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Abstract

Alzheimer’s disease (AD) is a neurodegenerative pathology characterized by
the presence of extracellular plaques composed of amyloid-B (AB) protein
and intracellular neurofibrillary tangles composed of tau protein. AP, in
particular AB;_4, has been shown to be neurotoxic and to induce functional
and morphological changes in astrocytes and microglia. Despite the
extensive research in AD, the precise cellular and molecular alterations
associated with the development of the disease are unknown. The aims of
this study were to determine, in vivo, the effects chronic
intracerebroventricular (icv) treatment with AP has in the brains of aged and
young Wistar rats and to explore age-related changes, and, in vitro, to
examine the effects AP treatment has on cytokine production and release and
to investigate the signalling pathways and membrane receptors involved in
this process, in rat isolated astrocytes.

The data showed that icv treatment with AP induced the appearance of
immunoreactive structures accompanied by an increase in the astrocytic
marker GFAP, and a decrease in the microglial marker CD11b in the brains
of aged, but not young rats; no changes were observed in other markers of
microglial activation, spatial learning or in pro-inflammatory cytokines. The
data obtained in vitro showed that AP induced a time-related increase in pro-
inflammatory cytokines paralleled with IkBa phosphorylation, which
indicates activation of NFkB signalling pathway and this process was
mediated by RAGE. Incubation of astrocytes with anti-CD36 or anti-CD47
antibodies induced a pro-inflammatory response and augmented the Ap-
induced increase in pro-inflammatory cytokines.

The results obtained in this study provide further evidence of the association
between astrocytes and A. Astrocytic interaction with AP induces the
activation of diverse signalling cascades but the pathophysiological meaning
of these responses remains unknown. However, glial cells may also offer
protective effects and a greater understanding of their function may identify
potential therapeutic targets in the future.
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Chapter 1: Introduction



1.1. Overview

Alzheimer’s disease (AD) is the most frequent type of dementia in humans and one of the
most devastating pathologies affecting the central nervous system (CNS). The prevalence
of AD increases as the population ages and represents around two-thirds of all the cases
of progressive cognitive impairment in adults. AD is clinically characterized by
deterioration in memory and cognition and reduced ability to cope with daily living
activities (Cummings, 2004). Brains of individuals affected by AD are characterized by
two specific types of pathological changes, the presence of extracellular plaques laden
with amyloid-3 (AB) peptide and intracellular neurofibrillary tangles mainly composed of
aggregated and hyperphosphorylated tau, a cytoskeletal protein. Currently, there is no
treatment available to cure or stop the progression of the disease. Although many
advances have increased our understanding of the cause and risk factors associated with
AD, the mechanisms that lead to the pathological changes, the selective pattern of
neurodegeneration and the precise cellular and molecular alterations associated with the

development of the disease are unknown.

1.2. Alzheimer’s Disease

Alois Alzheimer, in 1907, was the first to provide a clinical description of AD when he
was studying the case of Auguste D., a 51 year old woman who had suffered from
progressive dementia (Alzheimer et al., 1995). AD was originally named presenile
dementia but this was changed to AD in 1910 because Emil Kraepelin wanted to honour
Alzheimer for his description of the pathology (Small and Cappai, 2006). Although the
description of AD is just about a century old, historical documentation about dementia
have been found in ancient Egypt, Greece and Rome (Boller and Forbes, 1998).

It is estimated that 35.6 million people around the world suffer from AD with prevalence
for individuals aged 60 years or more ranging woridwide from 1.2% of western sub-
Saharan Africa to 7.2% of western Europe (Wimo and Prince, 2010). The median annual
incidence of AD in US was calculated at 1275 per 100,000 at 65 years of age and this
doubles every 5 years after 65 years of age (Hirtz et al., 2007). AD has no sex preference



similarly affecting both women and men as opposed to vascular dementia which has a
higher incidence in men (Ruitenberg et al., 2001). A higher educational level is
associated with decreased risk of both AD and non-AD dementia and it has been
calculated that for each additional year of education over 11 years, the relative risk for
AD decreases by approximately 9% (Kukull et al., 2002). AD diagnosed at 65 years of
age is associated with a mean survival time of 8.3 years implying a 67% reduction in the
prospective life expectancy (Brookmeyer et al., 2002). The total cost of dementia
worldwide has been calculated in US$ 604 billion, representing approximately 1% of the
total world gross domestic product, including direct (medical and social care) as well as

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

1.2.1. AD pathophysiology

The brains of individuals with AD are characterized by the presence of cortical atrophy,
affecting principally the frontal, temporal and parietal lobes, with compensatory
ventricular enlargement and subsequent reduced brain volume (Stark et al., 2005).
Extracellular neuritic plaques containing AP protein and intracellular neurofibrillary
tangles composed of tau protein represent the principal histological findings of AD.
Progressive loss of synapses and neurons accompanied by reactive gliosis and
inflammation follow the appearance of AQ plaques and neurofibrillary tangles
(Duyckaerts et al., 2009, Thompson et al., 2003).

Sporadic cases of AD explain around 90-95% of the total cases while genetics account
for the remaining 5-10% (Zawia et al., 2009). Mutations of the genes encoding for
amyloid precursor protein (APP), presenilin 1 (PSENI1), presenilin 2 (PSEN2) and
sortilin-related receptor 1 (SORLI1) are implicated in the development of AD;
noteworthy, all these genes are involved in production, clearance or uptake of AP
(Ballard et al., 2011). AD is a human-specific disorder which means all animal models
have to be induced mainly by genetic modification or through AP injection. Mice
carrying the human APP gene mutation were the first transgenic animal model for AD

(Wirak et al., 1991). Now more than 18 different transgenic mouse models, as well as



several non-transgenic models in different species, have been developed for the study of
AD (Philipson et al., 2010).

To date, 10 loci identified through genome-wide association studies have been found to
increase the risk to develop AD. These include: clusterin (CLU), complement receptor
gene 1 (CR1), encoding ATP-binding cassette, sub-family A, member 7 (ABCA?7),
cluster of differentiation 33 (CD33) and encoding ephrin receptor A1 (EPHA1) which
have immune functions; phosphatidylinositol-binding clathrin assembly protein gene
(PICALM), bridging integrator 1 gene (BIN1), CD33 and CD2-associated protein
(CD2AP) which are involved in cell membrane processes; apolipoprotein E (ApoE), CLU
and ABCA7 which are involved in lipid processing; and encoding membrane spanning
4A (MS4A) which is a member of a family of cell-surface proteins with high affinity for
IgE receptors (Hollingworth et al., 2011). The presence of a single €4 ApoE allele
increases the risk factor of developing AD by 4 and if the two €4 alleles are present, the
risk increases by a factor of 19 (Strittmatter and Roses, 1996).

