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ABSTRACT
Alzheimer’s Disease (AD) is a progressive, neurodegenerative disease characterized

by gradual cognitive decline and memory loss; Although research has focused on elucidatihg
the risk factors, pathophysidlogic abnormaiities associated with AD and on mechanisms of
impeding disease progression, results indicate that a variety of factors may contribute to AD
which makes treating this disease difficult. The neuropathological hallmarks of AD include
sgnile plaques which are composed of extracellular deposits of amyloid beta (AB) peptide as
~ well as neurofibrillary tangles, neuronal loss and inflammation. Micfoglia, the immune cells
of the CNS, are abundantly found in .the vicinity of neuritic plaques.. It is believed that
microglia become éctivated in response to AP leading to an inflammatory response and
subsequent neuronal loss associated with AD pathogenesis. Modulation of the AB-induced
intracel_lular signaling and functional responses of microglia could serve as a therapeutic
strategy for AD.

Full length amyloi(i beta, AP14z, iﬁduced distinct intracellular signaling pathways in
human microglia.‘ Electophysiological studies indicated that ApPi142 acutely applied to human
microglia uﬁregulated the expression of a novel outward K™ current, sensitive to the non-
seléctive K* channel blocker 4-aminopyridine (4-AP). A similar outward K* current was
activated by intracellular application of GTPyS which | sugge‘sts that AP;4> induces an

outward K" current in microglia via a G protein. Molecular biology studies indicated that the

K" channel upregulated by AB;.4; was likely due to Kv3.1. A4 also caused a transient
depolarization of microglia and increased the expression of the Fcyll receptor. The Feyll

receptor mediated this depolarization since antibody inhibition of the Fcyll receptor inhibited

the AB42-induced depolarization.




In addition to its ability to block the oufward K" current upregulated by AP,
several in vitro and in vivo assays indicated that 4-AP modulates AP;4;-induced intracellular
signaling and functional responses of microglia including neurotoxicity.  Calcium
spectrofluorometric studies indicated that AB4; activated a calcium entry pafhway which
was blocked by 4-AP. Chronic exposure of microglia to AB;4> led to increased p38 MAP
kinase expression and NFkB activation; in the presence of 4-AP, both factors were inhibited.
Stimulation with ABMz also led to the expression and production of pro-inflammatory
mediato;s; 4-AP was effective in reducing the expression and production of these factors.
Fmtheﬁnore, 4-AP attenuated neurotoxicity induced by conditioned medium fromv ABia
stimulated microglia. In vivo, injection of AP;4, into rat hippocarﬂpus caused neﬁonal
damage and increased microglial activation. Daily administration of 4-AP was found to
suppress microglial activation and exlﬁbited neuroprotection. These results suggest that 4-
AP modulation of Ap42-induced intrécellular signaling pathways and functional responses
in human microglia including microglial-mediated neurotoxicity. serves as a potential
therapeutic strategy in AD pathology.

The chemokine CXCLS8 (IL-8) appears to potentiaté ABj42 responses in huﬁm
microglia. RT-PCR and ELISA studies indicated that CXCL8 pétentiated APB142-induced
expression and production of pro-inﬂammatory. mediators; the expression of anti-
inflammatory cytokines IL-10 and TGFp; remained unchanged from basal levels despite
treatment with stimulif Stimulation with CXCLS8 itself was effective in increasing microglial
expression of pro-ihﬂammatory mediators however,. had no effect on protein levels of all
these factors. CXCLS8 potentiation of AP;4;-induced inflammatory mediators may have

particular relevance to AD brain which exhibits elevated levels of the chemokine.
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Chapter 1: INTRODUCTION |

Alzheimer's Disease (AD) is a progressive neurodegenerative disease marked by
gradual cognitive decline and memory loss. Both the incidence and prevalence of AD
inc£eases sharply with age (Kawas et al., 2000; Jorm and Jolly, 1998). The German :
doctor Alois Alzheimer first reported the disease in 1907 after he examined a patient
post-mortem who had died of an unknown mental illness. - Alzheimer found unusual
clumps of prqtein or plaques in the patient’s brain at autopsy. The presence of plaques,
which are composed of aggregated proteins called amyloid-beta protein (AB), and
neurofibrillary tangles, which are intracellular aggreg_atesy of tau protein associated with
neurofilaments, are the classical hallmarks of AD. In AD, amyloid deposition and
neurofibrillary tangle formation are found prédominantly in brain ‘r‘egions important for
A learning and memory procésse_s.

