many cytoplasmic 

accessory proteins that link tight junctions to the cytoskeleton of the cell. Claudins are 
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the major proteins found in tight junctions and bind to other claudins on adjacent cells to 

create the primary junction. The carboxy terminus of claudins also associates with 

cytoplasmic proteins, such as zonula occudens proteins (ZO) which, in turn, bind to actin. 

Occludins are also found with claudins in the cell membrane. These proteins also bind to 

Z O proteins and are implicated in the regulation of cell permeability 1 3 5 . The B B B is also 

comprised of a basement membrane, astrocyte foot processes that surround the vessel, 

and pericytes embedded within the basement membrane (Figure 1.4) l 3 4 . The basement 

membrane is a heterogeneous mixture of proteins that are secreted from the endothelial 

cells and glial cells and include laminin, fibronectin, collagen type IV and proteoglycans. 

The presence of the basement membrane in the B B B is to provide elasticity to the vessels 

as well as to aid in the selective transport of highly charged molecules l 3 6 . The 

contribution of astrocytes to the B B B appears to be that of influencing the morphogenesis 

and organization of the endothelial cells that make up the vessel wall . Studies involving 

the transplantation of cultured astrocytes into areas of the brain with leaky vessels have 

demonstrated that astrocytes induced the tightening of the junctions between the 

endothelial cells 1 3 7 . This is thought to be mediated by astrocyte derived soluble factors, 

such as TGF-P and IL-6, and may require direct contact between the astrocytes and the 

endothelium 1 3 8> 1 3 4 . in contrast, it has been shown that upon glial cell activation, many 

cytokines and chemokines, such as T N F - a and IL-8, are produced resulting in an increase 

in vascular permeability and lymphocyte entry into the brain 1 3 6 . Pericytes wrap around 

endothelial cells and appear to play a role in structural integrity, formation of tight 

junctions and the differentiation of the intact vessel as well as in angiogenesis. Some 

studies have shown that pericyte loss can result in microaneurysm formation 1 3 9 1 4 0 
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However, little is known how these processes are mediated since few studies on pericyte 

function have been conducted 1 3 4 . 

Figure 1.4. Schematic of the BBB. 
The B B B is created by the tight apposition of endothelial cells lining blood vessels in the 
brain, forming a barrier between the circulation and the brain parenchyma. The B B B is 
permeable to small and lipophilic molecules. Larger and hydrophilic molecules can only 
be transported across via an active transport system. Blood-borne immune cells 
(lymphocytes, monocytes and neutrophils) cannot penetrate this barrier. A thin basement 
membrane, comprised of laminin, fibronectin and other proteins, surrounds the 
endothelial cells, associated astrocytes and pericytes, providing both mechanical support 
and a barrier function 

The fluid of the central nervous system differs in composition from the non-neural 

extracellular fluid due to the selective permeability of the B B B 1 4 1 . The functional events 

that define the B B B occur at the capillary level. The B B B , under normal physiological 

conditions, regulates the passage of peptides, proteins and other molecules between the 
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periphery and the brain. The physiochemical properties of the penetrating substance or 

solute, determine whether it can be transported across the B B B . Hydrophobic solutes can 

penetrate across the B B B while hydrophilic substances are preferentially transported 

across the B B B by specific membrane carrier proteins for which they have a high affinity 

1 4 2 . In contrast, most foreign substances cannot penetrate the B B B since they are not 

recognized by the carrier systems. The barrier works in both directions. In addition to 

keeping unwanted substances out, the B B B retains brain synthesized compounds, such as 

neurotransmitters, in the brain. The cerebral endothelia forms tighter junctions than other 

endothelia and contains specific proteins, which are specifically expressed in the brain. 

These include alkaline phosphatase, y-glutamyl transpeptidase, the glucose transporter 

(Glut-1) 1 4 3 , and the molecules involved in metal transport such as the transferrin receptor 

(TfR) and p97 1 4 4 . 

1.5.2 BBB integrity and Alzheimer disease 

The integrity of the B B B is an area of great contention in A D research. Studies 

comparing the vasculature of A D patients to controls have conflicting results. Upon 

analysis of vasculature from post-mortem A D brains there was a decreased mitochondrial 

content and increased pinocytotic vesicles as compared to values obtained previously in 

endothelium from multiple sclerosis patients and in A D animal models. Other findings 

such as accumulation of collagen in vascular basement membranes and focal necrotic 

changes in endothelial cells were present in A D patients indicating B B B disruption 1 4 5 . 

In contrast, Caserta et al. found that there was no difference in B B B integrity between 

A D cases and controls as indicated by blood-to-brain transport (KI) and tissue to blood 
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efflux (k2) of meglumine iothalamate, a radiopaque medium that binds to plasma proteins 

and is commonly used for angiography and venography 1 4 6 . 

In animals models the role of the B B B integrity in A D is also debated. Increased 

B B B permeability for some proteins, such as insulin, is evident and suggests some 

structural alterations at the B B B , however, these alterations do not support the concept of 

extensive B B B damage l 4 7 . What's more, it appears that leukocytes are able to cross an 

intact B B B without causing concomitant B B B breakdown . Alternatively, it has 

recently been established that the B B B integrity is compromised in h A P P overexpressing 

A D mice compared to controls and that the breach in B B B integrity precedes plaque 

formation 1 4 9 . Many studies have indicated that A p peptides promote pro-apoptotic and 

pro-angiogenic signals in endothelial cells 1 5 0> l 5 1> 1 5 2

? a n ( i that systemic-derived 

inflammation, either triggered by A P or neuronal signals, causes B B B tight junction 

disruption and increased paracellular permeability 1 5 3>1 5 4>1 5 5 

In addition to the neurodegeneration observed in A D , there are also considerable 

cerebrovascular abnormalities. It is becoming evident that the relationship between A D 

and C A A is growing more complex and it is harder to distinguish one disease being 

distinct from the other. It is estimated that the prevalence of C A A in A D patients varies 

from 70 to 100% 1 5 6> , 5 7. 1 5 8> 1 5 9. C A A is characterized by the deposition of amyloid, 

primarily A p j 3 9 and A P M 0 , in the cerebral vessel wall 1 6 0 . Since A D and vascular 

disease share common risk factors and since a history of strokes may be a risk factor for 

A D 1 6 1 , it is important to understand the relationship between dementia, 

neurodegeneration and cerebrovascular abnormalities. It is possible that this relationship 

is attributed to alterations in the B B B . Furthermore, as evidenced by the first phase of 
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human clinical trials of the amyloid vaccine where cerebral complications ensued 1 6 2 ' 1 6 3 ' 

there is still much to learn about the relationship between neurodegeneration, dementia 

and cerebral abnormalities induced by A p . 

1.6 Therapeutic strategies 

The treatment of A D up until now has focused on the cholinergic system and 

symptoms thereof. Cholinergic therapeutics, such as Aricept, an acetylcholinesterase 

inhibitor, and psychotrophic drugs have had relative success in stabilizing the cognitive 

decline and behavioral deficits attributed to A D . Nevertheless, these therapies only treat 

the symptoms and do not delay or prevent disease progression. Based on the widely 

accepted "amyloid cascade hypothesis", research is now centered on the generation of 

anti-amyloid therapies. Therapeutic strategies directed at lowering A p levels and 

decreasing levels of toxic A p aggregates through: (1) inhibition of A P P processing to A P , 

(2) inhibition, reversal or clearance of A P aggregation, (3) cholesterol reduction and (4) 

A p immunization are under development 

A s a target to alter A P metabolism, inhibition of both P- and y-secretases are 

being pursued. Treatment of mice with y-secretase inhibitors has resulted in a significant 

reduction in brain A p levels and an attenuation of A p deposition 1 6 4 ' . Inhibition of p-

secretase is also under study and is thought to be a better target than y-secretase inhibitors 

since y-secretase cleavage is associated with the cleavage of other proteins, such as 

N O T C H , which is important for development. Studies on B A C E 1 ~'~ mice demonstrate an 

absence in brain A p and no other obvious non-AD related pathologies 1 6 5 . Moreover, in 

B A C E 1 7 7 A P P mice there is an absence of amyloid plaques, microgliosis and dystrophic 
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neuritis in the brain. A t present, inhibitors for y-secretase are in phase 1 clinical trials; 

however, more research is needed before such inhibitors are readily available for 

treatment. 

In vivo, in vitro and epidemiological studies suggest that cholesterol may play a 

role in the generation of amyloid and its subsequent accumulation by its role in lipid 

metabolism. Retrospective analysis of people taking (3-hydroxy-P-methylglutaryl-

coenzyme A reductase inhibitors, or statins, show that there was up to a 70% reduced risk 

for developing A D , whereas individuals with high cholesterol levels had a higher risk for 

A D 1 6 6 , 1 6 7 . In vitro studies on primary neuronal cultures have shown that membrane 

cholesterol affects the cleavage sites for both P- and y-secretase, favouring the production 

of APi_42, and that the removal of membrane cholesterol caused a decrease in A p 

production 1 6 8 1 6 9 . Other studies, in which A P P mice were fed high cholesterol diets, 

found that there was a decrease in s A P P a and an increased the A P P cytosolic fragment 

A I C D and plaque burden in high cholesterol diet mice compared to mice on a control diet 

1 7 0 ' 1 7 1 . Furthermore, feeding mice with a statin called atorvostation, commercially known 

as Lipitor, resulted in a 50% decrease in plaque load and an increase in the fonnation of 

s A P P a in A P P transgenic mice 1 7 2 . Similar results are seen in humans, where statin use 

resulted in an approximate 40% decrease in A p serum levels 1 7 3 . Taken together, these 

data suggest that cholesterol modulating drugs may have a significant clinical benefit to 

the treatment and prevention of A D . 

Over the past few years the role of inflammatory mechanisms in A D pathogenesis 

is becoming more evident. N S A I D s , such as ibuprofen (Ibu), indomethacin and 

nimesulide (Nim), have been used as therapeutics for the treatment of A D . These drugs 
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have been shown to have anti-inflammatory properties by reducing the enzymatic activity 

Of 

of C O X enzymes and thus the production of prostaglandins . These drugs have also 

been demonstrated to have the capability of altering A ( 3 M 2 production, presumably by 

acting on the y-secretase complex and shifting cleavage towards the shorter less toxic 

forms of A P 1 7 4 . Treatment of neuroblastoma cells with the above N S A I D s resulted in 

the stimulation of a-secretase and secretion of s A P P a 3 3 . Recent clinical studies with 

N S A I D s are inconclusive due to small sample sizes and a large drop out rates. Thus, 

while the exact targets of anti-inflammatories remain to be clarified, new clinical studies, 

with larger cohorts and more extensive research into new drugs are ongoing and w i l l 

hopefully illuminate the practice of anti-inflammatory therapeutics for A D . 

The most recently developed an t i -AP therapy is aimed at the reversal and/or 

clearance of A P aggregates and employs immunization with either A P peptides or anti-

A P antibodies. A P immunization appears to be effective in reducing amyloid deposition 

and plaque formation, neuritic dystrophy, astro- and microgliosis, memory and cognitive 
175 176 177 178 179 180 181 

deficits and early Tau pathology " J >" D >'">"°- H q w i m m u n i z a t i o n 

reverses or 

attenuates disease pathology remains to be elucidated. It is thought that A p or anti-Ap 

antibodies act by eliciting one or more of the following: 1) preventing fibril formation, 2) 

blocking the toxic effects of soluble and aggregated Ap , 3) disrupting A p fibrils, and 4) 

enhancing the clearance of A P by microglia 1 6 4 . Cl inical trials of active A p peptide 

immunization were undertaken but were suddenly halted in phase II when 5% of the 

patients exhibited meningio-encephalitis. New administration techniques, such as type of 

adjuvant and dose of A p peptide/anti-Ap antibody, have been explored and currently new 

clinical trials, involving both active and passive immunization, are being pursued. 
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1.7 Project rationale and general approach 

The focus of this thesis was to add to the basic understanding of the relationship 

between microglia and amyloid beta and to the various aspects of A D pathology. Both in 

vitro and in vivo experiments were performed in order to examine the role of microglial 

gene expression in response to Ap stimulation as well as the role of microglia in plaque 

formation. It was hypothesized that in response to general activation, microglia 

upregulate the expression of specific genes, in particular, p97, and that these changes in 

gene/protein expression may be used as a means to determine anti-inflammatory drug 

efficacy. Moreover, it was hypothesized that activated microglia exacerbate the 

pathology of A D and contribute to plaque formation. Finally, it was hypothesized that 

the damage that activated microglia and Ap incur on the B B B can be reversed by Ap 

immunotherapy. Taken together, the studies presented here provide new ways by which 

A D progression and treatment can be monitored, as well as providing a new therapeutic 

target for A D treatments and disease prevention. 
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Chapter 2: Materials and Methods 

2.1 Mice 

2.1.1 Tg2576 AD model mice 

The transgenic mice used in this study are the Tg2576 A D model mouse (Tg/+), 

which expresses the Swedish mutant of the amyloid precursor protein (K670N/M671L) 8 4 

under control of the hamster prion protein promoter. Mice were maintained by mating 

Tg2576 males to C57B6/SJL FI females. This strategy was undertaken since Tg2576 

mice are heterozygous for the h A P P gene. Tg2576 mice were distinguished from control 

littermates by P C R at 2 weeks of age as previously described 8 4 , 8 5 . Briefly, primers 

specific to the Hamster prion promoter and human A P P were used along with an internal 

control (1501, 1502, 1503; Table 2) to determine i f mice contains the human A P P gene. 

Animals were fed lab chow and water ad libitum and kept under a 12 hr light/dark cycle. 

Mice were group housed where possible, although the occasional male mouse had to be 

housed alone due to aggression. Wi ld type (+/+) littermates were used as controls. For 

the vaccination studies described below, 6 week and 11 month old mice were used. 

2.1.2 Colony stimulating factor-1 deficient mice (op/op) 

Colony stimulating factor -1 (CSF-1) deficient mice, referred to as op/op mice, 

are osteopetrotic model mice. These mice have a spontaneous mutation resulting in a 

base pair insertion approximately 280 base pairs into the coding region of the CSF-1 gene 

generating a stop codon and a nonfunctional CSF-1 I82>183>184_ CSF-1 is a major growth 

1 85 
factor for macrophages in vivo controlling survival, proliferation and differentiation 
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The osteopetrosis phenotype is characterized by the lack of osteoclasts, thus impairing 

bone remodeling accompanied by retarded skeletal growth, excessive accumulation of 

bone, and the absence of incisors. In addition there is an absence of monocyte derived 

macrophage. Mature macrophages are produced from other precursor cells by the 

influence of granulocytes and macrophage colony stimulating factor. There is also a 

reduction in the number and an alteration in the morphology and function of microglia in 

the brain 1 8 6 ' 1 8 7 . These animals also have a reduced viability and poor breeding 

performance, op/op mice were fed with powdered chow in infant milk formula and water 

ad libitum and kept under a 12 hr light/dark cycle. Homozygous op/op mice were 

distinguished phenotypically from normal littermates by the absence of incisors and by a 

domed skull at day 10 1 8 8 . 

2.1.3 Generation of Tg/+;op/op mice • . ' 

Tg/+;op/op mice were first generated by crossing female Tg2576 A D model 

mouse, described above, to male op/op mice. The Tg/+;op/+ offspring were interbred to 

produce double mutant Tg/+;op/op mice. Littermates Tg/+;+/+, +/+;op/op, +/+;+/+ 

served as controls. A l l procedures were conducted with approval by the University o f 

British Columbia Animal ethics committee. 

2.2 Preparation of reagents 

The amyloid beta peptides ( A p M 0 and A p 4 0 }) used in the present study were 

synthetic peptides of human A p (Bachem, Torrance, C A ) . The peptides were dissolved 

in double distilled water at 100 p M concentration and incubated at 37°C with 5% C 0 2 
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for 5 days t o allow for fibrils-to form. The final concentration of Ap for cell stimulation 

was 10 uM. This concentration was chosen as a result of a dose response experiment 

which showed optimal activation at 10 uM Ap. Flourescent-labelled A p M Q (Calbiochem, 

La Jolla, CA), used for BBB studies, was resuspended in distilled water and used 

immediately after reconstitution. LPS from Salmonella typhimurium and mouse IFN-y 

(Sigma-Aldrich Canada Ltd, Oakville, ON) was resuspended in sterile phosphate 

buffered saline (PBS) as 1 pg/ml stocks. For NSAID studies, Ibu and Nim (Sigma) were 

dissolved in dimethylsulfoxide (DMSO) at a ImM concentration. Inhibitors of MAPK 

pathways, SB203580 (SB; p38 MAPK inhibitor) and PD98059 (PD; MEK1/2 inhibitor) 

(Calbiochem, La Jolla, CA) were made as 20 mM stocks in DMSO. All chemicals were 

of analytical grade. 