The precise cause of the pathological changes observed in AD is not known but among
the many theories proposed to explain the disease is the amyloid cascade hypothesis
which has been the most studied. The amyloid cascade hypothesis suggests that APP is
processed into AP which accumulates intracellularly and extracellularly in amyloid
plaques, forming toxic aggregates that cause neuronal dysfunction, and changes in tau
resulting in formation of neurofibrillary tangles and eventually cell death (Ballard et al.,
2011). Synaptic failure and disproportionate loss of synapses relative to neurons is
observed in individuals with AD and correlates with cognitive decline (Querfurth and
LaFerla, 2010). Disruption in the expression of N-methyl-D-aspartate (NMDA) (Snyder
et al., 2005) and a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)
receptors (Hsieh et al., 2006), as well as reduced levels of brain-derived neurotrophic
factor (BDNF) (Garzon and Fahnestock, 2007) and a decreased number of cholinergic
projections has also been described in AD (Wang et al., 2000). Mitochondria have been
proposed to play a role in the pathophysiology of AD. AP has been observed to enter
mitochondria and proteins from the PSEN complex were found in this organelle (Coskun
et al., 2011). Described AP effects on mitochondria include an increase in membrane

viscosity, a decrease in ATP/O ratio, reduction in the activity of electron transport chain,



increased reactive oxygen species (ROS) production and augmented cytochrome c
release; these changes are considered to provide support for the proposal that
mitochondrial dysfunction plays a role in the pathophysiology of AD (Aleardi et al.,
2005). Glucose levels and alterations in components of the insulin-induced signalling

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

1.2.2. AD clinical presentation

AD is the most common type of dementia accounting for up to 80% of all cases (Abbott,
2011). The most frequent symptoms patients with AD manifest are impaired memory,
depression, poor judgement and confusion but several behavioural symptoms such as
agitation, dysphoria, apathy, and aberrant motor behaviour have been correlated with
cognitive impairment (Mega et al., 1996). Seizures, gait and severe motor abnormalities
usually manifest only at late stages of the disease (Cummings, 2004). The
neurodegenerative nature of AD progresses to a point where the patient is unresponsive
and unaware of its environment and incontinent. In the final stages of the disease
paraplegia in flexion becomes evident with sufferers adopting the foetal position and
entering in a persistent vegetative state (Ropper et al., 2005). According to the
progression of the disease, AD can be classified as mild, moderate or severe. See Table

1.1. for a summary of clinical symptoms present in AD.

1.2.3. AD Diagnosis

Currently, confirmation of AD diagnosis can only be achieved by post-mortem
examination of the affected brain revealing the presence of amyloid plaques and
neurofibrillary tangles. Differential diagnoses and the lack of a characteristic biomarker
make clinical diagnosis of AD a challenge. Patients with mild cognitive impairment
(MCI) are considered to be in a prodromic early stages of AD, but not all individuals with
MCI progress to AD (Emery, 2011). Recently, the National Institute on Aging-
Alzheimer’s Association of the US published a revised version of diagnostic guidelines

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



been investigated but only the following provided enough evidence to recommend their
use in the clinical setting: biomarkers of A3 accumulation, which include abnormal tracer
retention on amyloid positron emission tomography (PET) imaging and low A4, in
cerebrospinal fluid (CSF), and biomarkers of neuronal degeneration or injury, which
include elevated tau in CSF, decreased fluorodeoxyglucose uptake on PET in
temporoparietal cortex and atrophy on structural magnetic resonance imaging (MRI)
involving medial, basal, and lateral temporal lobes and medial and lateral parietal cortices

(Jack et al., 2011).

1.2.4. AD Treatment

AD is currently an irreversible, non-preventable neurodegenerative condition. Efforts
have been made to develop an effective therapeutic solution but, so far, the best
medications can offer only a slight delay in the progression of the disease with limited
cognitive improvement. The food and drug administration (FDA) of US has approved
several drugs to be used in AD. Of these, galantamine, rivastigmine, donepezil and
tacrine target mild to moderate AD while only memantine is approved to treat moderate
to severe AD. The first 4 are all cholinesterase inhibitors while memantine is an NMDA
receptor antagonist. All these medications treat the symptoms rather than the disease.
Several new drugs have completed or are being tested in phase III clinical trials with
many designed to reduce the production of AP, prevent the aggregation or increase the
clearance of AP, although, anti-inflammatory agents, serotonin agonists, anti-oxidants,
GABA agonists and inhibitors of the HMG CoA-reductase are also under investigation.
So far the results have not been encouraging with 13 out of 16 phase Il clinical trials
showing no efficacy (Palmer, 2011). Drugs, such as dimebon (latrepirdine), that
generated great expectations in phase I and Il trials have failed to provide significant
evidence of benefit compared to placebo in phase IlII clinical trials (Doody et al., 2008,
Jones, 2010). Other, less conventional, treatment options still in experimental phases
include vaccination with amyloid species, administration of monoclonal anti-amyloid
antibodies or intravenous immunoglobulins, vitamin E therapy, oestrogen therapy or

delivery of neurotrophic factors (Foster et al., 2009, Golde et al., 2011).



1.3. Amyloid-$

AR, a 4-5kDa polypeptide, is a normal product of the metabolism of APP with a length
that can vary from 36 to 43 amino acids (Haass et al., 1992). The most frequent type of
AR found under normal conditions in the brain is AB;4 but in AD and in Down
syndrome, A3;.42 production is increased and the ratio A[3;.40/ABi-42 is reduced (Selkoe,
2001). AP can also be found in other tissues and organs where differences in the
concentration of the different types of AP are present, in blood for example, A4
constitutes approximately 90% of the total A in plasma (Gravina et al., 1995). See

Figure 1.1. for AB;.40 and AB;.42 amino-acid sequences.