| Most cases of AD are late-onset sporadic forms but 5-10% of cases are familial
caused by a single mutation in genes located on chromosome 1, 14 and 21. The etiology
of the late-onset sporadic form of AD is unknown but likely involves multiple factors.
Aniong these are genetic polymorphisms (Roses, 1998), mutations of genes encodipg the
amyloid precursor protein (APP), presenilins and apolipoprotein E. (APOE),
physiological and environmental risk factors. The genetic defects all result in either an
increase in total levels of AP, or increase the more amyloidogenic form, AB142. Overall,
the neuropathological changes and clinical symptoms of both familial and age-related
forms of AD are similar.

As noted above, AD is characterized by the presence of amyloid plaques and

neurofibrillary tangles. Neuritic plaques in AD brain are also associated with gliosis and




inflammation, which are charécteristic pathological features of both fain_ilial and sporadic
forms of AD. Reactive microglia and astrocytes are found in the vicinity of neuritic
plaques with microglial activation preceding astrocyte activation (Frautschy et al., 1998).
Microglia, the irhmune cells of the CNS, are activated by AP and it has been proposed
that inefficient phagocytosis of the peptidé by microglia could lead to hyperactivation of
cells and release of inflammatory mediators and ﬁemotoxic factbrs thereby contributing
to neurodegenerative processes and subsequent cognitive impairment in AD (Akiyama et
al., 2000).

This introductory chapter provides an overview of AD, the inflammatory response
in AD, the role microglia play in AD pathogenesis with particular emphasis on AP as a
- stimulus of microglia, the secretory prodilcts of stimulated microglia and finally the

hypothesis and research objectives of this thesis.

1.1 ALZHEIMER’S DISEASE: GENERAL

After the initial report in 1907 by Alois Alzheimer, intense research has focused on
elucidating the risk factors, pathophysiologic abnormalities associated with AD and on
mechanisms of impeding disease progression. AD is characterized by progressive
memory loss, deterioration of cognitive function, progressive inability to carry out daily
activities as well as psychiatric and behavioural disturbances which leads to death of the
individual inflicted with this disease in a period of appréximately ten years. AD accounts
for 60% to 70% of cases of progressive cognitive imbairment in elderly patients. The
prevalence of AD doubles every 5 years after the age of 60, increasing from a prevalence
of 1% among thdse 60- to 64-years-old to up to 40% of those aged 85 years and older

(Von Strauss et al., 1999). . ' '




Pathologically, AD selectively damages the frontal and temporal lobes, including
_the hippocampus—a structure involved in memory and visuospatial orientation (Arnold
et al., 1991). In more advanced cases the pafhology extends to other regions of cortex
including the‘parietal and occipital lobes. This disease is distinguished from other
dementias by the presence of amyloid plaques, neurofibrillary tangles and neuronal 1oss
and is usually only diagnosed with certaibnty at autopsy. Amyloid plaques are
extracellular deposits of insoluble, 8—10-nm arnyioid fibrils that are polymers of AP
(Masters et al., 1985)." Neurofibrillary tangles (NFT),'cbntain paired helical filaments of
abnormélly phosphorylated tau protein that occupy the neuronal cell body and apical
dendrites, in distal dendrites as neuropil threads, and in the abnormal neurites that are
associated with some AP plaques (neurit\ic plaques). The neuritic plaque consists of an
extracellular core of amyloid fibrils intimately surrounded by dystrophic dendrites and
axons, often containing paired helical ﬁlame‘nts,’as well as by activated microglia and
~ reactive astrocytes (Cummings et al., 1998). Inflammation also plays a role in AD
pathogenesis and seems to be facilitated by the presence of microglia, the immune cells

of the CNS.

1.1.1 - Early vs Late Onset AD

AD is usually classified according to its age of onset. When the disease occurs
before 65 years of age, it is classified as early-onset ("presenile”) AD, while late-onset
("senile") AD (LOAD) occurs in subjects over 65 years of age. In addition to age,
inheritance of predisposing risk factors appears to play a role in disease onset. Research
suggests that early onset AD is familial (EOFAD), inherited as an autosomal dominant

trait. EOFAD represent only about 5% of all AD cases. On the other hand, LOAD is




more frequently sporadic, only a minority of these cases showing a clear family history
and likely involves multiple factors most probably genetic susceptibility at multiple genes

and interaction between these genes and/or environmental factors.