All primers used in this study were synthesized by Sigma Genosis and are listed in 

Table 2. 

Primer name Primer sequence Product size (bp) 

1501 (mouse APP) 5'-AAGCGGCCAAAGCCTGGAGGGTGGAACA-3' -760 

1502 (PrP promoter) 5'-GTGGATAACCCCTCCCCCAGCCTAGACCA-3' 

1503 (hAPP) 5 '-CTG ACC ACTCG ACC AGGTTCTGGGT-3' -420 

P97+1 5 '-G AGGGTG ACTTTTTGGCTACT-3' -450 

P97-1 5'-AACGGA AGGCTCC ACTGAGC-3' 

SI5 sense 5'-TTCCGCAAGTTCACCTACC-3' -360 

SI5 antisense 5'-CGGGCCGGCCATGCTTTACG-3' 

P1800 FWD 5 '-GGCACGGGTAGTAGTAGG GAA-3' - 1800 

P1800 REV 5'-GGCAACGTTGGGTTGGCT-3' 

Table 2. List of primer sequences and product 
Primers were custom synthesized by Sigma genosis, made up in distilled water at a 
concentration of 20 pM, aliquoted and kept at -20°C. 
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2.3 Cell culture 

The murine microglial cell line, B V - 2 , provided by Dr. Michael McKinney (Mayo 

Clinic , Jacksonville, F L ) , was derived from vraf/v-myc-transfected primary murine 

microglia. These cells exhibit morphological and functional features similar to primary 

microglia, such as cytokine secretion and phagocytosis 1 8 9 . It has been reported that 

phenotype changes can occur in B V - 2 cells after multiple passages 1 9 0 . To avoid this, all 

cells used were passaged no more than 3 times. B V - 2 cells were cultured in Dulbecco's 

modified Eagle's medium ( D M E M ) (Invitrogen Life Technologies, Burlington, O N ) 

supplemented with 10% (v/v) fetal bovine serum (FBS) (Medicrop, Montreal, PQ.), 2 

m M L-glutamine (Sigma) and 20 m M Hepes (Sigma). J B / M S , a murine melanoma cell 

line which expresses high levels of p97, were provided by Dr. Vincent J. Hearing 

(National Institute of Health, Bathesda, M D ) and bEnd.3, a murine brain endothelial cell 

line, obtained from American Tissue Type Culture Collection ( A T C C ) , were maintained 

in D M E M supplemented with 10% (v/v) F B S , 2 m M glutamine and 20 m M Hepes. 3T3, 

a murine fibroblast cell line was obtained from A T C C and maintained in D M E M 

supplemented with 10 % (v/v) bovine calf serum, 4 m M L-glutamine and 20 m M Hepes. 

A l l cells were cultured at 37°C in a 5% CO2 humidified incubator. 

2.4 Cell stimulation 

A l l cell lines described above were maintained and prepared the same way. 

Twenty-four hours before treatment, cells were washed with P B S , plated at a density of 

5x10 5 cells/ml in serum free D M E M and incubated overnight at 37°C. For determining 
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the effect of microglial activation on p97 expression, the cells were then washed twice 

with serum free D M E M and treated with either 10 u M A ( 3 M 0 , 50 ng/ml L P S , 5 ng/ml 

IFN-y, 10 u M A | 3 4 0 } or P B S for 24 hours. The supernatant was harvested and stored at 

-80°C for T N F - a E L I S A . The cells were then washed with ice cold PBS and R N A was 

extracted for R T - P C R as described below. For N S A I D studies, cells were treated with 10 

u M A p M Q or 50 ng/ml LPS in the presence or absence of 10 u M drug or left untreated. 

The N S A I D s used in this study were Ibu, a non-selective inhibitor of the C O X enzyme 

family, and Nim, a C O X - 2 specific inhibitor. After 24 hours of treatment, the supernatant 

was harvested and stored at -80°C for T N F - a E L I S A and the cells were washed with ice 

cold PBS . m R N A was then extracted for R T - P C R or cell lysates were harvested for 

Western blot analysis. 

2.5 Creation of stable BV-2 transfectant cell lines 

The Balb/c mouse brain genomic D N A was used to clone the promoter region of 

mouse p97. The p97 promoter, spanning approximately 1800bp from nucleotides -1641 

to +59 (nucleotides numbered according to GenBank accession N M 013900 from the 

National Centre for Biotechnology Information database), was cloned by P C R using the 

sense p i800 F W D primer and antisense p i800 R E V primer (see Table 2 for primer 

sequences). The P C R product was subcloned into pCR2.1 -TOPO vector (Invitrogen Life 

Technologies Burlington, ON) and sequenced using standard m l 3 R (5'-

C A G G A A A C A G C T A T G A C C - 3 ' ) and T7 primers ( 5 ' - T A A T A C G A C T C A C T A T A G G G -

3') at the N A P S Facility (Nucleic acid-Protein Service Unit, University of British 
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Columbia, Vancouver, B C ) . After digestion with A p a l and HindiII (New England 

BioLabs), the p97 promoter was subcloned in-frame into the pEGFP -1 expression vector 

(Figure 2.1) (Clonetech, Palo Alto , C A ) . pEGFP -1 was chosen as a reporter system, 

since it lacks its own promoter and produces green fluorescence upon E G F P gene 

expression initiated by a ligated promoter. The resulting p l800-GFP construct was 

sequenced with p i 800 F W D and E G F P - N sequencing primer (5'-

C G T C G C C G T C C A G C T C G A C C A G - 3 ' ) and digested with Apa I and Hind III to ensure 

correct D N A sequence and orientation (Figure 2.2). 
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M C S 

fco0109 I 

Sful 

TAGCGCTACCG G AC TCAGATCTC GAGCTC AAG CTT CG A ATT CTC CAG TCG ACG GTA CCG CGG GcC CBS GAT CCA CCG GTC GCC ACC ATS GTS 
teMU Be/tl JfA-Ti V U l fool I M l fell i f I "1 *\"~§»™H I V I 

Stc\ Aec\ 4io7t* I \ Si»139 I Xmi I 

Figure 2 . 1 . p E G F P - 1 vector and multiple cloning site 
This vector encodes a red-shifted variant of wild-type green fluorescent protein G F P 
which has been optimized for brighter fluorescence and higher expression in mammalian 
cells. pEGFP-1 encodes the GFPmut l variant which contains the double-amino-acid 
substitution of Phe-64 to Leu and Ser-65 to Thr. pEGFP-1 is a promoterless E G F P vector 
which can be used to monitor transcription from different promoters and 
promoter/enhancer combinations inserted into the M C S located upstream of the E G F P 
coding sequence. The coding sequence of the E G F P gene contains more than 190 silent 
base changes which correspond to human codon-usage preferences. Sequences flanking 
E G F P have been converted to a Kozak consensus translation initiation site to further 
increase the translation efficiency in eukaryotic cells. SV40 polyadenylation signals 
downstream of the E G F P gene direct proper processing of the 3' end of the E G F P 
m R N A . A neomycin-resistance cassette (Neo 1) allows stably transfected cells to be 
selected using G418. A bacterial promoter upstream of this cassette confers kanamycin 
resistance in E. coli. (Adapted from Clontec). 
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Figure 2.2. Gel of digested p E G F P and p97 promoter construct. 
Each construct, p E G F P - p l 8 0 0 and p E G P F , were digested with Apa l and H i n d l l l for 3 
hours at 37°C. The digested products were analyzed on a 1% agarose gel and visualized. 
The 4200 bp fragment indicates the pEGFP-1 vector while the smaller 1800 bp product 
indicates the promoter region of p97. 

B V - 2 cells, at approximately 70% confluency, were transfected with the 5 pg of the 

p l800-GFP construct or the promoter-less pEGFP-1 vector by using Lipofectamine™ 

2000 reagent (Life Technologies, Inc., Gaithersburg, M D ) under serum free conditions. 

Cells containing either the p l800-GFP construct or the promoter-less pEGFP-1 vector 

were selected by adding 500 pg/ml G418 (Invitrogen). The transfectants continued to 

grow for approximately 3 weeks with 500 pg/ml G418, and then were sorted using the 

F A C S D i v a ( B D Pharmingen, San Jose, C A ) into single cell clones. Clonal cell lines 

continued to grow until confluency under selective conditions and were then analyzed for 

G F P expression. Since G F P expression is under control o f the p97 promoter, cells were 

treated with 10 p M A P M O for 24 hours and then sorted for high G F P expressing cells. 

Cells transfected with pEGFP-1 vector alone were sorted for low G F P expression. Three 

days later, cells were sorted again for low expressing G F P to isolate cells in an inactive, 
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resting state. These cell lines continued to grow for until confluency under selective 

conditions and were then used for experiments described. 

2.6 RNA Isolation 

m R N A from B V - 2 , J B / M S , 3T3 and b.End3 cells, as well as from mouse brain 

regions was extracted using the RNeasy mini K i t (Qiagen Inc., Mississauga, ON) 

according to the manufacturer's instructions. Cells were washed once in cold P B S , lysed 

with lysis buffer containing P-mercaptoethanol and spun down in a spin column. The 

cells were then washed with an appropriate buffer and R N A was isolated. R N A 

concentrations were determined using spectrophotometry at U V wavelengths of 260 and 

280. Final R N A concentration was obtained form the following calculation 

O D 2 6 o X 40 = [RNA] pg/ml 

2.7 Reverse transcriptase and Polymerase Chain Reaction 

Reverse Transcriptase and Polymerase Chain Reaction (RT-PCR) was performed 

with oligonucleotide primers custom synthesized by Sigma Genosis listed in Table 2. The 

expression of p97 and SI5 (loading control) was examined. To make the c D N A , 1 pg of 

R N A was used along with 1 p l of deoxyribonucleotide triphosphate (dNTPs) mix ( lOpl 

each of d A T P , dCTP, dGTP and dTTP) (Invitrogen), l u l of Oligo dT . (Invitrogen) and 

Rnase free water to a total volume of 12 p l . The mixture was incubated at 65°C for 5 

minutes followed by a quick chil l on ice. Next, 4 p l of 5x first strand buffer, 2 p l o f 

0 .1M dithiothreitol (DTT) and 1 p l of RNase O U T (Invitrogen) was added and incubated 
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at 42°C for 2 minutes followed by the addition of 1 p l of Superscript II (Invitrogen). The 

solution was mixed by gentle pipetting and incubated at 42°C for 50 minutes. After 

incubating, the reaction was then inactivated by heating the solution at 70°C for 15 

minutes, followed by the addition of 1 p l of Rnase H (Invitrogen) and incubation at 37°C 

for 20 minutes. P C R amplification was performed through 35 cycles at 94°C for 30 sec, 

56°C for 30 sec, and 72°C for 45 sec. The P C R was stopped with a final extension for 10 

min at 72°C. Samples were then loaded into a 1% agarose gel and images were digitally 

captured and analyzed. 

2.8 Real-time Polymerase Chain Reaction 

R T - P C R results were confirmed by semi-quantitative real-time P C R for p97 and 

for S15 m R N A (used as internal control). R N A ( lpg) from each sample was reverse 

transcribed using Superscript'" II Reverse Transcriptase (Invitrogen). Real-time P C R 

was performed using the Roche Light Cycler. In brief, 1 p l of c D N A and gene specific 

primers were added to SYBR® Green Taq ReadyMix™ ( S Y B R Green dye, Taq D N A 

polymerase, JumpStart Taq antibody, dNTP mix and optimal buffer components; 

S I G M A ) and subjected to P C R amplification. The following protocol was used: 

denaturation (95°C for 5 minutes), amplification and quantification (40 cycles at 95°C for 

5 seconds, 56°C for 5 seconds and 72°C for 30 seconds), melting curve program (65-

95°C with a heating rate of 0.2°C per second and a continuous fluorescent measurement) 

and a final cooling step to 40°C. The primers used for p97 and SI5 were synthesized by 

Sigma Genosis and are shown in Table 2. The amplified transcripts were quantified using 
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the comparative C T method. Briefly, fold increase was calculated by determining the 

cycle at which the fluorescence passes the fixed threshold (CT) for each sample. Below 

are formulas used to calculate the fold induction for each sample (as presented by 

Applied Biosystems). 

A C T = C T (gene of interest) - C T (endogenous control) 

A A C T - A C T (sample X ) - A C T (control sample) 

Fold Induction = 2 " A A C | 

2.9 TNF-a ELISA assay 

T N F - a produced by B V - 2 microglial cells was determined in culture supernatants 

using a specific murine T N F - a E L I S A kit capable of detecting levels as low as 5.1 pg/ml 

( R & D Systems, Inc., Minneapolis, M N ) according to the manufacturer's protocol. T N F -

a was chosen as a measurement of microglial activation since it has been established that 

microglia upregulate the production and secretion of T N F - a upon activation 2 6 . After 24 

hours of treatment the cell culture supernatant was removed and stored at -80°C until 

assayed for T N F - a . E L I S A measurements were performed using the Spectra Max 190; 

(Molecular Devices) using the standard and instructions supplied by the manufacturer. 

2.10 Western blot analysis 

Antibodies The phosphorylated forms of E R K and p38 M A P K were visualized 

using rabbit polyclonal primary antibodies raised against phosphor-(Thr202/Tyr204) 

E R K (1:1000) and phosphor-(Thrl80/Thr182) p38 M A P K (1:1000), (Cell Signaling, 
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Beverly, M A ) . G F P was visualized using a mouse monoclonal raised against G F P 

(1:1000) (Santa Cruz Biotechnology, Santa Cruz, C A ) . Loading controls for E R K , p38 

M A P K and G F P were determined by using extracellular regulated kinase 1/2 (Erkl /2) 

(1:1000) polyclonal antibody, extracellular regulated p38 antibody (1:1000) and G A P D H 

(1:10000) (Santa Cruz Biotechnology) respectively. Secondary goat anti-rabbit (1:10000) 

and goat anti-mouse (1:10000) antibodies conjugated to horse radish peroxidase (Jackson 

ImmunoResearch Laboratories, West Grove, PA) were used. 

B V - 2 cells transfected with the p i800 promoter region of p97 fused to G F P were 

washed, resuspended at 5 x 10 5 cells/ml in D M E M containing G418 and incubated 

overnight at 37 °C. Cells were then washes 3 times in serum free media and incubated 

with 10 ( i M Api-40 or 50 ng/ml LPS for 24 hrs. For signal transduction studies, cells were 

treated with 20 u M S B or 50 U.M P D for 30 min and then with either 10 u M Api^o or 50 

ng/ml LPS for 6 hrs. Following treatment, cells were lysed in 50 p i of lysis buffer 

containing 50 m M Tr i s -HCl (pH 7.5), 150 m M N a C l , 10% glycerol, 1% Nonidet P-40, 5 

m M E D T A , 1 m M sodium vandadate, 5 m M sodium fluoride, 1 m M sodium molybdate, 5 

m M P-glycerol phosphate, in the presence of 10 pg/ml soybean trypsin inhibitor, 

pepstatin, and 40 pg/ml phenylmethylsulfonyl fluoride. Protein concentrations were 

determined using the B C A protein assay (Pierce, Rockford, IL). Equal amounts of 

proteins were denatured by boiling in SDS sample buffer (0.16% (w/v) SDS, 0.002% 

(w/v) bromophenol blue and 1% (w/v) DTT.) run on 12% S D S - P A G E gel along 

prestained broad range standard (Bio-rad, Hercules, C A ) and transferred to nitrocellulose 

membrane. Membranes were blocked for non-specific binding in 5% non-fat dry skim 

milk in P B S and 0.1% (v/v) Tween 20 detergent (Bio-rad). Primary antibodies to 
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phospho-p38 and phosphor-p44/42 were incubated in PBS/0 .1% Tween 20 and the G F P 

primary antibody was incubated in blocking buffer. Primary antibodies were incubated 

with membranes overnight at 4°C. After incubation with HRP-l inked secondary 

antibodies, proteins were detected using E C L detection reagent (Amersham Biosciences, 

Piscataway, NJ). After development, the blots were stripped in 62.5 m M Tr i s -HCl (pH 

7.5), 0.2% SDS, and 100 m M 2-mercaptoethanol for 30 min at 50 °C and then reprobed 

with either a monoclonal antibody to G A P D H , extracellular regulated kinasel/2 (Erkl /2) 

(K-23) polyclonal antibody and extracellular regulated p38 (C-20) (Santa Cruz 

Biotechnology) as a protein-loading control. 