1.3.1. Amyloid-f production and degradation

APP is a ~130kDa polypeptide (Autilio-Gambetti et al., 1988), member of the Type I
family of membrane proteins and involved in the production of AB. APP is expressed in
many tissues and has been implicated in the regulation of synapse formation and neuronal
plasticity but its main function remains unknown (Bekris et al., 2011). The APP gene is
localized on chromosome 21; individuals with trisomy of chromosome 21 exhibit
neuropathological changes similar to those observed in AD, and it has also been shown
that inherited mutations in the APP gene alter A3 production and may precipitate early-
onset AD (Walsh and Selkoe, 2007). APP localized in the cellular surface of neurons and
astrocytes has been shown to colocalize with cell adhesion proteins such as 1 integrins,
clathrin and a-adaptin (Yamazaki et al., 1997).

The enzymatic action of two secretases, a-secretase and [-secretase, dictates the
metabolic pathway APP will follow. «-Secretase, which is a collection of
metalloproteases, constitutively cleaves 90% of the total cellular APP following the non-
amyloidogenic pathway, while B-secretase processes the remaining 10% through the
amyloidogenic pathway (Murphy and LeVine, 2010). The non-amyloidogenic pathway
starts when a-secretase cleaves APP into an amino-terminal fragment called soluble
(sometimes also referred as secreted), APP alpha (sAPPa) and an 83 amino-acids long

carboxy-terminal fragment (CTF) named CTF83 (Figure 1.2). CTF83 is subsequently
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cleaved by y-secretase releasing extracellular p3 and the amyloid intracellular domain
(AICD) (Chow et al., 2010b). On the other hand, the amyloidogenic pathway occurs
when APP is cleaved by the [3-secretase beta-site amyloid precursor protein-cleaving
enzyme |1 (BACEI) into the amino-terminal fragment soluble APP beta (SAPPf) and the
99-residue carboxi-terminal fragment CTF99. CTF99 is subsequently cleaved by the
enzymatic complex y-secretase into the different types of AP and into AICD (Querfurth
and LaFerla, 2010).

Stress factors such as hypoxia and ischemia increase the rate of production of BACEI
both in vivo and in vitro (Guglielmotto et al., 2009). In addition to BACEI, cathepsins
have been shown to exert f-secretase activity and may be involved in the production of
AP (Hook et al., 2005). Increased BACE1 activity in CSF was shown to be related to
markers of AD pathology in humans (Mulder et al., 2010).

A multiple protein complex composed of PSENI or PSEN2, nicastrin (Nct), presenilin
enhancer 2 (Pen2), and anterior pharynx defective 1 (Aph-1) is required for a functional
y-secretase (Kimberly et al., 2003). PSEN forms the active site of the aspartyl protease
and, in the brain, PSEN1, not PSEN2, has been found to be the dominant protein (Li et
al., 2000). The glycoprotein Nct serves as the y-secretase substrate receptor as the
ectodomain of Nct binds to the amino terminus of APP or Notch and recruits them into
the y-secretase complex (Shah et al., 2005). Notch is a type I transmembrane protein
involved in lymphoid cell differentiation and neural development, dysregulation of Notch
signal is related with developmental defects and cancer (Nakayama et al., 2011) (Figure
1.3.). The y-secretase complex is unusual in that it cleaves within the lipid bilayer of the
cellular membrane and that it can only process substrates that were previously cleaved by
another enzyme (Selkoe and Wolfe, 2007).

So far two proteases are known to degrade AP, neprilysin and insulin degrading enzyme
(IDE; also referred to as insulysin). Neprilysin, is a plasma membrane-anchored zinc
endopeptidase, responsible for the extracellular degradation of A monomers and
oligomers (Kanemitsu et al., 2003). IDE is a thiol metalloendopeptidase with intracellular
and extracellular activity that degrades mainly insulin but also A monomers (Qiu and

Folstein, 2006).



1.3.2. A pathophysiology

The characteristic 3-sheet structure of AP peptides facilitates self-assembly into different
conformations including dimers, trimers, oligomers (2 to 6 peptides), protofibrils and the
fibrillar forms observed in brains of individuals with AD (Reinke and Gestwicki, 2011).
Neurotoxicity in AD is currently considered to be caused by the abnormal production and
aggregation of Af3;_4, peptide, which form amyloid fibrils more easily than other types of
AP and are the main constituents of AP plaques (Luhrs et al., 2005). AB;42 possess
higher rigidity in the C-terminal part of its structure compared with Afj.4, this
characteristic has been associated with increased propensity to fibrillar aggregation
(Rezaei-Ghaleh et al., 2011). Moreover, synthetic AP peptides have been shown to be
neurotoxic in different brain regions such as cortex and hippocampus, to impair long-
term memory and to exhibit 3-sheet mediated fibrillogenesis identified by Congo red
staining in the same way as amyloid fibrils (Balducci et al., 2010).

Soluble AP, in particular oligomeric forms, has been proposed as the most toxic
presentation of all the configurations of AP (Cerpa et al., 2008). An increase in the
concentration of soluble AP correlates with synaptic loss and is a good predictor of
synaptic change in AD (Lue et al., 1999). Soluble oligomers have been reported to cause
alterations in the cellular membrane. Kayed and colleagues (2004) reported that amyloid
oligomers and protofibrils increase membrane conductivity by means of a non-channel
mechanism (Kayed et al., 2004). Furthermore, it has been shown that soluble oligomers
increase the area per molecule of the lipids involved in membrane formation, thus
thinning, lowering the dielectric barrier and increasing the conductance of the membrane
(Sokolov et al., 2006). In addition, A soluble dimers obtained from the brains of
individuals with AD alter glutamatergic synaptic transmission (Shankar et al., 2008). A3
soluble oligomers have been shown to disrupt axonal transport by causing dysregulation
of intracellular signalling cascades via an NMDA receptor mechanism mediated by
glycogen synthase kinase-3p (GSK-3f) in primary hippocampal neurons (Decker et al.,
2010). AP fibrils have also been shown to be toxic though they are less toxic than

oligomers. Neuronal dystrophy and loss of synaptic connections without cell death have



been described in cultured rat neurons incubated with fibrillar A (Grace et al., 2002).
Deposition of fibrillar AR caused dendritic spine loss and shaft atrophy which led to
permanent disruption of neuronal connections in transgenic mice (Tsai et al., 2004).
Picone and colleagues (2009) showed that both oligomers and fibrils are toxic to LANS
neuroblastoma cells inducing apoptosis through different mechanisms, as oligomers
induce activation of the intrinsic pathway principally through activation of caspase 9
while fibrils induce activation of the extrinsic pathway mainly through caspase 8 (Picone
et al.,, 2009). Despite these findings, the precise cytotoxic mechanism of A3 in AD

remains to be determined.