Genetic Mutations Associated with Early Onset Familial AD

Based on the observation that middle-aged patients with Down’s syndrome
(trisomy 21‘) cdmmonly suffer from AD, researchers suspected that a gene on
chromosome 21 could be involved in AD etiology. In 1987, linkage analysis in families
with EOFAD identified a locus on chromosome 21 close to the APP gene (St. George-
Hyslpp et al., 1987). The APP protein is the precursor for AB, which is the major
component of amyloid plaques. Therefofe, APP was considered an obvious candidate

gene for AD. In 1991, missense mutations in the APP gene were identified (Chartier-

-Harlin et al., 1991; Goate et al., 1991) and the first gene involved in the etiology of AD

was recognized. Approximately twenty mutations in the APP gene have been identified
and all are clustered around the - and y-secretase cleavage sites of the APP protein.
These mutations result in an increase in the formation of AB4o and/or AB42, the more
amyloidogenic and toxic species of AP (Citron et al., 1992; Suzuki et al., 1994). |

The identification of APP as the first gene to be involved in AD led to the
generation of transgenic animal models over-expressing normal or mutated human AD
genes. Interestingly, most of the mouse models successfully mimic important features of
the human disease, such as the p'resence of amyloid plaques, gliosis and
neurodegeneration with age-related cognitive impairment, but neurofibrillary tangles are

absent (Higgins and Jacobsen, 2003).



Significant linkage of EOFAD to chromosome 14 was foﬁnd and later identified

as the presenilinl (PSEN1) gene as thé responsible gene (Sherrington et al., 1995).
Shortly after, evidence for a second gene from the presenilin family called presenilin 2
gene (PSEN2) was identified as being ‘linked to EOFAD (Levy-Lahad et al., 1995).
Presenilin activity is essential for the normal processing of APP (Citron et al., 1997).
Transgenic mice over-expressing human wild-type or mutant PSEN1 have consistently
shown elevated amounts of AP, especially AP;4, (Citron et al., 1997) and double
mutants (APP/PSENI) produce moré AP than either transgene alone (Chapman et al.,
2001). Moreover, the double transgenic mouse, PSEN2/APP, develops age-related
cognitive decline associated with severe amyloidosis and inflammation in discrete brain
regions (Richards et al., .2003). Mutations in the presenilins alter the y-secretase 'cleavage
of APP resulting in over-production of the AB;—_4; peptides (Citron et al., 1997). Indeed,
it has been suggested that the presenilinl protein could itself be a y-secretase (Wolfe et
al.,l 1999). Overall, mutations in PS genes account for greater than 55% of all EOFAD

mutations.

Genetic Mutations Associated with Late Onset AD

The apolipoprotein E (APOE) gene is recognized as a major risk factor for
complex forms of AD, mainly in sporadic LOAD. By genetic linkage analysis using ;1
collection of late-onset AD families, APOE was identified as a disease locus because of
ité- localization in the peak linkage region on chromosome 19 (Pericak-Vance et al.,
1991). However, only less than 50% of LOAD cases are carriers of the ApoE €4 allele,

the genetic variant that predisposes to AD. In a study by Corder et al. (1993), a "dose-



dependent” increase in the risk of AD from 20 to 90% and the mean age of onset
decreased frorﬂ 84 to 68 years was found with increasing number of €4 alleles. ApoE
serves several functions involving the mobiiization and redistribution of cholesterol
during neuronal growth and after injury (Mahley, 1988), nerve regeneration,
immunoregulation and activation of several lipolytic enzymes (Mahley and Rall, 2000;
Vancea et al., 2000). The ApoE e4 allele increases amyloid deposition (Schmechel et al.,
1993) however, the mechanism seems not to involve increased AB production but rather
stabilization and decreased clearance of fibrillar Ap depoéits.

Several other candidate genes have been linked to LOAD. On chromosome 12,
genes éncoding alpha-2mécroglobulin (A2M), an acute phase protein, its receptor the low
density lipoprotein receptor-related proteinl (LRPi) and the transcription factor LBP-

1c/CP2/LSF have been associated with LOAD. These genes play a role in AP

'metabolism (Narita et al., 1997; Pericak-Vance et al., 1997). Insulin degrading enzyme

and urokinase plasminogen activator both located on chromosome 10 have also-been
associated with AP degradation and clearance (Vekrellis et al., 2000; Ertekin-Taner,
2002). Increased risk of LOAD has also been assbciated with the very low density

lipoprotein receptor (VLDL-R) gene, located on chromosome 9. VLDL-R expresses a

“cell-surface molecule specialized for the internalization of multiple ligands, including

ApoE-containing lipoprotein particles, via: clathrin-coated pits (Sakai et al., 1994).