2.11 Immunohistochemistry 

Adjacent tissue sections were immunostained for the detection of amyloid deposits 

(4G8) and activated microglia (F4/80). Brains were fixed in 4% paraformaldehyde, 

paraffin embedded and cut into 8 p M sections. Sections were then deparaffinized, 

hydrated and incubated in D A K O Target retrieval Solution (DakoCytomatiom) in a 

steamer for 20 minutes to ensure proper unmasking of the antigen. The samples were 

then cooled at room temperature for 30 minutes and washed in water 3 times for 5 

minutes each. Slides were then incubated in 3% H 2 0 2 for 30 minutes, rinsed 3 times in 

water and blocked in the appropriate blocking solution for 40 minutes. Slides were then 

incubated in either 4G8 (1:500, Signet Labs Inc., Dedham, M A ) or F4/80 (1:10, Serotec, 

Oxford, U K ) overnight at 4°C, washed and incubated with a secondary biotinylated anti-

mouse antibody for 4G8 or a biotinylated anti-rat antibody for F4/80 ( D A K O 

LSAB+system, DakoCytomation) for 25 minutes. Sections were developed by D A B 
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(Vector Laboratories Inc., Burlington, ON) , counterstained with Mayer's hematoxylin, 

dehydrated and mounted. Slides were examined under a Zeiss microscope and images 

were captured using OpenLab software. The number of plaques per cortical brain section 

per mouse was counted and analyzed. Data were collected from 4 equally spaced 

sections. The values for all sections from one mouse were averaged to obtain a single 

sample for statistical analysis. 

2.12 Ap and antibody injection 

Fluorescent-labelled A | 3MO , PBS , bovine serum albumin (BSA) conjugated to 

Texas red (Sigma), anti-human A(3 antibody (4G8), Biotin labeled anti-human A p 

antibody (4G8) (Signet Labs Inc.) and biotin (Sigma) were injected intravenously (i.v.) 

into the tail veins of mice. For injections, a total volume of 200 ul was injected into each 

mouse containing 200 ug of protein. One hour after injection, the.mice were anesthetized 

with ketamine (25 mg/kg i.p.) and xylazine (5 mg/kg i.p.) and perfused with 1 X P B S 

followed by 4% P F A . Following perfusion, the brains were dissected, embedded into 

paraffin and sectioned into 8 u M sections. Brain sections from mice injected with 

fluorescent A P , P B S and Texas-red conjugated B S A were examined directly by confocal 

microscopy without any processing. Brain sections for mice injected with anti-Ap 

antibodies (both unlabelled and biotin labeled) were stained with secondary antibodies or 

processed with D A B respectively. Briefly, slides were deparaffinized and hydrated as 

described above. For mice injected with anti-Ap antibodies, slides were blocked in 10% 

skin milk in P B S for 30 minutes, washed 2 times for 5 minutes in water and then 

incubated in Alexa 488 nm conjugated goat-anti mouse IgG secondary antibody (1:500) 
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(Molecular probes, Eugene, OR) diluted in 2% B S A / P B S for one hour. The slides were 

then washed 3 times for 5 minutes. The coverslip was mounted with 5 pl Antifade 

(Molecular probes) before sealing with nail polish. For mice injected with biotin labeled 

antibody or biotin alone, slides were developed with D A B (Vector laboratory) washed 3 

times for 5 minutes in water, dehydrated in 3 washes of xylene and mounted with a 

coverslip using permount. The slides were then examined using a confocal microscope 

or a light microscope. A l l mice used for these studies were 6 weeks old and of similar 

weight. 

2.13 Vaccination protocol 

Prior to immunization each mouse was bled and serum collected. Two groups of 

mice were vaccinated beginning at 6 weeks and 11 months of age and sacrificed at 12 

months and 15 months respectively. A(3 peptide was freshly prepared from lyophilized 

powder for each set of injections. For immunizations, 2 mg of A(3 (human A f $ M 0 ; 

Bachem) was added to 0.9 ml of deionized water and mixed until a solution of uniform 

suspension was obtained. Then 100 p l of 10X P B S was added to obtain a final I X P B S 

concentration. The solution was vortexed and placed at 37°C overnight until use the next 

day. A P (100 pg antigen per injection) or PBS (control) was mixed 1:1 (v/v) with 

complete Freund's adjuvant ( C F A ) for the first immunization. This was followed by a 

boost with A P M Q (100 pg) or P B S mixed 1:1 (v/v) with incomplete Freund's adjuvant 

( ICFA) at two weeks and monthly thereafter. The 6 week old mice were vaccinated for a 

total of 11 months, and the 11 month old mice were vaccinated for a total of 4 months. 
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A p or PBS alone were injected from the fifth immunization onward. Antibody titres for 

anti-Ap antibodies was assayed after the second immunization. Anti-AP antibody titres 

were determined by serial dilutions of sera against aggregated A p , which had been coated 

in microtitre wells. Detection was done by using goat anti-mouse immunoglobulin 

conjugated to horseradish peroxidase and ABTS (2'2-AZINO-bis (3-ethylbenzthiazoline-

6-sulfonic acid; Sigma) as substrate. A fluorescence plate reader (Spectra Max 190; 

Molecular Devices) then measured fluorescence at 405 nm. 

2.14 Evans blue assay 

Quantitative Evans blue analysis was performed as previously described by Ujiie et 

al. 1 4 9 In brief, Tg2576 mice vaccinated with either A P or PBS alone and their age-

matched controls were weighed and injected intra-peritoneal (i.p.) with 50 u.g/g Evans 

blue dye (Sigma) in 1XPBS. Three hours after injection, the mice were anesthetized with 

ketamine (25 mg/kg i.p.) and xylazine (5 mg/kg i.p.) and perfused with 1XPBS for 5 

minutes. Following perfusion, the brains were dissected, olfactory and cerebellum 

removed, weighed and dounce homogenized in 0.5 ml of 50% trichloroacetic acid. The 

sample was then centrifuged at 10000 rpm for 10 minutes. The supernatant was collected 

and diluted 1:4 in 100% ethanol. An EL1SA plate reader (Spectra Max 190; Molecular 

Devices) then measured Evans blue fluorescence at 620 nm. Values are graphed as 

OD62o/brain weight, and the data were statistically analyzed with the student t-test. As a 

control for Evan blue distribution throughout the mouse, OD620 values for the liver, a 
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tissue known to be highly permeable, were also evaluated. A l l mice used in this study 

exhibited high levels of Evans blue dye in the liver. 

2.15 Statistical analysis 

A l l analyses were performed using the GraphPad Prism software. T N F - a E L I S A 

data and Real-time P C R data were analyzed by performing A N O V A tests followed by 

Bonferroni analysis. A l l experiments were performed at least 3 times and in triplicate 

within each experiment. Statistical significance was established at a level of P < 0.05. 

A P vaccination studies were analyzed by comparing A p vaccinated transgenic mice and 

P B S vaccinated transgenic mice within each group by the student t-test. Transgenic and 

non-transgenic mice injected with A p and transgenic and non-transgenic mice injected 

with P B S were also compared to one another respectively. Statistical significance was 

established at a level of P < 0.05. 
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Chapter 3 : P 9 7 expression in activated microglia 

3.1 Rationale 

It is now becoming widely accepted that inflammatory processes are involved in the 

pathogenesis of AD. There have been extensive studies over the past 10 years which 

have characterized the increased expression of many pro-inflammatory cytokines, cell 

surface markers and various neurotoxins corresponding to the accumulation of AP and 

disease pathology. The findings that amyloid plaques are surrounded by activated 

microglia also provide evidence for the contribution of inflammation in A D . These 

observations provide the rationale for developing therapeutics for A D targeted against 

inflammation and thus activated microglia. Further support of such therapies came from 

epidemiological evidence from arthritic patients who were on long term N S A I D s in 

which NSA1D use correlated with a significant decreased risk for A D by approximately 

60-80% 1 0 2 . Furthermore, N S A I D treatment appears to slow down disease progression, 

delay onset and diminish symptom severity 1 0 3 . While it has been established that the 

target of N S A I D s are microglia, it is unclear what intracellular process in microglia 

mediate the response elicited by N S A I D s . It has been suggested that either the C O X - 1 / 2 

enzymes or the transcription factor, P P A R - y , are involved ' . 

Finding a specific marker for inflammation resulting from Ap accumulation would 

aid in the diagnosis of A D as well as in evaluating the efficacy of new anti-inflammatory 

therapeutics. There have been many biomarkers suggested to aid in the diagnosis of A D . 

These are mostly limited to the ratio between Ap42 and Ap4o or total Tau or 

phosphorylated Tau levels in the CSF . There have also been some markers of 
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inflammation that have been investigated in AD, such as levels of 1L-6 1 9 1 and TNF 1 9 2 

however; these markers are general for all forms of CNS inflammation and not specific 

for AD related inflammation. An alternative candidate that is believed to be specific for 

AD is a protein called melanotransferrin. 

Melanotransferrin, also known as the human melanoma associated antigen p97, was 

originally identified as a cell surface marker associated with human skin cancer 1 9 3 . 

Woodbury et al. analyzed the expression of p97 in normal adult, fetal, and neoplastic 

tissues and found that the protein was highly expressed in fetal colon, lung and umbilical 

cord as compared to adult tissues 1 9 4 . Further studies revealed that p97 is also highly 

expressed in fetal liver, placenta and sweat glands 1 9 3 . Due to high p97 expression in 

fetal tissues, it has been suggested that p97 may play a role in fetal development. In 

addition to its expression in human tissues, p97 has been found to be expressed in many 

cultures of normal cells including liver, intestinal epithelial cells and fetal intestinal cells 

195,196,197,198 e x i s t s i n two forms: one is a glycosylphosphatidylinositol (GPI)-linked 

cell surface form and the other is a secreted soluble form generated by alternative splicing 

199,200,201 j s a m e r n D e r of a group of iron binding proteins that include serum 

transferrin, lactoferrin and ovotransferrin and maps to the same region of chromosome 3q 

in humans as the genes of other proteins involved in iron transport 2 0 2 . Human transferrin 

and p97 share 40% sequence identity and p97 is able to bind one iron molecule 2 0 3 . Thus, 

p97 may be one of the many uncharacterized iron transport molecules that operate in a 

transferrin independent fashion. 

The relationship between p97 and AD remains to be elucidated in molecular detail. 

The distribution of p97 in the brains of AD and non-AD subjects was studied to identify 
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locations where p97 is expressed 2 0 4 , 1 1 0 . In previous studies comparing A D brains with 

brains of patients who died from neurodegenerative diseases other than A D , such as 

Huntington's disease or Parkinson's disease (PD), the distribution of p97 in the non-AD 

brains appeared to be limited to the endothelial cells, which make up the B B B , with 

occasional positive staining for astrocytes and oligodendrocytes. Interestingly, in the A D 

brain, p97 was also detected in reactive microglia associated with senile plaques. 

Reactive microglia that stained positive with H L A - D R antibody but were not closely 

positioned near senile plaques did not express p97 n 0 . Further immunohistochemical and 

in situ hybridization studies 1 1 1 revealed a high expression of p97 m R N A in the reactive 

microglia associated with senile plaques and lower levels of p97 around endothelial cells. 

In the non-AD brain, endothelial cells stained weakly for p97 m R N A and there was no 

p97 m R N A or protein detected in microglia. It is possible that there is an increased 

requirement for the utilization and/or scavenging of iron by reactive microglia associated 

with senile plaques since, in addition to p97, increased concentrations of iron, transferrin 

and ferritin ' have been noted in the region. 

With the finding that p97 is detected on the B B B and in the reactive microglia 

associated with the senile plaques of A D patients 1 1 0 it was postulated that p97 may be 

used as a biological marker for A D . Initial studies by Kennard et al. investigated this 

putative relationship and found evidence that the soluble form of p97 is elevated, up to 6 

fold, in the serum taken from A D patients as compared to controls (n=17) m . Further 

regression analysis of these data revealed that there was no correlation between p97 

levels and age. To eliminate the possibility that environmental factors may result in the 

increased levels observed, serum samples from A D patients and their cognitively normal 
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spouses (n=10) were obtained . Again it was found that the levels of p97 in AD 

patients compared to their spouses were significantly elevated thereby suggesting that 

environmental factors have no influence on serum p97 levels. 

A subsequent study by Feldman et al, involving a larger cohort of subjects, 

showed that there is a 2 fold significant increase in serum p97 levels from patients with 

AD compared to non-AD controls (41 ng/ml versus 20 ng/ml, p < 0 . 0 0 1 )
 209. These results 

were corroborated by an independent group of investigators 2 1 0 who reported that there 

was a 3 to 5 fold significant increase in the serum p97 levels in AD cases compared to 

non-AD cases of dementia and controls. In addition, there was no correlation between 

p97 serum levels and age or severity of disease. Collectively these are compelling 

findings which independently support the potential of serum p97 levels as a biomarker of 

AD. 

The role of p97 as an iron transporter in AD pathology is unclear. It has been 

established that in many neurodegenerative diseases, such as AD and PD, there is a 
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dysfunction in iron metabolism and hence homeostasis (reviewed in Qian, 1998) 

How exactly iron gets into the brain remains unresolved. It is thought that most iron 

transport in the body is mediated by the classical transferrin-transferrin receptor (TfR) 

pathway. However, in regards to iron transport in the brain, it is possible that other 

proteins may be involved. This is supported by looking at TfR, transferrin and iron 

distribution in the brain. There appears to very little overlap between TfR and iron 

distribution and between TfR and transferrin distribution 2 1 2 . In addition, there is a 

difference in the rate of transfer of iron and transferrin across the BBB indicating that 

iron transport across the BBB is likely to be facilitated by other means. It has been 
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previously established that p97 is able to bind and internalize iron into cells independent 

of transferrin and TfR 1 9 9 ' 2 0 0 . Furthermore, the rate of iron uptake by p97 was equivalent 

to the rate of iron uptake seen with transferrin/TfR. These data suggest that p97 may 

transport iron across the B B B in a manner similar to the TfR. Dysregulation of p97 may 

be one of the causes of iron deposition in A D . Studies have confirmed the presence of an 

iron-responsive element in the 5 'UTR of the A P P and that at the biochemical level, 

copper, zinc and iron are shown to accelerate the aggregation of the A p peptide and 

amyloid plaque formation 4 5 . Microgl ia may express p97 in response to A P as a means to 

help clear A p plaques by binding to iron deposited in the plaques and destabilizing it. 

Alternatively, p97 expression in microglia may be a harmful response. If there is an 

initial dysregulation of iron in the brain causing a decrease in the concentration of free 

iron, (for example sequestration in plaques) p97 may cross the B B B into the periphery, 

bind iron and cross back into the brain. Recently, it has been demonstrated that p97 may 

participate in the vascularization of solid tumors and promote endothelial cell migration 

2 I 3 . This angiogenic activity may depend on activation of endogenous vascular 

endothelial growth factor ( V E G F ) expression 2 ' 3 . We have established that the B B B is 

compromised in A D model mice 1 4 9 and it is known that there is an increase in V E G F 

expression in A D 2 1 4> 2 1 5> 2 1 6 Thus p97 may contribute to the increased permeability of the 

B B B in A D . More studies are needed in order to determine i f an increase in brain iron 

levels is associated with an increase in p97 expression. Also, the distribution of p97 in 

different brain regions and different cells types may help elucidate the role of p97 in 

brain iron homeostasis and possibly A D pathology. 
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The aims of this study were to determine if microglia upregulate the expression of 

p97 upon general activation or whether this occurs in response to AD specific stresses, 

and to investigate which signal transduction pathway is responsible for this up-regulation. 

Moreover, if p97 could be used as a marker for inflammation, it may be possible to use it 

as an indicator of anti-inflammatory drug efficacy. To further investigate this possibility, 

p97 expression was examined in cells treated with NSAIDs. 

3.2 Results 

3.2.1 Microglial activation 

As a prerequisite for analysis of levels of p97 in activated microglia upregulate 

the expression of p97, it is important to confirm the state of microglia after treatment with 

known stimulants was confirmed. It has been well established that once microglia 

become activated they secrete many pro-inflammatory cytokines including IL-1 P and 

TNF-a, as well as reactive oxygen and nitrogen radicals 2 6 . Therefore to determine if 

microglia were indeed in an activated state, TNF-a levels were measured by a sandwich 

ELISA with antibodies specific for murine TNF-a. Cultured BV-2 cells were incubated 

for 24 hours with known activators of microglia including 50 ng/ml LPS, 5 ng/ml IFN- y 

or 10 uM fibrillar Api_4o, which is a stress specifically associated with AD. As negative 

controls, cells were treated with 10 U.M of the reverse Ap peptide (Ap 4 0 }) or PBS. 