1.4. Tau

Tau is a microtubule-associated protein expressed mainly in neurons and required for the
stabilization of neuronal cytoskeleton (Martin et al., 2011). Alternative splicing of tau
pre-mRNA results in 6 tau isoforms in the human brain (Igbal et al., 2010) ranging from
352—441 amino acids and possessing a molecular weight between 60 and 74 kDa (Buee et
al., 2000). Tau is composed by a N-terminal region (exons 1-5), a proline-rich domain
(exon 7), a microtubule-binding domain with four repeats R1, R2, R3 and R4 (exons 9-
12) and a C-terminal region (exon 13) (Mandelkow et al., 1996). Tau has 85
phosphorylatable amino acid residues which include 45 serines, 35 threonines and 5
tyrosines, phosphorylation of these amino acids by diverse kinases regulates tau functions
(Hernandez et al., 2010) (Figure 1.4.). Abnormal hyperphosphorylation of tau induces the
appearance of neurofibrillary tangles which is one of the main pathological
characteristics of AD. Hyperphosphorylated tau sequesters normal microtubule-
associated proteins, disrupts microtubules and self-assembles into paired helical filaments
(Igbal et al., 2010), also, it induces neuroinflammation and activation of microglia and
astrocytes (Metcalfe and Figueiredo-Pereira, 2010). In a recent study in humans, Desikan
and colleagues (2011) found that increased entorhinal cortex atrophy was significantly
related to decreased CSF Af;4, only when CSF phosphorylated tau was elevated,
suggesting that Af-associated volume loss occurs only in the presence of phosphorylated-

tau in humans at risk for dementia (Desikan et al., 2011).
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In addition to AD, other tauopathies include frontotemporal lobar degeneration with tau
inclusions such as Pick’s disease, progressive supranuclear palsy, and corticobasal
degeneration; agyrophillic grain disease; some forms of prion diseases; amyotrophic
lateral sclerosis/parkinsonism-dementia complex; chronic traumatic encephalopathy; and

some genetic forms of Parkinson’s disease (Morris et al., 2011).

1.5. Astrocytes

Astrocytes are members of the family of glial cells, specific non-neuronal cells in the
nervous system, which also include the oligodendrocytes, Schwann cells, microglia and
ependymal cells. The astrocytes are of ectodermic embryologic origin and it has been
shown that neural stem/progenitor cells during adult neurogenesis can differentiate into
astrocytes, neurons or oligodendrocytes (Yoneyama et al., 2011). Neuroglia were thought
to serve a role only as supporting cells for the neurons; the name, given by Rudolph
Virchow in 1856, is directly derived from the word glue. This point of view has been
challenged, in particular in the past two decades due to technical advances that have
identified important physiological activities that these cells exert in the organism
(Somjen, 1988).

Although Michael von Lenhossek coined the term astrocyte in 1893, it was the Spanish
neuropathologist Santiago Ramon y Cajal who, optimizing a silver carbonate staining
technique developed by Camilo Golgi, accurately described their characteristic star-like
appearance and classified these cells according to their anatomical localization as fibrous
astrocytes, residing in the white matter, and protoplasmic astrocytes, residing in the gray
matter (Garcia-Marin et al., 2007).

Although astrocytes are commonly considered as the most numerous cell type in the
CNS, a recent study in human brains by Acevedo and colleagues (2009), showed that
non-neuronal to neuronal cells ratios change across the different regions of the nervous
system. The cerebral cortex, including gray and white matter, showed a 3.76:1 ratio of
non-neuronal to neuronal cells, the cerebellum a 0.23:1 ratio and the rest of the brain

(basal ganglia, diencephalon, mesencephalon and pons) an 11.35:1 ratio, for an overall

.



ratio of 0.99:1, differing from the previous studies based usually on only one brain region
that calculated a 10:1 ratio in the whole brain (Azevedo et al., 2009).

Until relatively recently, astrocytes were considered as cells which provided only
nutritional and structural support for neurons, largely due to the lack of recordable
electrical excitability. They were also thought to lack the mechanisms to communicate
with astrocytes or any other cells or to be directly involved with synapses until it was
shown that they possess different biochemical messengers, called “gliotransmitters” to do
so (Volterra and Meldolesi, 2005). Since then, numerous investigations have led to a
series of discoveries revealing the increasing range of functions and the roles astrocytes

play in physiology and pathology.

1.5.1. Characterization of astrocytes

Astrocytes represent a diverse population of cells with regional and physiological
variability in function and morphology. Astrocytes are commonly characterized by the
expression of the glial fibrillary acidic protein (GFAP). Although this definition is
practical it may not be sufficient, as the family of astrocytes is large and some cells that
possess the morphological characteristics of astrocytes, do not always express GFAP
(Walz and Lang, 1998). For example, astrocytic end-feet around larger blood vessels (>
8um in diameter) are predominantly GFAP-positive while end-feet around smaller blood
vessels (< 8um in diameter) are uniformly GFAP-negative, suggesting a relationship of
GFAP with the dynamics of vessels and blood-brain barrier (Simard et al., 2003).
Furthermore, other types of glial cells such as ependymal glia and radial glia, because of
their close embryological origin with astrocytes, have the capacity to express GFAP (Liu
et al., 2006).

Other markers can be used to help facilitate the identification of astrocytes from a
functional and structural point of view but none is without limitations. S100f is a
calcium-binding protein considered to be glial-specific although it seems to be mainly
expressed by a subtype of mature astrocytes ensheathing blood vessels, the
oligodendrocytes-precursor cells or neuron-glial antigen 2 (NG2)-expressing cells as well

as by some endothelial cells (Steiner et al., 2007). The glutamate transporter 1 (GLT-1),
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also known as excitatory amino acid transporter 2 (EAAT?2) in humans, is also expressed
in astrocytes but it has a regional-specific localization so it is not useful to identify the
totality of the cells (Wang and Bordey, 2008). Glutamine synthase has also been used as
a marker of astrogliosis; this is the enzyme responsible for the conversion of glutamate to
glutamine, but this enzyme is not astrocyte-specific, as it has also been identified in grey
and white matter oligodendrocytes. Inward-rectifying potassium channels like the Kir4.1
are only expressed in some subtypes of astrocytes and the aquaeporin channel 4 is
localized specifically in the processes of the astrocytes. In addition, the enzyme aldehyde
dehydrogenase 1 family, member L1 (AldhILIl), also known as 10-
formyltetrahydrofolate dehydrogenase (FDH), has been shown to be a more specific
marker of astrocytes than GFAP, identifying both the cell body and the processes and it is
more widely expressed on the brain (Cahoy et al., 2008). Another marker is the protein
bystin which has been proposed as a marker of astrogliosis and has been shown to be a
more sensitive marker in activated astrocytes induced by ischemia and hypoxia compared
with GFAP (Fang et al., 2008). Finally, glycogen granules have also been used as
markers of astrocytic function. Despite the alternative markers, GFAP continues to be

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

1.5.2. Astrocyte functions

Astrocytes carry out numerous important functions in the nervous system (Cotrina and
Nedergaard, 2002). They regulate the ionic environment, especially extracellular K"
concentration. Their end-feet make contact with capillaries and arterioles contributing to
the maintenance of the blood-brain barrier and modulating transport of substances from
the blood to the astrocyte and vice versa. Astrocytes respond to the metabolic needs of
neurons by activating glycogen metabolism and releasing lactate, and are responsible for
the uptake of glutamate in the synaptic cleft. They also respond directly to calcium and
adenosine signals from neurons as well as from other glial cells (Ni et al., 2007).
Astrocytes are in physical contact with adjacent cells through gap junctions and
hemichannels, creating an extensive syncitium of cells which facilitates communication

and signalling. A recent finding in adult mouse hippocampus confirmed that astrocytes
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are intimately integrated into synaptic signalling as they detect and modulate synaptic
calcium release (Di Castro et al., 2011).

An indication of their wide-ranging reactivity is highlighted by the fact that astrocytes
express numerous receptors including G protein-coupled receptors and ionotropic
receptors, receptors for growth factors, chemokines, steroids and receptors which are
involved in innate immunity like toll-like receptors; interestingly, astroglia display
heterogeneity in their pattern of receptor expression and adjust the pattern according to
their microenvironment (Wang and Bordey, 2008). Recent evidence indicates that they

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

1.5.3. Astrocytes pathophysiology

Whenever the CNS sustains an insult, for example physical trauma, chemical injury or
exposure to pathogens, astrocytes become reactive. This astrogliosis characterized by
cellular hypertrophy and proliferation, is identified by rapid GFAP synthesis (Eng et al.,
2000). Reactive astrocytes surround and isolate dying neurons, impeding their regrowth
or contact with fully functional cells (Ridet et al., 1997). As such, astrogliosis has been
classified in two forms, anisomorphic, when the hypertrophic astrocytes surrounding a
lesion form a permanent glial scar and isomorphic, when astrocytes distal to an injury site
promote the growth of neurites and synaptogenesis facilitating the recovery of neuronal
networks instead of replacing the tissue with a scar (Rodriguez et al., 2009). Although the
main role of astrogliosis is protective, a failure or disruption in any of its related
processes such as attenuation of neurotoxicity due to excess glutamate or regulation of
inflammatory reactions induced by trauma or infection can increase the negative impact
of a disease in the CNS. It has been shown that under specific circumstances astrogliosis
can exert detrimental effects such as impeding axon regrowth while it can also exacerbate
inflammation through cytokine production, increasing the production of ROS, releasing
glutamate, aitering blood brain barrier (BBB) or causing cytotoxic edema during trauma
and stroke (Sofroniew and Vinters, 2010).

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

mesial temporal lobe epilepsy, a decrease in the aquaporin 4 channels and in dystrophin
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leads to altered water flux and impaired K buffering reducing the threshold for
developing seizures (Eid et al., 2005). Connexin 43 is considered to be the main gap
junction protein of astrocytes, and its expression is altered under pathological conditions;
for example, it is downregulated by inflammatory reactions in multiple sclerosis (Brand-
Schieber et al., 2005).

Alexander disease is a potentially lethal neurodegenerative type of leukodystrophy of
genetic origin characterized by seizures, spasticity and developmental delays, in which
the regulation of GFAP expression is compromised leading to the apparition of excessive

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

1.5.4. Astrocytes, AP and AD

The observed functional and structural changes present in astrocytes during aging pointed
to a possible link between astroglia and AD (Duffy et al., 1980). More recent discoveries
involving the numerous physiological properties of astrocytes, together with the
development of animal models, have offered new perspectives on the participation of
astrocytes in the development of AD (Rodriguez et al., 2009). A complex
neuroinflammatory reaction has been related to the development of AD and astrocytes
seem to be involved in this process being part of a pro-inflammatory reaction shared with
microglia and neurons, characterised by the secretion of cytokines, chemokines,
neurotoxic molecules, and complement activation (Sastre et al., 2006).

Astrocytes are directly associated with amyloid plaques and neurofibrillary tangles.
Abundant activated astrocytes have been observed in the cortical molecular layer and
near amyloid plaques in pyramidal cell layers in brains from individuals with AD; those
close to the molecular layer show a gradient of GFAP immunoreactivity labelling that
increases in intensity the closer it is to the subpial cortical surface and this appears to be
proportional to the stage of the disease (Nagele et al., 2003). /n vitro studies with rodent
brains have also shown a close interaction between astrocytes and A3 peptides. Cultured
rat cortical astrocytes become reactive when in contact with A3;4> peptide and have the
ability to degrade it; moreover, when microglia were added to the culture, astrocytes,

through the release of glycosaminonglycase-sensitive molecules, impeded the removal of
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Ai.42 by microglia (Shaffer et al., 1995). It seems that microglia adopt a position within
and adjacent to the central amyloid core of the neuritic plaque, whereas the astrocytes
often surround the outside of the plaque with some of the processes directed to the
amyloid core (Farfara et al., 2008).

Astrocytes have the capacity to bind and degrade Af3;4>. Wyss-Coray and colleagues
(2003) used astrocytes from adult mice brains and incubated them with A4, to
quantitate the degradation of AP. The AP content of the cell fraction and cell-culture
supernatant was determined by western blot and ELISA analysis. Within 3 hours, AP,
levels decreased in the supernatant and increased in the cell-associated fraction. After 3
hours, the levels of Af in the cell fraction began to decrease, and by 24—48 hours there
was no A3 detectable in the supernatant or in the cell fraction (Wyss-Coray et al., 2003).
This was corroborated by the finding that transplanted astrocytes from adult, but not
neonate mouse brain, were able to degrade and internalize Af3 from slices of human AD
brains, although cells from both adult and neonates were able to internalize AP in vivo
(Pihlaja et al., 2008).