Stimulation of BV-2 cells with A P M Q , LPS and IFN-y lead to an increase in the 
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production of T N F - a (Figure 3.1). Treatment with the A p 4 Q } had some effect on T N F - a 

production likely due to non-specific effects of addition of peptides to the media.. 

NT LPS IFN-y ApY40 A p 4 ( M PBS 

Treatment 

* P < 0.001; ** P < 0.01 

Figure 3.1. T N F - a production increased in BV-2 cells treated with various known 
activators. Cells were plated at a density of 5 x l 0 5 cells/ml and treated for 24 hours with 
50 ng/ml L P S , 5 ng/ml IFN-y, l O u M A p M 0 , 10 p M A p 4 0 - i and PBS . Cel l culture 
supernatant was collected and T N F - a levels were measured using an E L I S A specific for 
murine TNF-a . There was a significant increase in T N F - a production in cells treated 
with L P S , IFN-y and A p M 0 compared to no treatment (NT) ( A N O V A , * P < 0.001, ** P 
< 0.01). Treatment with the reverse A p peptide had some effect, likely due to non
specific effects of added peptides while PBS had no significant effect on T N F - a 
production. A l l experiments were performed at least 3 times in triplicate. Error bars 
represent ± SD. The results above are representative of all replicates. 
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3.2.2 P97 expression in BV-2 cells 

The expression of p97 was determined by R T - P C R in B V - 2 cells under non-

stimulating conditions and following treatment with fibrillar A ( 3 M 0 , LPS and IFN-y. The 

results show that expression of p97 was largely increased in B V - 2 cells in response to 

treatment with A[3 (Figure 3.2 a). Treatment with other known activators of microglia, 

such as IFN-y had no significant effect on the expression of p97. There was an increase 

in treatment with L P S ; however, not as large a magnitude as with treatment with A p . 

There was no effect on the expression of SI5 , a ribosomal subunit m R N A used as a 

loading control. In addition, there seemed to be no change in the expression of p97 in 

murine melanoma cells ( JB/MS) , murine brain endothelial cells (bEnd.3), nor in murine 

fibroblasts (3T3) in response to these stimuli (Figure 3.2 a). Real-time P C R analysis of 

p97 expression in B V - 2 cells was performed in order to quantitate the change in m R N A 

expression. Treatment with A p resulted in an approximate 6 fold increase in p97 

expression. The 6 fold increase corresponds to the increased protein serum levels 
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previously reported in humans ' * . Treatment with LPS exhibited an approximate 4 

fold increase in p97 expression (Figure 3.2 b). Since there is no monoclonal antibody to 

murine p97, B V - 2 cells were transfected with the pEGFP -1 promoterless vector where 

the expression of G F P is under control of the p97 promoter (pl800-GFP). To investigate 

i f protein levels of murine p97 corresponded to the increase in m R N A expression, 

Western blot analysis was performed on p l800-GFP transfected B V - 2 cells and blotted 

for G F P expression. Treatment with A P and to a lesser extent LPS resulted in an increase 

in G F P expression compared no treatment (Figure 3.2 c). 
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Figure 3.2. P97 expression in treated cells. 
p97 expression in B V - 2 cells was upregulated ~6 fold in response to l O p M A p compared 
to no treatment and treatment with other known activators (IFN-y) of microglia. 
Treatment with 50 ng/ml L P S resulted in an -3.5 fold increase in p97 expression, (a-b). 
In addition, treatment of endothelial cells (bEnd.3), melanoma cells ( JB/MS) , and 
fibroblast cells (3T3) with 10 u M A p , 50 ng/ml L P S and 5 ng/ml IFN-y had no effect on 
p97 expression. This increase in p97 expression was also observed at the protein level in 
response to 10 p M A P and 50 ng/ml LPS (c). SI5 m R N A was used as a loading control 
for R T - P C R and G A P D H for western blot, (a) R T - P C R of p97 expression in B V - 2 , 
b.End3, J B / M S and 3T3 cells (b) P97 expression as determined by real-time PCR. 
Relative gene expression was determined by calculating the cycle threshold (CT) for p97 
as well as for SI5 . Treated sample thresholds were then compared to non-treated and 
fold induction of gene expression determined. Error bar represent ± S D for C T values, (c) 
Western blot analysis of G F P expression in p l800-GFP transfected B V - 2 cells after 
treatment with A P and L P S . A l l experiments were performed at least three times and 
data indicated here are representative of all trials. 
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3.2.3 P97 expression in Tg2576 AD model mice 

Finally, the m R N A expression levels of p97 in different brain regions of Tg2576 

A D model mice was examined. Sixteen month old Tg2576 A D model mice, where there 

is a substantial presence of amyloid plaques and activated microglia, and their control 

littermates, were perfused with P B S and the brains were dissected into 6 different 

regions; frontal, hippocampal, occipital, olfactory, parietal, and temporal. The brains 

were then processed for total R N A extraction and subjected to R T - P C R to assess for p97 

expression. Results illustrate that p97 expression is increased in the Tg2576 A D mouse 

in the brain regions associated with heavy plaque burden and activated microglia such as 

the temporal cortex and hippocampus (Figure 3.3). 
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F R HI O C O L P A T E 

Tg2576 

SJL /B I6 

Figure 3.3. p97 expression is increased in affected brain regions in Tg2576 mice. 
Brains were dissected into 6 regions, R N A extracted and R T - P C R performed for p97 
gene expression. Areas of the brain known to have significant amyloid deposition and 
activated microglia, FR, HI, P A and T E , also have an increase in p97 gene expression. 
Non-transgenic mice exhibit no change in the expression of p97. There was also no 
change in S15 m R N A levels in all brain regions in both transgenic and non-transgenic 
mice. FR-frontal; Hl-hippocampal; OC-occipital; OL-olfactory; PA-parietal; T E -
temporal. A l l experiments were performed at least three times and data indicated here 
are representative of all trials. 
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3.2.4 MAPK pathways control the expression of p97 

To seek further insight in what signal transduction pathway is involved in p97 

expression, the promoter region of p97 was studied to identify possible transcription 

factor binding sites. Within this region there are 3 AP-1 transcription factor binding sites, 

indicating a possible regulation by MAPK-dependent pathways. Moreover, Roze-Heusse 

et al. found that increased m R N A levels of Jun/Fos, the transcription factors which 

217 

constitute A P - 1 , correlated with m R N A levels of p97 in human melanoma cells . To 

directly test which M A P K pathway is involved in the expression of p97, p l800-GFP 

transfected B V - 2 cells were stimulated with 10 u M A(3MO or 50 ng/ml LPS with and 

without the addition of selective inhibitors of the p38 M A P K and E R K 1 / 2 pathways. 

SB203580 (SB) is a selective inhibitor of p38 M A P K and has no effect on E R K 1 / 2 or 

J N K while PD98059 (PD) is a selective inhibitor of upstream kinases, M E K 1/2, in the 

E R K pathway. 

Cells were incubated with each of the M A P K inhibitors for 30 minutes and then 

stimulated with either 10 p:M Ap^o or 50 ng/ml LPS for 6 hours: N o treatment and 

treatment with inhibitor alone were used as controls. G F P protein levels were measured 

by Western blot. Treatment of p l800-GFP B V - 2 cells with the inhibitor of p 3 8 M A P K 

(SB, 20 uM) resulted in a decrease in G F P expression in both A P and LPS treated 

samples (Figure 3.4 a). Treatment with inhibitors to E R K 1 / 2 (PD; 50 uM) had no effect 

on G F P expression in stimulated cells (Figure 3.4 b). Cells transfected with vector alone, 

pEGFP-1 , showed no change in G F P expression in all cases, but did show a difference in 

phospho-p38 and phospho-ERK expression upon treatment with A p or LPS with and 
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without respective inhibitors (Figure 3.4 b,d). This suggests that the p97 promoter region 

is regulated by the p38 M A P K pathway. 

NT A p L P S 

20 pM S B 

G F P 

p-38 

anti-p38 

NT Ap L P S 

50 pM PD 

G F P 

p-ERK 

E R K 

NT A P LPS 

20 p M S B 

G F P 

p-38 

anti-p38 

NT Ap L P S 

50 p M P D 

G F P 

p E R K 

ant i -ERK 

Figure 3.4. The p97 promoter appears to be regulated by the p38 M A P K pathway. 
B V - 2 cells transfected with p l800-GFP were stimulated with 10 p M A P i ^ 0 and 50 ng/ml 
L P S as well as with inhibitors for p38 (20 pM) and p - E R K (50 p M ) for 6 hours. G F P 
expression was measured by Western Blots of cell lysates with antibodies against G F P 
and the activated (phosphorylated) forms of p38 and p - E R K . Levels of extracellular 
regulated M A P K s were used as loading controls. G F P expression was decreased when 
treated with A p or L P S in conjunction with SB implying that the p38 M A P K pathway 
controls the regulation of the p97 promoter region. There was no change in G F P levels in 
cells treated with P D or in cells transfected with an empty vector, (a) G F P expression in 
p l800-GFP cells treated with p38 M A P K inhibitor, S B , (b) G F P expression in pEGFP-1 
cells treated with p38 M A P K inhibitor, SB, (c) G F P expression in p l800-GFP cells 
treated with E R K 1/2 inhibitor, P D and (d) G F P expression in pEGFP-1 cells treated with 
E R K 1/2 inhibitor, P D . Each gel is a representative gel from three separate experiments. 
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3.2.5 P97 expression in BV-2 cells after treatment with NSAIDs 

Next, the expression of p97 in microglia in the presence of N S A I D s , was tested. 

To assess i f N S A I D treatment reduced the activation of microglia, T N F - a production was 

again measured in cells either treated with stimulant alone or stimulant and N S A I D . 

Treatment with two N S A I D s , 10 p M Ibu and 10 p M N i m , appeared to reduce the 

production of T N F - a from cells treated with both stimulant and drug (Figure 3.5 a-b). 

When examining the gene expression of p97, it appears that the expression was decreased 

in cells treated with both Ibu and N i m , where R T - P C R and real-time P C R show that the 

expression of p97 in N S A I D treated cells was reduced close to the levels of non-treated 

cells (Figure 3.6 a-b and 3.7 a-b). Since previous studies have demonstrated that serum 

levels of p97 are elevated in A D , protein levels were also examined. Western blot 

analysis with p l800-GFP transfected B V - 2 cells also shows a decrease, similar to the 

levels of m R N A . G F P levels were also decreased in cells treated with drug compared to 

treatment with A P and L P S alone (Figure 3.6 c and 3.7 c). 
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Figure 3.5. NSAID treatment decreased TNF-a production in activated BV-2 cells. 
Cells were plated at a density of 5 x 105 cells/ml and treated for 24 hrs with 10 U.M A ^ M O 
or 50 ng/ml LPS with or without the addition of 10 p.M Ibu or 10 uJVl Nim. There was a 
significant decrease in TNF-a production in cells treated with drug compared to 
treatment with A p M 0 or LPS alone (ANOVA, *, ** P < 0.001). (a) TNF-a production in 
BV -2 cells after treatment with 10 (iM Ibu and (b) TNF-a production in B V - 2 cells after 
treatment with 10 | i M Nim. A l l experiments were performed at least 3 times in triplicate. 
Error bars represent ± SD. The results illustrated above are representative of all 
replicates. 
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Figure 3.6. p97 expression is decreased in BV-2 cells treated with Ibuprofen. 
Cells were plated at a density of 5 x 105 cells/ml and treated for 24 hrs with 10 | i M A|3MO 
or 50 ng/ml LPS with and without the addition of 10 urn Ibu. There was a significant 
decrease in p97 expression in cells treated with A|3 or L P S in conjunction with Ibu 
compared to A p M 0 and LPS treatment alone, (a) R T - P C R of B V - 2 cells treated with A p Y 
40, LPS and Ibu. (b) p97 expression as determined by real-time P C R . Relative gene 
expression was determined by calculating the cycle threshold (CT) for p97 as well as for 
SI5 . Treated sample thresholds were then compared to non-treated and fold induction of 
gene expression determined. Error bar represent ± S D for C T values, (c) Western blot of 
G F P protein levels in p l800-GFP transfected B V - 2 cells after treatment with 10 | i M A p Y 
40 and 50 ng/ml L P S with and without the presence of 10 u M Ibu. The levels of the 
G A P D H loading control are also shown. A l l experiments were performed at least three 
times and data indicated here are representative of all trials. 
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Figure 3.7. p97 expression is decreased in B V - 2 cells treated with Nimesulide. 
Cells were plated at a density of 5 x 105 cells/ml and treated for 24 hrs with 10 p M A p ^ o 
or 50 ng/ml LPS with and without the addition of 10 pm N i m . There was a significant 
decrease in p97 expression in cells treated with A p or L P S in conjunction with N i m 
compared to A p M 0 and LPS treatment alone, (a) R T - P C R of B V - 2 cells treated with Ap,_ 
40, LPS and Nim. (b) p97 expression as determined by real-time PCR. Relative gene 
expression was determined by calculating the cycle threshold (CT) for p97 as well as for 
SI5 . Treated sample thresholds were then compared to non-treated and fold induction of 
gene expression determined. Error bar represent ± S D for C T values, (c) Western blot of 
G F P protein levels in p l800-GFP transfected B V - 2 cells after treatment with 10 p M Ap,_ 
40 and 50 ng/ml LPS with and without the presence of 10 p M Nim. The levels of the 
G A P D H loading control are also shown. A l l experiments were performed at least three 
times and data indicated here are representative of all trials. 
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3.3 Discussion 

In this study, it was demonstrated that fibrillar A(3 significantly promoted the up-

regulation of p97 at both the m R N A and protein level in microglia. Furthermore, the 

signal transduction pathway involving p38 M A P K appears to be important in p97 

production by stimulated microglia whereas the pathway involving E R K is not. It was 

also shown that the expression of p97 can be down-regulated with the use of NSAIDs . 

There have been a few studies that have proposed that p97 may be a putative biomarker 

for A D , with an ~4 fold increase in serum levels of p97 in A D patients 2 0 8> 2 0 9> 2 1 0 \ n 

addition, p97 appears to be expressed in the active microglia closely associated with 

amyloid plaques in the A D brain ' " . However, there was no direct evidence that 

microglia upregulate p97 expression as a result of activation. In this regard, the results 

from this study are very intriguing. Not only is it demonstrated that p97 is upregulated in 

activated microglia, but the upregulation is largely specific to activation via A p \ a stress 

specific to A D . It has been previously established by many groups, that in response to 

stimulation from molecules such as L P S and IFN-y, microglia upregluate the expression 

and secretion of many cytokines and other proteins such as I L - i p , T N F - a and urokinase 

plasminogen-activator receptor 2 , 8 , 1 1 3 . Therefore, it is possible that p97 is one of few 

proteins whose expression may be regulated by A(3 in A D . It has been shown here by 

real-time P C R that the expression of p97 increased approximately 6 fold after treatment 

of microglia with 10 p M fibrillized A p . A previous gene expression study 2 1 9 using gene 

array chips supports these results and demonstrated that the expression of p97 increased 2 

fold after 24 hrs of treatment with 2.5 p M A p . 
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A number of different parameters of microglial activation in A D have been 

defined both in vivo and in vitro. In particular, the phosphorylation of various proteins 

involved in the M A P K . signal transduction pathway, such as p38 and E R K , are increased 

in activated microglia. The pathways downstream of these proteins share a common 

transcription factor, A P - 1 , which has 3 potential binding sites in the promoter region of 
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p97, suggesting a regulatory role for this transcription factor Further evidence in 

human melanoma cells support this and show that the R N A levels of Jun and Fos, which 

make up A P - 1 , is correlated to the expression of p97 2 X 1 . It is known that in microglia, 

L P S and A P stimulate the M A P K pathways and we have shown that A p and LPS 

treatment cause an increase in p97 expression. The present study also examined the 

expression of p97 in stimulated cells with and without the addition of p38 and E R K 

specific inhibitors. Inhibition of the p38 pathway resulted in a decrease of G F P 

expression in p1800-GFP transfected B V - 2 cells. Inhibition of E R K had no effect on 

G F P expression. Thus, it would appear that the expression of p97 in A p and L P S 

stimulated microglia may be under control of the p38 M A P K signal transduction 

pathway. Since p97 expression was not completely abolished by S B , it is possible that 

p97 expression may also be controlled by other mediators or pathways. 

The role of inflammation is becoming more evident in A D pathogenesis and it has 

been recently hypothesized that the neurodegeneration observed in A D is the 

consequence of an inflammatory response to A p and NFTs rather than as a result of these 

hallmarks 2 6 . Early epidemiological studies offer support for the role of inflammation in 

A D and have demonstrated that the use of N S A I D s confers protection against A D and 

appears to slow down disease progression ' '. In vitro experiments have shown that 
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N S A I D s , such as Ibu and indomethacin inhibit the gene expression of nitric oxide 
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synthase in macrophage and decrease cytokine production in neuronal cells ' . In 

addition, N S A I D s including Ibu, indomethacin and flurbiprophen, have been shown to 

reduce the amounts of APi_4 2 in human glioma cells by shifting the cleavage of AP to its 

shorter derivatives 2 2 3 . In animal models, it has been established that oral administration 

of Ibu approximately around the time of initial disease pathology, attenuated plaque 

pathology resulting in the decrease in both the size and number of plaques as well as a 

decrease in the number of dystrophic neuritis and activated microglia 2 2 4 . Moreover, A p i . 

42 brain levels and the presence of activated microglia in N S A I D treated mice were 
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significantly lowered "' ' . Conversely, recent clinical trials examining a variety of 

N S A I D s failed to report any beneficial effects of N S A I D treatment. These trials are 

confounded by their small size and large withdrawal rates 2 2 6 . The findings from the 

many in vitro, in vivo and clinical studies suggest that the molecular targets of N S A I D s 

play a key role in the development of brain amyloidosis, however, what the exact targets 

are remain unclear. It is evident that more clinical trials are needed that focus on 

determining i f anti-inflammatory drugs can delay and/or prevent disease onset. To date, 

there are no end-point criteria that can be used as a means to assess drug efficacy. 

Plasma levels of A p are not correlated with AP brain levels indicating that measuring A p 

plasma levels as an indicator of drug efficacy is inconclusive and erroneous 2 2 3 . Here it is 

shown that the expression of p97, at both the m R N A and protein level, is affected by the 

presence of Ibu and N i m , potent anti-inflammatory drugs, after 24 hours of treatment. 

Thus it is possible that p97 may be a potential marker to determine drug efficacy. It is 

still unclear as to what aspect of inflammation in A D N S A I D s target or i f they target 
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inflammatory cells at all. Mechanistically, it has been shown that the beneficial effects of 

N S A I D s are a result of the drugs' ability to reduce or attenuate the activity of C O X 

enzymes thereby precluding the synthesis of prostaglandins and thromboxanes from 

arachidonic acid 2 6 . There is still much debate as to the pathological role of each of the 

C O X enzymes, C O X - 1 and C O X - 2 . Alternatively, N S A I D s have been shown to work in 

a C O X independent manner reducing the amounts of Api.49 by targeting the y-secretase 

complex 2 2 7 > 2 2 3 . in this study, the effects of both a non-selective C O X inhibitor, Ibu, and 

a C O X - 2 specific inhibitor, N i m , were examined. In both instances, p97 expression was 

decreased. This suggests that p97 expression may be dependent or related to the 

upregulation of the both the C O X - 1 and C O X - 2 enzymes. Both E R K and p38 M A P K 

pathways have been demonstrated to increase the transcription and to regulate the 
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stabilization C O X - 2 . In contrast, Ibu has also been shown to reduce A P 1 . 4 2 levels with 

little inhibition of C O X enzymes 1 7 4> 2 2 3 . i n order to resolve this, treatment with N S A I D s 

that are C O X - 1 specific inhibitors and have no effect on the activity of C O X enzymes, 

such as Thalidomide which inhibits T N F - a , needs to be examined. Nonetheless, these 

data indicate that expression of p97 is upregulated in response to microglia activation and 

that treatment with N S A I D s causes a down regulation of m R N A expression. Therefore, 

it is possible that serum levels of p97 may be used in future N S A I D clinical trials as a 

criterion to resolve whether a certain drug is beneficial. 

In summary, these data establish that p97 m R N A is upregulated in microglia in 

response to treatment with A p and that the expression of p97 is regulated by the AP-1 

transcription factor downstream of the p38 M A P K pathway, which has also been shown 

to be highly active in microglia. Moreover, the expression of p97 can be modified by 
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anti-inflammatory drug treatment. It has been previously, proposed that p97 may be a 

plausible biomarker for A D . These studies show that in addition to being a diagnostic 

biomarker for A D , p97 may be used as an indicator of A P specific mediated 

inflammation/microglial activation. P97 may also be used as an aid in determining the 

efficacy of new and already established anti-inflammatory therapies for. A D . 
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Chapter 4: The role of microglia in amyloid deposition 

4.1 Rationale 

Activation of microglia is among the first cellular changes in the injured CNS. In 

an acute inflammatory response activated microglia produce many beneficial neuro

trophic and neuro-regenerative factors, in addition to pro-inflammatory mediators and 

potential neurotoxins. This response is short-lived and only the injured neurons are 

regenerated or removed. Alternatively, in a chronic inflammatory response, neurons are 

exposed to large amounts of neurotoxins for a prolonged period of time and this exposure 

ultimately leads to their demise. It has been proposed that microglia bring about the 

neurodegenerative changes in A D by eliciting an inflammatory response and by 

contributing to amyloid deposition. However, the decisive role of microglia in the 

accumulation of A p and the subsequent propagation of amyloid plaques remain to be 

clearly elucidated. 

It has been demonstrated in A D , that activated microglia co-localize with and 

infiltrate amyloid plaques in both humans and APP transgenic mice l l 6- l l 7>n 8>9 0 ultra-

structural studies by Wisniewski et al. have found that plaque associated microglia 

displayed intracellular channels containing amyloid fibrils 2 2 9 . A subsequent study also 

found A P to be present in the secondary lysosomes of macrophage-like cells suggesting 
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that microglia are involved in both the production and phagocytosis of A p 

Furthermore, microglia may be able to drive the fibrillization of A P monomers/oligomers 

into fibrils and plaques 1 1 9 , 2 3 1 . It is also been established that microglia are able to rapidly 

internalize and degrade microaggregates of A p by scavenger receptors or by activation of 
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complement pathways ' ' ' "". Regardless of the mechanism of internalization, the 

degradation of amyloid appears to be the main issue in A p accumulation. The ultimate 

fate of phagocytosed AP is still unclear. It has been shown that A p is degraded by 

microglia; however, this degradation is slow and can lead to the accumulation of AP 

inside the cell. Therefore, in the case of AD, the overproduction and thus the persistence 

of A p may become too overwhelming for the microglia thereby disrupting the dynamic 

balance between AP deposition and removal. Regardless of the mechanism it would 

appear that activated microglia contribute to the formation of amyloid plaques. 

Many studies have focused on the role of complement in amyloid deposition and 

have shown that the activation of complement, both the classical and alternative 

pathways, results in the production of many complement opsonin proteins that bind to A p 

116,234 j/hese opsonins promote microglial phagocytosis of A p , thereby implying that 

23 ̂  

microglial activation promotes amyloid removal, precluding plaque formation " . In a 

study by Wyss-Coray et al. it was found that in mice which overexpress astroglial T G F -

p i and human APP695,751,770, there was a 3 fold reduction in the number of A p 

parenchymal plaques and an overall 50% reduction in amyloid burden 2 3 6 . These mice 

also exhibited an increase in complement protein C3 as well as activated microglia 

suggesting the T G F - p i promote the degradation of A p by microglia via complement 

activation 2 3 6 . Further studies involving the inhibition of C3 activation in A D model mice 

by expression of the soluble complement receptor-related protein, found that in C3 

inhibited mice there were significant increases in amyloid plaque burden, the levels of 

APi ^ 2 , and the number of degenerating neurons 2 3 7 . Overall, these data suggest that 

certain inflammatory defense mechanisms are indeed neuroprotective. In contrast, other 
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studies involving complement C l q deficient hAPP mice showed that the absence of C l q 

resulted in a decrease in the degree of degenerating neurons compared to C l q sufficient 

mice, with no difference in amyloid burden 2 3 8 . This implies that complement plays a 

detrimental role in disease pathology. 

A better understanding of the mechanisms that regulate amyloid accumulation and 

degradation may help facilitate the generation of therapeutics that w i l l prevent the 

accumulation or enhance the degradation of A p and ameliorate A D treatments. It is 

hypothesized that microglia are activated in response to A p and phagocytose it removing 

it from the parenchyma. In time, the activated microglia may become overburdened and 

unable to remove the amyloid thereby facilitating its aggregation and subsequent plaque 

formation. This study addresses the role of microglia in plaque deposition using the 

Osteopetrotic (CSF-1 deficient; op/op) mouse. A s a model for osteopetrosis, this mouse 

has a spontaneous frameshift mutation that results in a complete deficiency of the CSF-1 

factor, an important mitogen for brain microglia promoting survival, proliferation and 
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differentiation ' . As a result, these animals possess a reduced number of mature, 

functioning microglia in their brains 1 8 7 ' 1 8 6 . In culture, microglia isolated from op/op 

mice can be restored to full functionality with the addition of CSF-1 . Moreover, daily 

CSF-1 administration, before B B B formation, can largely restore microglial function 2 3 9 . 

Animal models with a defective microglial response, such as osteopetrosis, provide an 

approach to explore the many relationships fostered by microglia in the C N S . To 

explore the course of A P plaque development, the op/op mouse was crossed with the 

Tg2576 A D model mouse to generate an A D mouse with reduced microglial capabilities. 

This new mouse model w i l l hopefully help resolve the contribution of microglia to A D 
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pathogenesis. In this study, the role of microglia in amyloid deposition was investigated. 

In accordance with previous data on complement and amyloid pathology, it is 

hypothesized that in A D mice with reduced microglial function, there w i l l be an increase 

in amyloid burden in the brain. 

4.2 Results 

4.2.1 Characterization of Tg/+;op/op mice 

Tg2576;CSF-l deficient (Tg/+;op/op) mice were generated by initially crossing 

Tg2576 (Tg/+;+/+) mice by CSF-1 deficient (+/+;op/op) mice. The F i generation of 

these mice (Tg/+;op/+) were crossed to get Tg/+;op/op mice. To distinguish between 

Tg/+ mice and wild-type (+/+;+/+), all mice were genotyped for the h A P P transgene 

(Figure 4.1). +/+;op/op mice were distinguished from +/+;+/+ mice by the absence of 

incisors and a domed skull 10 days after birth. Tg/+;op/op and +/+;op/op mice were 

separated from Tg/+;+/+ and +/+;+/+ mice and fed on wet chow. Tg/+;op/op mice were 

significantly smaller than their control littermates (Figure 4.2). Mouse growth and body 

weight was followed for a 3 month period. At 3 months, op/op mice were approximately 

33% smaller from +/+ littermates. Body weight was also evaluated at 6 and 9 months of 

age at time of sacrifice. A s depicted in Figure 4.2, Tg/+;op/op mice had a significantly 

lower body weight that control mice. 

In accordance with the phenotype of the op/op mice, Tg/+;op/op mice appeared to 

be infertile. In addition, the viability of the Tg/+;op/op mice was reduced, as many mice 

died before the 9 month time point. The average life span of the op/op mouse is reported 
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to be 7 months of age (Jackson Laboratories); however, we have maintained this mouse 

for periods exceeding 12 months. 

Figure 4.1. P C R genotyping of Tg2576 A D model mice. 
Tg2576 h A P P transgenic mice and littermate controls were genotyped from ear punch 
D N A by P C R as previously described. The P C R products were analyzed on a 1% 
agarose gel and visualized. Tg2576 mice amplify a single 420 base pair (bp) product 
while control mice do not amplify any product. Each P C R was performed twice. Lane 1, 
Tg2576 founder control; Lane 2, C57/SJL non-transgenic control; Lane 3-6 genotyped 
mice. The gel shown is representative of all PCR reactions. 
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Figure 4.2. Tg/+;op/op mice are smaller than control littermates. 
Mice were weighed beginning at one month of age until 9 months of age. Tg/+;op/op 
were significantly smaller than control littermates ;Tg/+;+/+ and +/+;+/+ at every age (P 
< 0.01, two-way A N O V A followed by Bonferroni analysis). Tg/+;op/op mice were 
smaller than +/+;op/op mice at all time points, however the difference was not significant 
(P > 0.05; two-way A N O V A followed by Bonferroni analysis). 

4.2.2 Amylo id burden in Tg/+;op/op mice 

Amyloid plaques are first seen in Tg2576 mice at approximately 9 months of age, 

therefore this time point was used to evaluate plaque burden. In addition, Tg/+;op/op 

mice have a high mortality and generally die at 10 months of age. A t 9 months of age, 

Tg/+;op/op mice exhibited similar amounts of A p immunostaining as Tg/+;+/+ mice 

(Figure 4.3 a-c. P = 0.1; t-test). There was no presence of A P in +/+;op/op and +/+;+/+ 

mice (Figure 4.3 d and e). A t 6 months and 3 months there was no A P immunostaining 

present in all animal brains. Interestingly, there appeared to be Ap deposition in cerebral 

blood vessels of Tg/+;op/op mice compared to Tg/+;+/+ mice (Figure 4.4). Therefore, it 

is possible that the absence of microglia increases vascular angiopathy. 
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Figure 4.3. Amyloid plaque burden in 9 month Tg/+;op/op mice compared to 

controls. Amylo id plaques in cortical sections from mice were visualized with an anti-

human AP antibody. There was no significant difference in the total number of 

Ap plaques in Tg/+;op/op mice compared to Tg/+;+/+ controls. There was no detection 

of AP plaques in +/+;op/op and +/+;+/+ mice (a) Quantitative assessment of plaque 

burden in Tg/+;op/op mice and Tg/+;+/+ mice, T-test; P = 0.1. Qualitative assessment of 

A P in (b) Tg/+;op/op mice, (c) Tg/+;+/+ mice, (d) +/+;op/op mice, and (e) +/+;+/+ mice. 

Brain sections shown are representative of their respective groups (n=3 for Tg/+;op/op, 

n=4 for Tg/+;+/+, +/+';op/op and +/+;+/+). 
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Figure 4.4. Amyloid accumulation in cerebral blood vessels of Tg/+;op/op mice. 
Amylo id accumulation in cerebral blood vessels (thin arrow) in the brains of Tg/+;op/op 
mice compared to Tg/+;+/+ controls as visualized with an anti-human A B antibody, (a) 
Tg/+;op/op mice (b) Tg/+;+/+ mice. Brain sections shown are representative of their 
respective groups (n=3 for Tg/+;op/op, n=4 for Tg/+;+/+). 

93 



94 



4.2.3 Microgliosis in Tg/+;op/op mice 

Many studies examining the number and morphology of microglia in op/op mice 

are controversial 1 8 3 , 1 8 6 , 1 8 7 > 2 4 0 . This study demonstrates that there is a decrease in the 

number of activated microglia in the Tg/+;op/op mice compared to the Tg/+;+/+ mice. In 

addition, the majority of the microglia in the Tg/+;op/op mice exhibited a resting 

morphology with small cell bodies and thin ramified processes whereas the microglia in 

the Tg/+ mice had a more activated morphology with more condensed cell bodies and 

thicker processes (Figure 4.5). These results are supported by previous studies indicating 

a reduced number and altered morphology of microglia in the op/op mouse I 8 7 . 
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Figure 4.5. Reduced number and altered morphology of microglia in Tg/+;op/op 
mice. Brain sections were stained with F4/80 to reveal the presence of microglia. 
Tg/+;op/op mice exhibited an overall decrease in the number of microglia than Tg/+;+/+ 
mice and fewer activated microglia than Tg/+;+/+ mice. +/+;op/op mice and +/+;+/+ 
mice exhibited resting microglia, with +/+;op/op mice having a reduced number i f cells. 
Activated microglia can be distinguished from resting microglia by the presence of 
ramified processes and condensed cell bodies (black arrow) compared to small cell 
bodies and thin ramified processes (white arrow). Control littermates exhibited no 
microgliosis (a) Tg/+;op/op mice, (b) Tg/+;+/+ mice, (c) +/+;op/op mice, and (d) +/+;+/+ 
mice. Brain sections shown are representative of their respective groups (n=3 for 
Tg/+;op/op, n=4 for Tg/+;+/+, +/+;op/op and +/+;+/+). 
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4.3 Discussion 

It has been hypothesized that microglia play an integral role in the formation of 

amyloid plaques and results from many in vitro and in vivo studies support this premise. 