Activated astrocytes, like neurons, accumulate A in the brains of individuals with AD,
although the predominant type of AP varies depending on the anatomical localization;
astrocytes within the cortical molecular layer contain the highest amount of A4, with a
lower immunoreactivity for A3;.40 and AP;43 (Nagele et al., 2003).

The same researchers reported that death and lysis of Afj4z-overburdened astrocytes
may give rise to GFAP-positive plaques in the molecular layer. Additionally, it was
reported that astrocytes are recruited to the sites of AP deposition by localized release of
the chemoattractant, monocyte chemoattractant protein 1 (MCP-1). As soon as the
astrocytes contact the AP in the extracellular matrix, they become immobilized. This
adhesion mechanism is calcium- and magnesium-independent, suggesting possible
involvement of molecules which share characteristics with scavenger receptors such as
receptor for advanced glycation end products (RAGE), low-density lipoprotein receptor-
related protein (LRP) or membrane-associated proteoglycans (Wyss-Coray et al., 2003).
In this context is important to note that astrocytes express numerous receptors that

interact with A3 in addition to RAGE, these include Toll-like receptors (TLR), TLR2,
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TLR3, TLR4 and TLR9Y, scavenger receptors SRA, SRB1, SR-MACRO and CD?36,
glycoprotein receptor lactadherin and CD47, lipoprotein receptors ApoE, LRP and CD14,
complement Clq receptor, chemokine receptors CCR2, CCR3, CCRS, CXCR2 and
CXCR3, T-cell receptors CD40L and major histocompatibility complex class II (MHC-
II), and manose receptor (Farfara et al., 2008). Table 1.2. gives a detailed list of proposed
astrocytic A[3 receptors.

Some types of Af-containing plaques represent a transient deposit of Af3 which contain
the N-terminal truncated A[; these have been observed in the internal layers of human
entorhinal cortex, where they are considered to be associated with astrocytes as
intracytoplasmic inclusions (Thal et al., 2000). The N-truncated A, as opposed to the
full length AP;42, can be easily internalized and cleared by astrocytes suggesting a
potential therapeutic role in AD.

ApoE4, an isoform of the major lipid carrier in the brain apolipoprotein E, is synthesized
mainly in astrocytes and mutations in its gene have been considered as a risk factor for
the development of AD (Fagan and Holtzman, 2000). Cultured astrocytes prepared from
ApoE-deficient mice, compared with wild-type mice, failed to clear A[; astrocyte
viability was not modified and this suggested that ApoE expressed and secreted by
astrocytes was essential for the response. It is believed that a receptor-mediated
mechanism involving a member of the LDL receptor family is responsible (Koistinaho et
al., 2004). A induces an increase in endogenous levels of ApoE and Apol in activated
astrocytes and treatment with an ApoE receptor inhibitor abolishes the AQ-induced
changes and reduces the ApoE levels but fails to alter the ApoJ levels; this suggests that
the extracellular stimuli generated by A induces an immunomodulatory response in the
ApoE receptor (LaDu et al., 2000). In the same study it was proposed LRP mediates A[3-
induced astrocyte activation while low-density lipoprotein receptor (LDLR) mediates the
AB-induced changes in ApoE.

Post mortem tissue prepared from individuals with AD demonstrated elevated
immunolabeling for connexin 43 in A3 plaques suggesting an infiltration of astrocytic
processes into plaques and an increase in the expression of gap junctions proteins (Nagy

et al., 1996). Activated astrocytes in AD exhibit elevated levels of the lysosome-specific
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protein cathepsin D, suggesting an increase in the activity of this cellular compartment
(Nagele et al., 2003). In the presence of untreated astrocytes, synapses were protected
from APs.3s, with synaptophysin immunolabeling regaining the classical dot-like
appearance characteristic of normal synapses; this pattern of immunostaining was lost
when the neurons were co-cultured with A-treated astrocytes (Paradisi et al., 2004).
Moreover, glucocorticoids have been shown to reduce the expression of Ap-degrading
proteases decreasing astrocytic A3 degradation (Wang et al., 2011b).

Astrocytes have also been related to neurofibrillary tangles with a significant association
between S100B3+ overexpressing cells and free tangles in the neuropil in AD (Sheng et
al., 1997). Another study quantified the relationship between neurofibrillary tangles,
astrocytes and amyloid plaques in different regions of post-mortem human brains;
neurofibrillary tangle density was significantly correlated with GFAP-positive cells in the
entorhinal cortex, and amyloid plaques were significantly correlated with GFAP
expressed in the cornu ammonis (CA), the subiculum and the entorhinal cortex
(Muramori et al., 1998). Tau protein, which aggregates abnormally in AD generating
neurofibrillary tangles, possesses a tyrosine residue (Tyr 18) which is the most vulnerable
place for disassembly. Nitration in this region prevents or slows tau filament self-
assembly; it has been proposed that, in AD, this mechanism is impaired. Reyes and
colleagues (2008) showed that in AD brains, nitration at Tyr 18 occurs in GFAP-positive
astrocytes which are in contact with A3 plaques; this was observed before the appearance
of neurofibrillary tangles so it is unclear if it represents a protective or an early toxic
mechanism (Reyes et al., 2008). In a recent study it was shown that tau significantly
increased astrocytic expression of GFAP and S1008 and that this was enhanced by co-

treatment with A3 (Lu et al., 2009).

1.5.5. GFAP

GFAP is member of a family of intermediate filament proteins, which also include
vimentin and nestin, and serves principally cyto-architectural functions (Pekny and
Pekna, 2004). GFAP, ranging from 8-9 nm in size, is considered the most important

intermediate filament in astrocytes and contributes to the modulation of astrocyte motility
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and shape by providing structural stability to astrocytic processes (Eng et al., 2000).
Human GFAP is located in the chromosome 17 but no relation has been identified with
other pathologies encoded in the same region such as frontotemporal dementia with
parkinsonism (Isaacs et al., 1998). GFAP knockout mice exhibit subtle effects on diverse
functions like long- and short-term depression and potentiation as well as BBB integrity
(Tanaka et al., 2002); the evidence suggests that other intermediate filaments like
vimentin can functionally replace the missing GFAP (Eng et al., 2000). On the other
hand, an overexpression of GFAP in transgenic mice leads to a fatal encephalopathy and
is directly related to the rare leukodystrophy of Alexander disease (Messing et al., 1998,
Hagemann et al., 2006). As mentioned previously, astrogliosis is correlated with
redistribution and increase in the expression of GFAP and this process is observed in

brains of individuals with AD (Li et al., 2011a).