These previous studies established that activated microglia are attracted to and surround 

amyloid plaques 1 1 6- l l 7> 1 1 8> 9 0 However, whether microglia promote plaque formation by 

converting monomeric/oligomeric A P to fibrillized A p or whether microglia prevent A p 

deposition by complement mediated phagocytosis in vivo remains unresolved. The 

present study uses a CSF-1 deficient h A P P transgenic model to assess the implication of 

activated microglia in A D pathogenesis. Tg2576 were bred with mice deficient for C S F -

1 and hence lacked mature, differentiated microglia. The results obtained here indicated 

that the Tg/+;op/op mouse was smaller in weight than control littermates and had a higher 

mortality rate. This was in accordance with previous studies on op/op mice, which found 

that op/op mice were smaller than +/op and +/+ littermates, had a decreased life-span and 

poor reproductive performance 1 8 8> 1 8 2 . in this study, the oldest age group was 9 months 

of age, the age of initial plaque formation in the Tg2576 A D mouse. Older age groups 

were not examined due to the fact that no Tg/+;op/op mice survived past 10 months of 

age. 

The amount of plaque pathology has been investigated in many mouse models of 

A D . In the mouse model created in this study, levels of fibrillar A P in Tg/+;op/op mice 

appeared to accumulate at rates comparable to Tg/+;+/+ mice since there was no 

significant difference in plaque burden in the cortices of 9 month old mice. No plaques 

were observed in the brains of 6 month old animals. It was also observed that there was 

more A p accumulated in the cerebral blood vessels of the Tg/+;op/op mice than in the 
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Tg/+;+/+ mice. With the high incidence of C A A in A D such deposits are likely to be 

found. Since there were few Tg/+;op/op mice in the study, it was difficult to clearly 

determine a difference in plaque deposition as well as establish an explanation in the shift 

of A p deposition patterns. It is possible that with a decrease in the amount of activated 

microglia in the brains of these animals, other cells, such as astrocytes and pericytes, 

compensated and upregulated the production of certain cytokines and other important 

factors. For instance, TGF-P, a known immunosuppressive cytokine, is upregulated in 

A D and has been implicated in A D in astrocytosis, microglial activation, and 

26 

accumulation and regional distribution of A p . Recently, TGF-pl was implicated as an 

inducer of vascular amyloid deposition 236>241. i n addition, Lesne et al. demonstrated that 

TGF-P 1 potentiated A p production in human astrocytes and, as a result, may enhance the 
242 

formation of amyloid deposits . However, the role of TGF-P, beneficial or detrimental, 

in the CNS is still unresolved. It is also feasible that with the functional deficiency of 

microglia in the op/op mouse the number or proportions of factors produced by activated 

microglia is skewed. This, in turn, may be amplifying certain pathological changes such 

as amyloidogenesis and amyloid accumulation in the blood vessels. A more detailed 

analysis on brain A p levels and vascular A p levels is required in order to determine if 

there is indeed a shift towards vascular amyloid deposition and what cellular and 

molecular processes are involved. 

There is still great controversy as to the state of microglia in the op/op mouse. 

Initial studies by Blevins and Fedoroff found that microglia were not affected by the 

mutation in CSF-1, in that they have normal morphology and are present at normal 
186 

frequency . They did find that the microglia isolated from op/op mice needed CSF-1 in 

9 9 



order to differentiate and proliferate in culture, implying a possible deficiency in function 

1 8 6 . Other studies established that there was indeed a reduction in the number of 

microglia in the brains of op/op mice; 47% in the corpus callosum, 37% in the parietal 

cortex and 34% in the parietal cortex compared to +/+ and +/op controls 2 4 3> 2 4 4> 1 8 7 

Morphological differences, such as, smaller size and shorter cytoplasmic processes were 
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also found and limited to the frontal cortex. . There have also been some studies 

focused on the response of microglia to acute C N S injury in the op/op mouse. In the 

facial motor nucleus paradigm, there was a lack of cell proliferation, mobilization and 

change in morphology in op/op mice compared to controls 2 4 5 . Microgl ia in the op/op 

mouse responded to neuronal signals but there was a decrease in neuronal regeneration 

due to the lack of proliferation and mobilization. Further studies examining the role of 

microglial mediated neurodegeneration found similar results. Here, endotoxins were 

injected directly into the brains of animals and microglial activation and neuronal 

degeneration were assessed. It was found that microglia in the op/op mouse have normal 

activated morphological phenotype, however, only 30-40% of activated microglia were 

observed in the brains of op/op mice compared to controls 2 4 0 . Moreover, levels of T N F -

a were increased in response to injury 2 4 6 and were at. par with the amount of activated 

cells with op/op mice having 48% of levels to that of controls 2 4 0 . In regards to 

neurodegeneration, it appears that microglia in the op/op mice were able to promote 

neurotoxicity potentially by T N F - a mediated expression of I L - i p , IL-6 and other pro

inflammatory cytokines 2 4 6 ' 2 4 0 . Therefore, it is now evident that the microglia in op/op 

mice are deficient in their proliferative ability but are able to elicit neurodegeneration and 

removal of debris. It should be noted that all the aforementioned experiments focused on 
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acute C N S injury. The response of microglia in op/op mice in chronic inflammatory 

reactions is not well documented. This is where the experiment outlined in this study is 

unique. 

From the data presented in the literature one can speculate that, with respect to the 

CSF-1 deficient hAPP , there may be more AP deposition at a later age due to the inability 

of microglia to proliferate. The microglia present in the brain may be able to 

accommodate and degrade accumulated A p at the initial stages of the disease, but as the 

amount of A p increases there is not enough activated microglia to remove it. This also is 

in agreement with the complement experiments by Wyss-Coray et al. where inhibition of 

complement (which results from microglial activation) results in an increase in plaque 

development 2 3 1 . With fewer cells able to express complement proteins and activate 

complement pathways there may be a reduction in the effective removal of A p . 

According to the "microglial dysfunction" hypothesis 1 0 9 , one can also anticipate an 

accelerated accumulation of A P since with age it is thought that microglia become 

senescent and/or dysfunctional therefore their ability to support neurons and to act as 

phagocytic macrophage would be diminished. With fewer microglia present in the brain, 

the degree of senescence would be greater in Tg/+;op/op mice than Tg/+;+/+ mice 

perhaps hastening A D pathology. Moreover, the extent of neurodegeneration, like A p 

deposition, may start at the same rate in Tg/+;op/op and Tg/+;+/+ mice. The A P 

deposition may then accelerate in Tg/+;op/op mice due to the increase in amyloid and its 

toxic effects on neurons, as well as, the presence of microglial neurotoxins. Also, it is 

possible that microglia in op/op mice have a diminished ability to undergo phagocytosis 

and support neuronal survival due to the lack of CSF-1 which may result in an alteration 
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in the expression and response of many cytokines and other neurotrophic factors that 

microglia provide to the C N S . 

The number and ages of mice used in this study were limited due to the high 

mortality of the Tg/+;op/op mouse. It is possible that with a larger subject cohort and/or 

at later age, there could be differences in plaque burden between the different mice. 

Moreover, differences in other pathological hallmarks of A D , such as neurodegeneration, 

may be evident at later ages. In a study by Fonseca et al, C l q deficient h A P P transgenic 

mice had similar plaque burden to h A P P mice at 9 and 16 months of age where older C l q 

deficient h A P P mice exhibited less neuropathology than controls. 2 3 8 . Studies by Wyss-

Coray et al. on T G F - p i overexpression hAPP mice and on C3 inhibited h A P P mice, 

demonstrated brain pathology at 10-12 months of age after significant plaque deposition 

236 217 

occurs ' " . In addition, the h A P P mice used in these studies express mutated 

hAPP695,751,770 under control of the platelet derived growth factor p chain promoter and 

develop plaques at approximately 6 months of age 2 4 1 . Therefore, since the op/op mouse 

has a shortened life span it would be beneficial to use an A D mouse that develops 

significant A p deposition prior to 9 months of age to evaluate the relationship between 

microglial activation and plaque formation. 

Many studies have demonstrated that genetic background regulates the extent of 

A P P processing, A p deposition and mouse mortality. Initial attempts by Hsiao et al. to 
84 

create transgenic mice failed in part due to host strain effect on transgene expression . 

These mice were generated in the F V B / N inbred strain. The second attempt utilized a 

C57BL/6 x C57B6/SJL hybrid proved more successful and is the basis for the Tg2576 

A D transgenics used in this study. These mice also had some initial complicating factors. 
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The life span of the Tg2576 mouse on the inbred C57BL/6 background is approximately 

6 months whereas on a mixed background of C 5 7 B L / 6 ; S J L mice can survive for over 2 

years (Younkin, personal communication). Gene dosage also has an effect on mouse 

mortality. For example, the Tg2576 A D mouse exists only as a hemizygote and is lethal 

in a homozygous state. It is possible that the Tg/+;op/op generated in this study 

contained more of the C57BL/6 background which impacted its life span, since very few 

of these mice survived past 9 months of age. Recently studies on A P P proteolysis, A p 

metabolism and A P deposition in transgenic mice have demonstrated that these processes 

are regulated by genetic background 2 4 8 . The C57BL/6 background exhibits greater 

plaque burden, earlier age of A p deposition, and increased levels of brain and plasma 

levels of A P M O and A P i ^ , compared to D B A / 2 J and 129Sl/SvImJ strains 2 4 S . These 

results suggest that certain gene alleles in some mouse strains, such as C57BL/6 , are 

dominant over alleles present in other strains, such as D B A / 2 J , and alter AP-related 

pathologies in A D . As a consequence of host effects, most transgenic mice used in A D 

research have hybrid backgrounds. 

The diversity of the response seen from this study and many others examining 

microglia and their induction of inflammatory and complement pathways, indicates the 

complexity of microglial responses and the multiplicity of microglial activation states in 

A D . A considerable amount of investigation is required and necessary to elucidate these 

interactions. 
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Chapter 5: Ap immunization and the blood-brain barrier 

5.1 Rationale 

Conflicting with the concept that A B M O and AB1-42 are cytotoxic are noteworthy 

advances in recent A D research which advocated the use of peripherally administered A p 

peptides as a vaccine in an effort to reduce senile plaque loads of A D model mice 

While the exact relationship between A p production and deposition and its role in A D 

neurodegeneration remains unclear, one cannot dispute that treatments aimed at reducing 

the amyloid burden have resulted in reduction in senile plaques and behavioral benefits. 

Recent vaccination studies aimed at reducing the burden of all A p types in the brain have 

proven successful in transgenic mice. The first of such studies by Schenk et al. injected 

fibrillar Api.42 into six week old P D A P P mice, prior to A D symptom onset, and in 11 

month old P D A P P mice, after noticeable A P deposition has occurred in the brain 1 7 5> 2 4 9 . 

After eleven months, mice which had been vaccinated since they were six weeks old 

showed an almost total absence of amyloid plaques, and a reduced amount of dystrophic 

neuritis, astrogliosis and microgliosis in the brain compared to P B S injected controls. 

After five months, mice which had been vaccinated since they were 11 months old 

showed a significant decrease in plaque burden and in the amount of diffuse A p , as well 

as a reduction in dystrophic neuritis and astro- and microghosis 1 7 5 . Many other 

immunization studies, utilizing both active and passive immunization protocols, have 

been performed in the same and different A D model mice and have found similar results 
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in regard to the pathological features of A D ' ~ ' . On the other hand, some studies in 

different A D mouse models have found that immunization had little effect on plaque 
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burden i f dense plaques were pre-existing " . Studies focused on memory impairment 

have found that immunization with A(3 or passive transfer of antibodies against A p 

protected mice from learning and age-related memory deficits behavioral impairment 

178,179 a g w e j j a g | n a s i g n i f i c a n t i y delay the onset of memory deficits 2 5 3 - 2 5 4 . Recently, it 

was determined that A P immunotherapy can clear early Tau pathology but not late 

hyperphosphorylated Tau aggregates 1 8 1 . With the success o f amyloid immunization in 

mice, clinical trails in humans were undertaken. These trials were halted when 

approximately 5% of the test subjects showed signs of inflammation of the C N S , 

clinically described as aseptic meningoencephalitis 2 5 5 , 2 5 6 . Subsequent studies in APP23 

mice found the same results as in the human trials. In these mice A p immunization did 

reduce plaque burden, as in other studies; however, there was also an increase in cerebral 

microhemorrhages associated with amyloid-laden vessels 2 5 1 . 

Regardless of the early success in animals, it remains unclear how peripheral 

immunization can affect plaque burden in 'immunoprivileged' tissues such as the brain 

that possess vasculature that limit immune surveillance. This vasculature, also known as 

the B B B , is formed by a continuous layer of capillary endothelium joined by tight 

junctions that are generally impermeable, except by active transport, to most large 

molecules including antibodies and other proteins. With this in mind, three possible 

mechanisms have been proposed to explain the effects of vaccination in A D . The first 

suggests that the antibodies against A p , normally excluded from the C N S , enter the brain 

by an obscure mechanism involving receptor mediated transport and then proceed to bind 

to A p . Entry into the brain may be facilitated by binding of the antibody to A P in the 

periphery creating an Ap-antibody complex which is then transported in the brain via 
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receptor mediated transcytosis by receptors that recognize A p " . The Ap - a n t i b o d y 

complex is then degraded by the microglia via Fc receptor (FcR) mediated phagocytosis 
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" ' ' ' . However, when fragments of antibodies were administered there was 

reduction in A P load in the brain ' . This indicates that non-FcR mediated clearance 

of A P is also occurring. A second possible mechanism suggests that antibodies against 

A p are actively transported into the brain, again by an unknown mechanism, and bind 

directly to A p fibrils resulting in plaque disaggregation. In this instance, the antibodies 

sequester the A p and prevent further fibril/plaque formation 2 6 1 . Finally, it is also 

postulated that there is an equilibrium formed by active transport of A P into and out of 

the brain by receptor mediated transcytosis and by antibodies against A p , binding A p in 

the periphery removing it from circulation. This then causes a shift in the equilibrium 

between A p in the plasma and C N S , resulting in a suppression of A P deposition in the 
1 77 OK/l 9 / ^ 9 / ^ / i 

brain ' ' ' . Studies involving intravenous administration of A p specific antibodies 

demonstrated an efflux of A P from the brain to the plasma 2 6 4 . In addition, administration 

of a l 2 5 I-AP - a n t i b o d y complex into the periphery inhibited the movement of l 2 5 l - A p into 

the brain 2 6 6 . 

The permeability of the B B B to A P peptides and antibodies to A P is addressed in this 

study. In addition, the effect of A P immunization on the integrity of the B B B is also 

examined. It is hypothesized that, as with previous immunization studies where there was 

a reversal of pathology, amyloid immunization w i l l restore B B B integrity in Tg2576 

mice. These results w i l l aid in further substantiating this form of therapy in A D research 

and wi l l also serve as a means to explain the mechanism by which immunization reverses 

plaque pathology. 
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5.2 Results 

5.2.1 Ap peptide and anti-Ap antibodies and their ability to cross the 

BBB 

To investigate the possible mechanisms involved in Ap vaccination, the ability of 

both the APi^o peptide and antibodies against Ap to cross from the periphery into the 

brain was examined. First, fluorescent labeled Api_4o or PBS were injected i.v. into 6 

week Tg2576 mice and control littermates. The fluorescent Ap was detected in the brain 

parenchyma of both groups of animals (Figure 5.1 a-d). Since it has been previously 

shown that AP can gain entry into the brain via receptor mediated transcytosis, this data 

also supports this hypothesis. Other studies focused on the movement of Ap into the 

brain support these results. Yan et al. found that the endothelial cells which make up the 

B B B express the R A G E receptor 6 8 . This receptor has been shown to bind to Ap with 

high affinity and transport AP into the brain. As a control for B B B permeability, BSA, a 

protein known not to be able to cross the B B B , was conjugated to Texas Red and injected 

into mice. As seen in Figure 5.1 (e and f), the B S A was primarily localized in the vessels 

indicating an intact B B B ; however, there is some BSA found in the brain parenchyma of 

transgenic mice. The presence of B S A in the brain may be an indicator of the beginning 

of stages of increased B B B permeability in the Tg2576 mouse. Next an anti-human Ap 

antibody, clone 4G8, was injected into 6 week old transgenic and non-transgenic mice. 