1.5.6. RAGE

RAGE was first cloned and described in 1992 (Neeper et al., 1992). RAGE is a 45kDa
multifunctional cell surface protein with immunoglobulin characteristics that binds to
different structures such as advanced glycation end products (AGE), S100 proteins,
amyloid 3 and High Mobility Group Box Protein 1 (HMGBI1) (Park and Boyington,
2010). The structure of RAGE consists of an extracellular variable V-domain (residues
24-127), two extracellular constant C type domains (C1 residues 132-230 and C2
residues 239-320), a single transmembrane region (residues 321-360) and a short C-
terminal cytoplasmic tail (residues 361-404) (Leclerc et al., 2010). So far, 20 RAGE
isoforms have been identified in a diverse range of tissues and organs including rat liver
and kidney and human lung, aortic smooth muscle cells, vascular endothelial cells,
pericytes and widespread in the brain (Leclerc et al., 2009). The most prevalent isoform
in the brain is endogenous secretory RAGE (esRAGE), which lacks both the
transmembranal and intracellular domains (Park et al., 2004).

RAGE is a multifunctional receptor as its effects are dependent on the ligand but is
known to induce pro-inflammatory signals in a diverse range of cells and to induce

activation of NFkB pathway (Li and Schmidt, 1997). RAGE has been shown to interact
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with S100p activating the NFkB pathway (Hofmann et al., 1999). Different pathologies
such as diabetes, cancer, rheumatoid arthritis, stroke, multiple sclerosis (MS),
amyotrophic lateral sclerosis and AD are associated with an increase in the presence of
ligands for RAGE, such as AGE’s, HMGBI1 or A, which activate RAGE leading to
inflammatory signalling (Lue et al., 2009). RAGE was shown to specifically bind to A
and mediate AP-induced oxidative stress more than a decade ago and since then it has
been suspected to play a role in the pathophysiology of AD (Yan et al., 1996). Recently, a
study by Li and colleagues (2011) in rats showed that blocking RAGE with an antibody
attenuated the AGE-induced glycogen synthase kinase-3 (GSK-3) activation, tau
hyperphosphorylation, and memory deficits with restoration of synaptic functions (Li et

al., 2011b).

1.5.7. S100p

S100PB is a 21kDa protein, member of the S100 calcium-binding family of proteins
mainly expressed in the CNS (Vives et al., 2003). S100B consists of a pair of distinct EF-
hand motifs connected by a hinge region, a C-terminal calcium-binding site and an N-
terminal calcium-binding site (Ostendorp et al., 2005). S100B can adopt different
configurations forming dimers, tetramers, hexamers or octamers (Ostendorp et al., 2007).
Human S100B gene is the only member of the S100 family to be localized on
chromosome 21q (Reston et al., 1995). The precise role of S1008 is still not clear as this
protein interacts with many targets including microtubules and other cytoskeleton
components, enzymes from the glycolytic pathway, tumour suppressor p53, zinc and
copper (Donato et al., 2009, Ostendorp et al., 2011). It is also involved in cell growth,
cell cycle control and cell differentiation (Scotto et al., 1998). S100B is considered a
biomarker of brain damage as its expression is increased after traumatic brain injury,
encephalitis or in neurodegenerative pathologies such as AD (Ostendorp et al., 2007).
Furthermore, Roltsch and colleagues (2010) reported that ablation of S100p decreases
amyloid plaque load in the cortex, reduces gliosis and attenuates neuronal dysfunction in
PSEN-APP double transgenic mice (Roltsch et al., 2010). Activated astrocytes present in

AD amyloid plaques have been shown to overexpress S100B protein (Mrak and
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Griffinbc, 2001). S100A6 is another member of the S100 protein family present in

astrocytes which shows upregulation in both animal models and patients with AD (Boom
et al., 2004).

1.5.8. EAAT2

EAAT2, also referred to as GLT-1 in rodents, is the major glutamate transporter in
human astroglia (Lauriat and Mclnnes, 2007). Its molecular weight is 66kDa and the
structural model reported consists of 8 transmembrane domains in addition to a pair of
less well-defined re-entrant loops near the C-terminal region, the N-terminal domain and
the C-terminal domain (Ye et al., 2010). The principal function of EAAT2 is to transport
glutamate from the extracellular fluid into astrocytes thus preventing the possibility of
excitotoxicity and it is responsible for more than 90% of the glutamate clearance
(Haugeto et al., 1996). Amyotrophic lateral sclerosis and AD have been linked with
altered expression and function of EAAT2 (Li et al., 1997). Rat astrocytes incubated with
a subtoxic concentration of AB;_4, showed an increase in glutamate uptake and expression
of GLT-1 mediated in part by activation of the NFkB signalling pathway (Rodriguez-
Kern et al., 2003).

1.5.9. AldhiL1

Aldhl1L1, also referred to as FDH, is a member of the family of aldehyde dehydrogenases
present in many organs but primarily in cortical astrocytes in the brain (Yang et al.,
2011). This enzyme is formed by a tetramer composed of four identical units of 100kDa
(Tsybovsky and Krupenko, 2011). AldhIL1 structure includes an N-terminal folate-
binding domain (residues 1-310), an intermediate domain of unknown nature (residues
311419) and an aldehyde dehydrogenase-like C-terminal domain (residues 420-902)
(Cook et al., 1991). The main function of AldhlLl is to convert 10-
formyltetrahydrofolate to tetrahydrofolate (THF) and CO, in a NADP'-dependent
reaction, serving a major role in de novo nucleotide biosynthesis and regeneration of

methionine which involves cell division and growth (Krupenko, 2009). There is no
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reported link between changes in AldhlL1 and AD or any other neurodegenerative
condition, although it has been suggested that overexpression of AldhlL1 may reduce
cellular proliferation in the embryonic dorsal midline causing neural tube defects

(Anthony and Heintz, 2007).

1.6. Microglia

The word microglia was first used by the Spanish neuropathologist Pio del Rio-Hortega,
a student of Ramoén y Cajal. Rio-Hortega described the morphology of microglia using
the silver carbonate staining technique (Kaur et al., 2001). Microglia are unique among
glial cells in that they have a different embryological origin. All cells in the CNS are
derived from the neuroectoderm with the exception of microglial cells which are
stemmed from the mesoderm, sharing the same embryological origin as immune cells. It
is considered that microglia migrate and localize within the CNS during development
although the specific cell precursor is still a matter of debate; the hypothesis that
microglia are derived from circulating blood monocytes before migrating to the CNS has
been challenged by evidence that points to a non-monocytic original cell that colonises
the nervous system through extravascular routes (Chan et al., 2007). This embryological
difference makes microglial cells functionally distinct from all the other nervous system
cells as it is accepted that microglia work as the main immunological regulators within

the nervous system.

1.6.1. Characterization of microglia

Many markers have been found to help study microglial activation; among them are,
clusters of differentiation proteins such as CD11b and CD68, MHC 1I, TLR2 and TLR4,
Ibal, lectin and nestin (Graeber and Streit, 2010). Expression of MHC 11, a cell-surface
marker that interacts with CD4 Th cells, is increased when microglial cells become
activated (Vidyadaran et al., 2009). CD40 is a member of the tumor necrosis factor-alpha
(TNFo) receptor superfamily that mediates immune reactions including T-cells and is

expressed by microglia among other cells; it has been found that the expression of CD40
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is increased in microglia in the presence of harmful stimuli (Qin et al., 2005). CD68 is
frequently used as an indicator of phagocytosis and related to microglia as microglial
cells are the main phagocytic cells in the nervous system. Despite the large number of
microglial markers none of them is specific for microglia as all of them are shared either

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

1.6.2. Microglial functions

Many functions have been attributed to microglia during and after development of the
nervous system. Microglia phagocytose and remove cellular debris and apoptotic cells,
sense damaged synapses and maintain CNS circuitry, combat infectious agents, perform
neuroimmunological regulation, are involved in pain mechanisms and in the re-
establishment of physiological conditions in the brain and spinal cord after injury
(Graeber and Streit, 2010). Microglial cells possesses numerous types of receptors; some,
like AMPA and metabotropic glutamate receptors, are considered to mediate chemotaxis
(Liu et al., 2009). Microglia act as initial sensors of potentially dangerous signals which
are recognized by TLR4 and, in response, secrete pro-inflammatory mediators such as
TNFa and IL-1p that can act on astrocytes inducing secondary inflammatory responses
(Saijo et al., 2009). Microglia can detect astrocytic calcium-waves and they express K,
CI and H" channels (Farber and Kettenmann, 2005). It has been suggested that microglial
cells are not a homogeneous population of cells representing a diverse range of functions

(Parkhurst and Gan, 2010).

1.6.3. Microglial pathophysiology

Microglial cells modify their morphology according to environmental conditions with
two major characteristic shapes, amoeboid, which exists transiently in the developing
brain and later when the cell is phagocytic or motile and, ramified, which is the
predominant form in the adult form; ramified cells are involved in the surveillance of the
brain and the spinal cord (Kaur et al., 2001). In response to any insult that alters or

threatens the physiological balance in the environment of the nervous system, microglia
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change morphology and adopt an activated state which can be acute (seconds to minutes)
or chronic (hours to weeks) (Parkhurst and Gan, 2010). Additionally, it has been reported
that microglial activation during stress differs from activation due to infection or
inflammation suggesting different mechanisms of activation (Sugama et al., 2009).
Evidence indicates that microglia and astrocytes share cellular communication signals
that regulate their activity. It has been shown that astrocytes are capable of activating
microglia through chemokine expression (MCP-1 and IP-10) in individuals with MS and
in the presence of an infection (Ovanesov et al., 2008, Tanuma et al., 2006).

Altered microglial function has been associated with numerous brain pathologies. For
example microglia are the primary target in the CNS following infection with human
immunodeficiency virus (HIV), as HIV binds to the CD4, CCR3 and CCRS expressed by
these cells (He et al., 1997). Microglia also have been linked to the pathophysiology of
MS as activated microglia have the ability to stimulate Th1 and Th2 CD4" T-cell lines
and present antigens (Aloisi, 2001). Additionally, activation of microglial cells has also
been observed in the brains of children with Rasmussen’s encephalitis (Wirenfeldt et al.,
2011), and in other neurodegenerative conditions including Parkinson’s disease (Tansey

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

1.6.4. Microglia, A and AD

A link between AD and alterations in the brain immune system has been consistently
demonstrated and, considering that microglia are the natural immune regulators of the
nervous system, a connection between microglia and AD is intuitive. Although there is an
extensive literature on the subject, the role that these cells play in the pathophysiology of
AD is unclear (Graeber and Streit, 2010). There is evidence that reactive microglia are
present in the brains of individuals with AD, frequently within or around compact A3
peptide-containing plaques although they have also been observed, to a lesser extent,
close to diffuse plaques (Combs, 2009). The proximity of microglia to A plaques led to
the belief that microglia were involved in the formation and maintenance of the plaques
but this suggestion was challenged by a recent study which showed that complete

ablation of microglia failed to alter the development of plaques and that the amyloid-
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associated neuritic dystrophy was unaffected (Grathwohl et al., 2009). Despite this, there
is evidence that the reactive load of microglial cells increases in AD and directly
correlates with the degree of cognitive deficit suggesting a role in an early pathological
event (Cagnin et al., 2001). In addition, A3 has been shown to potently activate microglia
and, at least some evidence suggests that this requires the expression of the purinergic
receptor P2X; (Sanz et al.,, 2009). On the other hand, Streit and colleagues (2009)
suggested that degenerating neuronal tau-positive structures were colocalized with
severely dystrophic, rather than with activated, microglial cells and that microglial
dystrophy precedes the spread of tau pathology. This group demonstrated that deposits of
AP lacking tau-positive structures were colocalized with non-activated, ramified
microglia, suggesting that A3 may not trigger microglial activation (Streit et al., 2009).

Microglia internalize fibrillar and soluble AP and segregate them into separate
subcellular vesicular compartments; the proposed mechanism of fibrillar A
internalization is through receptor-mediated phagocytosis while the soluble A is through
a process of fluid-phase micropinocytosis (Mandrekar et al., 2009). Fibrillar A has been
shown to be partially digested by the lysosomes in microglia (Majumdar et al., 2007).
Recently, Majumdar and colleagues (2011) showed that in primary mouse microglia the
specific chloride transporter, chloride channel 7 (CIC-7), is not delivered efficiently to
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