In contrast to the Ap peptide, there was no presence of anti-Ap antibodies in the brain 

parenchyma (Figure 5.2 a-d). This experiment was repeated using a biotin-labeled anti-

AP antibody. In this instance either the labeled antibody or biotin alone was injected. As 

with the above experiment, biotin conjugated anti-Ap antibodies were only present in the 
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vessels and not in brain parenchyma (Figure 5.2 e-h). This would indicate that anti-AP 

antibodies cannot gain access to the brain from the periphery. However, recent studies 

using iodinated antibodies against A P indicated that antibodies can cross the B B B but 

with very low efficiency 2 5 8 . In the study by Poduslo et al. the mice used were 

significantly older than the ones used here 2 5 8 and it has been established that the B B B in 

Tg2576 A D model mice is compromised by 4 months of age 1 4 9 . Thus at 6 weeks of age, 

there is little damage to the B B B and it is possible that antibodies cannot gain access to 

the brain. 
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Figure 5.1. A p peptides can cross the BBB in both transgenic and wild-type mice. 
Fluorescent labeled Api^o was injected i.v. into 6 week old transgenic and control 
littermates. A p was able to cross the B B B and enter the brain parenchyma in both 
transgenic and non-transgenic mice thereby suggesting a receptor mediated transport 
across the B B B . (a) cortical section of a Tg2576 mouse injected with A P , (b) cortical 
section of a control littermate injected with A p , (c) cortical section of a Tg2576 mouse 
injected with P B S control and (d) cortical section of a control littermate injected with 
PBS . As a control for B B B integrity, Texas red conjugated B S A was injected into both 
mice. A s seen in (e) Tg2576 mouse and (f) non transgenic littermate, the B B B is 
relatively intact. There appears to be a small amount of B S A in the brain parenchyma of 
the transgenic mouse indicating the beginning of the B B B breakdown. *, brain 
parenchyma with A p peptide, arrow, brain vasculature. 
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Figure 5.2. anti-Ap antibodies cannot cross the B B B in both transgenic and wild-
type mice. Anti-AP antibodies, clone 4G8 against human APi_4 2 , were injected i.v. into 6 
week old transgenic and control littermates. Both unlabeled antibodies (visualized by 
immunofluorescence) and biotin labeled antibodies (visualized by light microscopy) were 
used. In both cases anti-Ap antibodies were localized to the vasculature (white and black 
arrows) and were unable to cross the B B B and access the brain in both Tg2576 and 
control littermates. (a) cortical section of a Tg2576 mouse injected with anti-AP 
antibodies, (b) cortical section of a control littermate injected with anti-AP antibodies, (c) 
cortical section of a Tg2576 mouse injected with P B S control and (d) cortical section of a 
control littermate injected with P B S . (e) cortical section of a Tg2576 mouse injected with 
biotin labeled anti-Ap antibodies, (f) cortical section of a control littermate injected with 
biotin labeled anti-Ap antibodies , (g) cortical section of a Tg2576 mouse injected with 
biotin (control) and (h) cortical section of a control littermate injected with biotin 
(control). 
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5.2.2 Ant i - A p antibody titres in immunized animals 

To assess the immune response of the mice to immunization with A P , antibody 

titres for antibodies against A p were measured. Serological analysis of serum samples 

collected from transgenic and non-transgenic mice vaccinated with A p and P B S were 

analyzed for the titres of anti-Ap antibodies by E L I S A using synthetic AP1 .40 peptide. 

Serum samples from mice in all groups were collected after the second injection and 

results indicated that transgenic and non-transgenic mice vaccinated with A P produced a 

high IgG response to A P i ^ o - No detectable antibodies were detected in transgenic and 

non-transgenic mice vaccinated with P B S (Figure 5.3). Mice vaccinated with A p , which 

did not exhibit high an t i -AP antibody titres, were not used in the study. 
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Figure 5.3. Antibody titre in serum of transgenic and non-transgenic mice 
immunized with either Ap or PBS. Serum antibody titres were measured after the 
second vaccination by ELISA. In all cases, mice (transgenic and non-transgenic) 
immunized with fibrillar APi_4o exhibited a high anti-Ap antibody titre against Ap 
peptide. No anti-AP antibodies were detected in mice immunized with PBS. A. 15 month 
age group, B. 12 month age group, C. 6 month age group. 
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5.2.3 Amyloid plaque burden in immunized animals 

Next, amyloid plaque burden was assessed in both A p and P B S immunized 

transgenic and non-transgenic animals. As noted in other immunization 

s tud i e s 1 7 5 ' 1 7 6 , 2 6 7 ' 1 7 8 ' 1 7 7 ' 1 8 0 ' 1 8 1 there was a significant reduction in the plaque burden in the 

cortex and hippocampus of transgenic mice immunized with A p compared to those 

immunized with PBS . In 15 month old mice, which were immunized with A p after 

disease onset, there was a decrease in plaque burden with a reduction in both the size and 

number of plaques, whereas brain sections from PBS-treated transgenic mice contained 

numerous amyloid deposits (Figure 5.4 a-b; Figure 5.5 a). These data agree with 

previous studies where there was not a total elimination or prevention of plaques in these 

animals. In mice immunized with A p prior to disease onset (12 month) there was an 

almost complete prevention of A p deposition. In A P immunized transgenic mice, 4 out 

of 6 had no detectable amyloid deposits. Two mice from this treatment group had a 

single isolated plaque in the 4 brain sections examined. A s with the 15 month group of 

mice, 12 month old, PBS-treated transgenic mice exhibited numerous amyloid deposits in 

their cortical and hippocampal regions (Figure 5.4 e-f; Figure 5.5 b). There were no 

detectable plaques in non-transgenic controls vaccinated with either A p or PBS (Figure 

5.4 c-d, g-h). No amyloid plaques were found in 6 month old mice since amyloid plaques 

do not manifest in Tg2576 mice until 9 months of age. Non-transgenic mice injected 

with either A P and P B S exhibited no plaque burden (Figure 5.5 c-d, g-h). This confirms 

that immunization with A P may prevent plaque formation and thereby protect against 

disease. 
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Figure 5.4. A m y l o i d Pathology in Tg2576 M i c e Immunized with Ap or P B S . 
Amylo id plaques in cortical sections from mice were visualized with 4G8, an antibody 
against human Ap . There was a significant reduction in the total number of A P plaques 
in Tg2576 mice vaccinated with A p compared to those vaccinated with P B S at 11 months 
of age and at 6 weeks of age. Very few 4G8 positive plaques were found in brains of 
mice vaccinated at 6 weeks of age with A p . (a) 15 month Tg2576 mice vaccinated with 
P B S , (b) 15 month Tg2576 mice vaccinated with A p , (c) 15 month wild-type controls 
vaccinated with PBS and (d) 15 month wild-type controls vaccinated with Ap , (e) 12 
month Tg2576 mice vaccinated with P B S , (f) 12 month Tg2576 mice vaccinated with 
A p , (g) 12 month wild-type controls vaccinated with P B S and (h) 12 month wildtype 
controls vaccinated with Ap . N o plaques were present in all 6 month old mice. Brain 
sections shown are representative of their respective treatment groups. 
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Figure 5.5. Cerebral amyloid levels are reduced in Tg2576 mice following A p 
immunization. Plaques were detected using an anti-human A p antibody, 4G8, on 
sequential brain sections. The presence of discrete plaques made it feasible to count the 
number of plaques in the entire section. Plaques were counted by visual inspection under 
the microscope for each of 4 sections at equal plane for each mouse. Total averaged 
number of plaques is presented. There was a significant reduction in the total number of 
A p plaques in Tg2576 mice vaccinated with A p compared to those vaccinated with P B S 
for both the 15 moth and 12 moth age groups. No plaques were seen in all 6 month old 
mice, (t-test * P < 0.05). 
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5.2.4 Microgl iosis in immunized animals 

The presence of activated microglia in immunized and non-immunized animals 

was also analyzed. Activated microglia are usually found associated with the amyloid 

plaques and can be distinguished from resting microglia by the expression of specific 

proteins, such as IL-1 p, CD1 lb and major histocompatibility class II, and by distinct 

morphology 2 6 . Activated microglia exhibit an altered morphology from resting 

microglia first by the presence of thickened ramified processes and larger cell bodies 

which progresses to a final amoeboid/phagocytic state 1 0 4 , 1 0 5 . Sections of mouse brains 

were reacted with an antibody specific for the F4/80 antigen. The F4/80 antigen is 
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expressed by a majority of mature macrophages, including microglia . In agreement 

with previous studies 1 7 5 , there appeared to be a reduction in the presence of activated, 

microglia in the brains of A p immunized mice compared to P B S controls suggesting a 

dampening of the inflammatory response. In 15 month transgenic mice immunized with 

P B S there are more plaque infiltrating microglia present compared to those immunized 

with A p (Figure 5.6 a,b). There were more densely stained F4/80 positive microglia with 

swelled cell bodies and thickened processes in PBS-treated transgenic mice compared to 

Ap-treated mice. Similarly, in 12 month old transgenic mice immunized with P B S there 

were more amoeboid shaped and thick ramified microglia, whereas there microglia in the 

A P immunized mice have smaller cell bodies and more extensively ramified processes 

(Figure 5.6 e,h). The microglia present in non-transgenic mice displayed largely a non-

activated morphology with small cell bodies and thin, highly branched processes (Figure 

5.6 c-d, g-h). 
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Figure 5.6. Microgliosis in Immunized Mice . 
Brain sections were stained with F4/80 to reveal the presence of microglia. Activated 
microglia can be distinguished from resting microglia by the presence of ramified 
processes and condensed cell bodies. Cortical sections from Tg2576 mice immunized 
with P B S or with A p , both at 11 months and at 6 weeks, show that A p immunized mice 
have reduction of activated, plaque associated microglia (black arrow). Control 
littermates exhibited no microgliosis (a) 15 month Tg2576 mice vaccinated with PBS , (b) 
15 month Tg2576 mice vaccinated with A p , (c) 15 month non-transgenic controls 
vaccinated with P B S and (d) 15 month non-transgenic controls vaccinated with A P , (e) 
12 month Tg2576 mice vaccinated with P B S , (f) 12 month Tg2576 mice vaccinated with 
A P , (g) 12 month non-transgenic controls vaccinated with P B S and (h) 12 month non-
transgenic controls vaccinated with Ap . Brain sections shown are representative of their 
respective treatment groups. 
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5.2.5 BBB permeability in immunized animals 

To test the effect of vaccination on the B B B , B B B permeability was assessed in mice 

at various time points. The first group was immunized with either A p peptide or P B S at 

11 months of age, after disease onset, and immunized for a 4 month period (15 month old 

mice). The second group was immunized beginning at 6 weeks of age, well before any 

pathological disease symptoms, for an 11 month period (12 month old mice), similar to 

previous studies by Schenk et al. 115. The final group was immunized beginning at 6 

weeks of age for a 4 month period (6 month old mice). This last group was only 

immunized for a short duration since it has been demonstrated that B B B permeability can 

be compromised as early as 4 months of age. B B B permeability was assessed using the 

quantitative Evans blue assay ' . Organs with a selective barrier, such as the brain, 

only take up a small amount of the dye. If there is a breach in the B B B then Evans blue 

w i l l enter the parenchyma, whereas it is excluded from the brain with an intact B B B . 

In all groups of mice (15 month, 12 month and 6 month mice), the integrity of the 

B B B of transgenic mice was compromised compared with that of non-transgenic controls 

(** p < 0.05). These data concur with the study by Ujiie et al. where B B B integrity was 

compromised in 4 month and 10 month old Tg2576 mice 1 4 9 . Upon immunization with 

A(3, the A D transgenic mice displayed a significant decrease in B B B permeability, 

indicating a possible restoration of the B B B . Transgenic mice injected with A(3 had a 

significantly lower amount of Evans blue dye in their brain parenchyma compared to A D 

transgenic mice injected with P B S alone (Figure 5.7 a,b; * P < 0.05). This was true for 

both 15 month old mice and 12 month old mice immunized with A p . In the 12 month old 

mice, it is possible that vaccination with A P maintained an intact B B B , with little to no 
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compromise in B B B function. There was no change in B B B permeability in non-

transgenic mice injected with A p or PBS . This latter observation is interesting as A P has 

been shown to be cytotoxic to endothelial cells and neuron in-vitro by eliciting apoptosis 
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, " , and angiogenesis , yet the low amounts used in this study do not appear to 

affect B B B integrity in normal mice. 

Finally, results from the 6 month old group are intriguing. In this instance, transgenic 

mice vaccinated with A p appeared to exhibit a breach in B B B integrity, similar to that of 

transgenic mice immunized with PBS (Figure 5.7 c). There was no effect elicited by A P 

immunization on the B B B as seen with the other groups. As demonstrated above, 

transgenic mice vaccinated with P B S had a compromised B B B in comparison to non-

transgenic mice and no changes in B B B integrity were evident in non-transgenic mice 

injected with either A p or PBS . There was in an increase in the permeability of the B B B 

between transgenic and non-transgenic mice (Figure 5.7 c; ** P < 0.05). These data 

agree with previous data demonstrating that B B B integrity can become compromised as 

early as 4 month of age 1 4 9 ' . 
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Figure 5.7. BBB permeability as determined by Evans Blue in cortical regions of 
and PBS immunized mice. In all groups the permeability of the B B B in Tg2576 is 
greater than non-transgenic controls (t-test, **P < 0.05) (A) 15 months Tg2576 mice 
immunized with A(3 (n=5) show a decrease in the permeability of the B B B compared to 
PBS Controls (n=4) (t-test, *P < 0.05). The level of B B B permeability in A p immunized 
mice is similar to the permeability of non-transgenic littermates. (B) 12 months Tg2576 
mice immunized with A P (n=6) show a decrease in the permeability of the B B B 
compared to P B S controls (n=6) (t-test, *P < 0.05). The level of B B B permeability in A p 
immunized mice is similar to the permeability of non-transgenic littermates. (C) 6 month 
Tg2576 mice immunized with A p (n=9) show no difference in B B B permeability 
compared to P B S controls (N=9). Tg2676 mice (both A p and P B S vaccinated) do exhibit 
an increase in B B B permeability compared to control littermates. 
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5.3 Discussion 

Research focused on systemic AP-lowering strategies is becoming more important in 

the development of therapeutics for A D . Recent advances have focused on 

immunotherapy using amyloid. These studies have proven successful in mice and have 

reached clinical trials in humans. What remains unclear is the mechanism by which A p 

immunotherapy alleviates the pathology seen in A D . This issue was first addressed by 

examining the ability of A p peptides to pass through the B B B and demonstrated that A p 

was able to access the brain in both transgenic and non-transgenic mice. This suggests 

that A P can gain entry into the brain via receptor mediated transcytosis 2 7 3 , 2 7 4 , 7 0 . A p 

transport across the B B B has been investigated by many groups and all results indicate an 

active transport of A P across the B B B . In a recent study it was shown that soluble A P 

can be transported from the C N S to the plasma since direct injection of radiolabeled A p 

into the brain was recovered in the plasma. Moreover, when radiolabeled A P was 

injected into the periphery, radioactive counts were found in the brain 7 0 . Banks et al. 

examined the influx of both A P M 2 and A P M O (mouse and human) in the different mouse 

models, C D - I and S A M P 8 2 7 5 . They found that all forms of A p were transported into the 

brain, with mouse 1-42 and human 1-40 being the fastest. In addition, all forms of A p 

were also transported out of the C N S . When examining the permeability coefficient x 

surface area product (PS) of proteins known to cross the B B B via receptor-mediated 

transcytosis (i.e. insulin) and of proteins known to have limited entry into the brain (i.e. 

albumin) it was shown that the PS value of A p was similar to that of insulin ' \ 

Further studies have suggested that the R A G E receptor is a receptor on the B B B that is 

responsible for the influx of A P from the blood to the brain 6 8> 2 7 3 . R A G E , is a multiligand 
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receptor in the immunoglobulin superfamily, binding ligands such as Ap, the 

SlOO/calgranulin family of pro-inflammatory cytokine-like mediators, the high mobility 

group 1DNA binding protein amphoterin and products of nonenzymatic glycoxidation 6 1 . 

The expression of RAGE is ligand dependant. In transgenic mice, RAGE expression 

correlates with AP deposition and is localized to affected cerebral vessels, neurons and 

activated microglia. The increase in expression may facilitate an increase in Ap transport 
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into the brain thereby exacerbating cellular dysfunction and disease progression . Other 

studies in animal models have shown that RAGE mediates the transport of Ap from the 

blood to the brain and deletion of RAGE results in the inhibition of Ap transport thus 

protecting the CNS from the accumulation of peripheral AP pools 6 9 . 

When an antibody against human Ap, was injected into mice there was no apparent 

presence of antibody in the brain parenchyma. Whether antibodies can cross into the 

brain from the periphery is under debate. It is possible that in this study, the amount of 

antibody used was insufficient to cross the BBB. Antibody injected into the periphery 

could have bound to circulating peripheral amyloid thereby preventing its movement into 

the brain. In this study the mice used were 6 weeks old. In other studies, where there 

was a presence of antibody in the brain, the mice were significantly older. It has been 

previously shown that the BBB is compromised in AD mice as early as 4 months of age. 

Thus, it is possible that at 6 weeks of age antibodies cannot gain access into the brain 

whereas in older animals the BBB is damaged thereby facilitating the entrance of 

antibodies to the brain. When evaluating the PS values of antibodies across the BBB, 

Podsulo et al. found that the PS value of non-specific IgG and AP specific antibodies 

were similar, 0.5 to 1.1 X 10"6 ml/g/s and 0.6 to 1.4 X10"6 ml/g/s respectively, and less 
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than that for albumin 1 4 7 . This indicates that the passage of antibodies across the BBB 

occurs at a very low efficiency 2 5 8 . Furthermore, Demattos et al. were unable to identify 

any plaque associated anti-Ap antibodies after immunization 1 7 7 . Conversely, there is 

abundant evidence which illustrates that anti-AP antibodies can cross the BBB. In a 

study using active immunization with A p peptides there was the appearance of anti-Ap 

antibodies associated with microglia localized with plaques 1 7 5 . In addition, antibodies to 

AP may be able to enter the brain once in complex with A p 2 5 8 . It has also been 

demonstrated that anti-Ap antibodies can enter the brain at a rate similar to that of 

albumin; however, due to the long half-life of the antibody in the blood there was a 

longer clearance time from the brain 2 7 6 . Taken together, the disruption of the BBB likely 

facilitates an increase of antibodies across the BBB efficiently enough to explain the 

action of the vaccine. 

The most significant finding in this study demonstrates that immunization with A p 

tends to repair the damage found in BBB in Tg2576 AD mice. In 15 month old 

transgenic mice, which have been inoculated for 4 months, there is a decrease in Evans 

blue uptake compared to PBS-treated transgenic mice. The significant decrease in Evans 

blue uptake observed in A p immunized transgenic mice compared to the PBS mice 

suggest that AP immunization results in the restoration of the BBB. In 12 month old 

mice inoculated for 11 months starting at 6 weeks of age, A p immunization may be able 

to actually prevent further disease progression. In these mice, Evans blue uptake is 

comparable to non-transgenic mice, where there is no measurable decreased integrity of 

the BBB. One possible explanation of the restoration of the BBB in older mice is that the 

vaccination leads to the decrease in the amount of circulating A p that could directly or 
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indirectly affect the function of endothelium in the B B B . A s demonstrated in this study 
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and in many other studies ' ' " ' ' ' , there is a significant decrease in A p deposits 

and microgliosis following immunization. With the removal of A p from the brain and 

the subsequent deactivation of microglia, there wi l l be a decrease in the brain in the 

amount of reactive oxygen and nitrogen compounds and inflammatory cytokines 

produced by these cells which have been shown to activate vascular endothelial cells 
277 153 

' . Studies focused on vasculature activation found that in response to systemic 

inflammation from either the periphery or brain parenchyma, endothelial cells up

regulate the expression of molecules that are generally associated with inflammatory 

processes such as prostaglandin E2, nitric oxide, C D 4 0 and C O X - 2 1 5 3 - 1 5 4 > 1 5 5 These then 

can act agonistically on microglia and neuronal cells to further intensify inflammation 

and disease pathology. 

A(3 has also been demonstrated to elicit many pro-apoptotic and pro-angiogenic 

responses in the endothelial cells that make up the B B B 1 5 2 > 1 5 1 ; 1 5 0 These effects are 

dependent on the amount of A P present. It has been exhibited in vitro that exposure of 
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endothelial cells to u M concentrations (5-25 uM) elicits pro-apoptotic signals ' ' 

whereas treatment with n M concentrations (50-250 nM) of A p elicits pro-inflammatory 

signals and increased monocyte migration with minimal disruptions to the endothelial 

monolayer ' Treatment of primary cerebral mouse endothelial cells with AP25-35 

resulted in the activation of AP-1 and the subsequent expression of B i m , a member of the 

B H 3 only family of proapoptotic proteins 1 5 1 . Moreover, A p treatment also resulted in 

the translocation of second-mitochondria derived activator of caspase (Smac), a regulator 

of apoptosis, from the mitochondria to the cytosol where it can bind to the X 
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chromosome linked inhibitor of apoptosis protein ( X I A P ) , resulting in cell death 1 5 1 . 

Cytochrome C release from the mitochondria and the subsequent activation of several 

caspases, such as caspase 8 and caspase 3, all important events on the apoptotic cascade, 

have also been reported 1 5 ° . Several studies have also shown that exposure of endothelial 

cells to A p results in cytotoxic damage elicited from the generation of reactive oxygen 

species and increased calcium levels causing alterations in endothelial cell structure and 

function ' . Angiogenesis is also observed in endothelial cells in A D . Inflammatory 

mediators such as T N F - a , I L - l p , and IL-6 stimulate angiogenesis 2 8 1 . These 

inflammatory mediators, as well as C O X - 2 and amyloid, have been found to cause an 

increase in the expression of may angiogenic factors including V E G F , T G F -P and T N F - a 
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' . Moreover, in A D patients there is an increase in V E G F expression in the bram as 

well as an increase in the serum and C S F 2 1 4 ' 2 1 5 . Recently, it was discovered that V E G F 

binds to A P with high affinity and specificity and is thus co-localized to the plaques. 

Therefore, it is possible that in response to pro-angiogenic and pro-apoptotic signals from 

A p and activated microglia, tight junctions disappear, cells round up creating a leaky 

barrier 2 1 6 . The endothelial cells in turn release neurotoxins, free oxygen radicals, A P P 

and more pro-angiogenic factors such as V E G F and T G F -p . With the removal of signal 

provided by A p and inflammation, it is possible that the endothelial cells quiesce, 

terminate the release of toxic substances, reform tight junctions reforming an intact, tight 

barrier. 

In regards to the mechanism by with A P immunization effectively reduces A D 

pathology; it is possible that the debate as to whether antibodies can cross the B B B is 

resolved. With a leaky B B B , antibodies are able to gain access into the brain, bind to A p 
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and are either degraded by microglia via FcR mediated phagocytosis or the AP-antibody 

complex can leave the brain. Alternatively, with a leaky B B B the efflux of A P from the 

brain can occur at a faster rate than by active transport by specific receptors, such as L R P 

7 0 , thereby re-establishing equilibrium between plasma and C N S A p pools 2 5 8 . Once the 

excess amyloid is removed, by microglia or by efflux into the periphery, amyloid levels 

return to tolerable a threshold, microglia become deactivated, the B B B reforms and the 

brain becomes an 'immunoprivileged' site once again. In summary, these new 

observations provide an intellectual framework for understanding the efficiency of 

vaccination to modify disease progression. In addition, resealing of the B B B provides a 

previously undescribed intervention point for modifying disease outcome in 

amyliodopathies such as A D . 
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Chapter 6: Concluding remarks and future directions 

Since the eponym "Alzheimer's disease" was coined, there has been much debate 

as to the exact etiology and pathology of the disease. Many view that A D is not a single, 

uniform disease. Rather, A D is more likely a heterogeneous and multifactorial disease 

influenced by the interactions of various susceptibility genes and environmental factors. 

Intriguingly, as with other medical conditions, A D represents a disease with 

heterogeneity in its origins ( E O F A D compared to L O A D ) and homogeneity in its clinical 

appearance and pathology. Therefore, it is hypothesized that A D results from a complex 

sequence of steps involving multiple factors that extend well beyond the accumulation of 

Ap . This thesis concentrates on many facets of one of the main foundation of A D , the 

contribution of microglia in disease progression. In particular the relationship of A p to 

the activation of microglia, subsequent signal transduction pathways and gene expression 

and the impact of microglia on A P deposition and clearance and its effect on another 

pathological hallmark, the B B B , were addressed. 

According to the "amyloid cascade hypothesis" it is thought that AP accumulation 

is the principle event in A D . A possible discrepancy with this theory is that there is no 

direct evidence linking A p accumulation to neuronal death. Neuroinflammatory 

processes may be this missing link and have been suggested to exacerbate neuronal 

damage/death seen in A D . With the current understanding of the role of activated 

microglia in disease progression many therapeutic strategies directed against 

inflammatory processes have been pursued. Epidemiological studies on N S A I D use 
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demonstrated a reduced risk and decrease in the rate of cognitive decline ' and 

treatment of h A P P transgenic mice with anti-inflammatories decreased plaque size and 
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slowed down cognitive deficits . However, the use of N S A I D s appears to be effective 

only when administered prior to disease onset and not once symptoms are manifest, as 

indicated from current clinical trials where no beneficial effect of N S A I D use is reported 

2 2 6 . The development of new anti-inflammatory therapies that interfere with one or more 

specific steps in the inflammatory cascade is underway. Nevertheless, it is essential to 

establish a specific, reliable and non-invasive biomarker to assess the efficacy of new 

drug treatments. Results from the studies performed in this thesis support the use of p97 

as a marker of inflammation. The levels of p97, m R N A and protein, were upregulated in 

activated microglia. Interestingly, the increase in p97 expression occurred largely in 

response to A P stimulation and not in response to other known A D stresses such as IFN-

y. Further investigation into the expression of p97 found that p97 production appears to 

be controlled by the p38 M A P K signal transduction pathway. This is intriguing since 

many studies have demonstrated that A P is able to induce the activation of p38 M A P K in 

vitro and that p38 M A P K phosphorylation is increased in affected brain regions in the 
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A D brain ' ' . In addition, this thesis has demonstrated that p97 levels can be altered 

with treatment of activated microglia with NSAIDs , Ibu and N i m , promoting its potential 

role as an A D inflammatory biomarker. 

Understanding the mechanism of amyloid aggregation and clearance w i l l 

ultimately lead to new advances in therapeutic development. Clearance of A p through 

microglial activation, chemotaxis, proliferation and phagocytosis has received a lot o f 

interest over the years, in particular from the recent immunization studies. Activated 

microglia displaying a variety of cell surface markers that distinguish them from resting 

microglia are often found within and immediately surrounding maturing amyloid plaques 
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' ' . Whether activated microglia contribute to or aid in the clearance of plaques is 

controversial. Using a h A P P A D mouse model which lacked functional microglia it was 

found that, at the early stages of the disease, there was no significant difference in plaque 

burden in Tg/+;op/op and Tg/+;+/+ mice. Interestingly there were deposits of cerebral 

amyloid in the Tg/+;op/op mice implying a possible shift in amyloid deposition patterns. 

These results are intriguing but more mice need to be examined in order to resolve the 

complex relationship between activated microglia and A p aggregation and clearance. 

One of the latest therapies to combat A D employs active or passive immunization 

with A p peptide or antibodies against A p . This method was successful in transgenic 

mice, but failed during clinical trials due to the incidence of meningio-encephalitis 2 5 6 > 2 5 5 . 

It has previously been established that there is increased permeability in the B B B of 

Tg2576 A D mice compared to age match controls at 10 months of age, as the signs of the 

disease become manifest, and as early as 4 months of age, prior to disease onset and 

plaque deposition 1 4 9 . Therefore, it was hypothesized that disruption of the B B B is 

another pathological hallmark of A D that may explain the mechanism by which 

immunization therapies have proven successful. Specifically', peripheral antibodies are 

able to pass into the brain via a breached barrier and bind to and sequester brain amyloid. 

The antibody-amyloid complex is then degraded by F c R mediated phagocytosis by 

activated microglia. The present study addressed the effect of A p immunization on the 

integrity of the B B B and revealed that immunization with A P , prior to and after disease 

onset, resulted in a decrease in permeability and a restoration of B B B integrity. These 

observations provide an intellectual framework for understanding the efficiency of 
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vaccination to modify disease progression as well as providing new possible therapeutic 

interventions. 

It is clear that there are several directions this project could take in the future. For 

instance: studies focused on further establishing p97 as a biomarker for A D and as an 

indicator for drug efficacy in an in vitro and in vivo system could be addressed. 

Measuring p97 levels in primary mouse and/or human microglia with or without 

exposure to A p and in A D model mice treated with various putative drug treatments 

would clarify i f indeed p97 can be used as a monitoring system. If successful, this assay 

could serve as a means to test new drug development initially in an in vitro system and, i f 

efficacious, move into an in vivo system before clinical trials. In order to do these 

experiments monoclonal antibodies to mouse p97 need to be generated, ln addition, it is 

possible that, since p97 is an iron transport molecule, it may play a role in disease 

progression. Therefore, determining i f p97 contributes to disease pathology could be 

investigated. One way to address this hypothesis would be by creating transgenic mice 

overexpressing p97 and breeding these mice to h A P P mice and examining the brains for 

signs of A D pathology. 

In regards to the role of activated microglia in A p accumulation and plaque 

formation, it was found that the amount of A P plaques in h A P P mice with dysfunctional 

microglia was similar to the amount in hAPP mice. However, the number of animals 

used in this study was small and since there is variability between mice, a larger cohort is 

needed in order to draw a more definite conclusion. Moreover, since CSF-1 deficient 

mice have a short life span it would be beneficial to use an A D mouse model that 

develops pathological symptoms at an earlier age than the Tg2576 mouse model. A s 
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well , it would be interesting to assess the other hallmarks of A D in these mice, namely 

neurodegeneration, vascular amyloid burden and B B B permeability. Furthermore, 

measuring the levels of certain complement proteins and other indicators of microglial 

activation would be of interest to see i f AP had a direct or indirect effect on microglial 

maturation and function. 

It was demonstrated in this thesis that A p immunization restores B B B integrity in 

mice immunized after disease onset and possibly prevents B B B deterioration when 

immunized prior to disease onset. In this thesis, the permeability of the B B B was 

investigated on a global level. It would be interesting to see i f there is a difference in 

permeability in specific brain regions, in particular, regions of the brain more severely 

affected in A D and i f the decrease in B B B permeability coincides with the decrease in A p 

burden. Some studies have shown the occurrence of micro-hemorrhages in the brain 

after immunization. However, these micro-hemorrhages may have been due to the type 

of anti-Ap antibody used as an immunogen. It is possible that immunization could result 

in small hemorrhages in specific areas of the brain but an overall restoration of B B B 

integrity. This needs to be investigated more thoroughly. Dissecting the brains of 

immunized mice into various regions and performing the Evans blue assay is a 

quantitative way of assessing regional permeability. Alternatively, qualitative analysis 

using sections from Evans blue perfused animals can be done since Evans blue fluoresces 

under specific light wavelengths. Recently, Ujiie, et al. developed a new technique for 

assessing B B B permeability using succinimidyl ester of carboxyfluorescein diacetate 1 4 9 . 

Perfusing immunized mice with succinimidyl ester of carboxyfluorescein diacetate is 

another way to assess regional permeability. Moreover, it w i l l allow one to determine i f 
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the B B B is more permeable in plaque laden regions. Finally, it would be interesting to 

examine which cells in the brain are responsible for the damage and re-establishment on 

the B B B . 

Overall, there is an important link between microglial activation, plaque 

formation and degradation and the progression of other pathological hallmarks, which 

needs to be clearly elucidated. Determining the mechanism of A p clearance in the 

normal brain and upon A p immunization is required in order to facilitate the design of 

specific treatment regimens, allowing exclusive targeting of plaques without inducing 

detrimental side effects. Such experiments are difficult since transgenic mice have less 

genetic variability than humans, and their plaques have a different chemical composition, 

making them far more soluble and easier to remove. Furthermore, there is no transgenic 

mouse to date that can clearly mimic all the hallmarks of A D . In regards to 

immunization regimes, the consequences are different between human and mouse. 

Vaccination of transgenic mice removes human A p while leaving endogenous mouse A p 

intact, whereas in humans the immune response is directed against an endogenous target 

that occurs naturally and plays an essential role in maintaining healthy brain tissue. In 

conclusion the results from this thesis shed significant new light on activated microglial 

gene expression in A D and also on the role of microglia in plaque development and 

clearance possibly due to alterations in B B B integrity. 

137 



Appendix I: D o m a i n S t ruc tu re of A P P 

signal acidic KPl 
peptide Cys-och domain domain 

W | 1 | l i f e • • 

CuBDZnBD Thr-rich OX-2 

-secretase 

Schematic representation of the domain structure of APP. 
Full length A P P contains a signal peptide at the N-terminal end; a cysteine residue-rich 
region (Cys-rich) with copper binding (CuBD) and zinc binding sites (ZnBD) ; an acidic 
domain; a threonine residue-rich domain; Kinitz protease inhibitor domain (KPI); and an 
O X - 2 homology domain ( O X 2 ) . The A p fragment is flanked by the P- and y-secretase 
cleavage sites and contains the a-sectretase cleavage site. 
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Appendix II: R e g i o n a l d i a g r a m of the b ra in 
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