Polymorphisms for inflammatory genes including pro-inflammatory cytokines, A2M, and

‘o-antichymotrypsin (ACT) have also been associated with increased risk of developing

AD (McGeer and McGeer, 2001).



In the majority of LOAD cases, genetic factors act as predisposing égents;
increasing fhe risk of disease above that of the general populatién. They probably
inferact with environmental factors or with other pathologic or physiologic conditions
such as traumatic brain injury, cardiovascular abnormalities, oxidative damage and diet to
exert their pathogenic effect. They may also interact betwéen themselves to further

enhance the probability of inducing the disease.

1.1.2. Processing of the Amyloid Precursor Protein

Since changes in the generation or the degradation of AP are, according to the
amyloid hypothesis (discussed in Section 1.2.1.1), believed to trigger the molecular
events in the pathogenic cascade of AD, research has been carried out to better
understand the normal functions performed by APP and the physiplogical actions of Ap
in order to more fully comprehend the disease process. |

The APP gene is localized to chromosome 21 and is expressed in many cell and
tissue types including endothelial cells, glia and neurons (Schmechel et al., 1988). APP
exists as thrée major protein isoforms APP779, APP75; and APPggs, however, the APPggs is
the predominant isoform in the brain. APP exists as a transmembrane protein with a
large N-terminal ectodomain and a short intracellular C-terminus and can be localized to
many membranous structures in the cell such as the endoplasmic reticulum and-Go’lgi
compartments, the cell membrane and further localized to postsynaptic densities, axons
and dendrites (Schubert et al., 1991, Shigematsu et al., 1992, Caporaso et al., 1994).

The cloning and characterization. of APP revealed that it possessed many features
reminiscent of a membrane-anchored receptor molecule and subsequent work

demonstrated that full-length APP functioned as a typical cell surface G-protein-coupled



receptor (Okamoto et al., 1995) or as a secreted derivative that acts upon other cells.
Neuronal APP colocalizes with B integrins at point contacts, sugéesting a possible role in
adhesion (Yamazaki et al., 1997). It has been demonstrated that APP binds directly to
extracéllular matrix molecules, particularly collagen type 1 (Beher et al, 1996).
Furthérmore, it has been reported that co-localization of APP with Bintegrin results in
tyrosine kinase activation and subsequent productions of pro-inflammatory mediators in
monocytes and microglia (Sondag and Combs, 2004). Other studies indicate roles of
APP in cell ;notility (Sabo et al., 2001), synapﬁc transmission and plasticity (Perez et al.,

1997; Dawson et al., 1999).

The processing of APP involvgs three secretases (B, y, o) and two distinct
intracellular metabolic pathways: the non-amyloidogenic and the amyloidogenic
pathways (Figure 1-1). The a and B cleavages seem to be mutually exclusive events and
each liberates a large extracellula; domain of the protein, differing in size by only 17

amino acids at the carboxy terminus. In the non-amyloidogenic pathway, APP is cleaved,
within the AP sequence by a-secretase, a member of the ADAM family .of
metalloproteases. Cleavage of APP by o secretase generates extracellular soluble APP
(sAPPay), a growth factor with neuroprotective and memory enhancing effects, as well as
an intracellular C-terminal_ fragment (CTFa) corresponding to the 83 C-terminal amino
acids of the protein (Oltersdorf et al., 1990). This o-secretase cleavage precludes .the
formatibn of AB peptide. The activity of a-secretase is increased by activation of protein
kinase C (PKC), perhaps via phosphorylation of sites on 1;he intracellular carboxy-

terminal tail of APP in turn making APP a more suitable substrate for o secretase.



In the amyloidogenic pathway, AP is generated by sequential cleavages of APP by

B- and y-secretases. [3-secretase, attributed to a single protein BACE (B-site APP cleavage

enzymes), is expressed in high amounts in neuronal tissue and is increased in AD (Vassar

et al, 1999). Intracellularly, BACE is localized primarily in the trans-Golgi netwérk,
endosomes, endoplasmic reticuluin, and on the cell surface (Ling et al., 2003). The B-
secretase cleavage generates SAPPB and CTFf corresponding to the 99 C-terminal amino
acid of the protein. The CTFp is further cleaved by y-secretase, whose activity was
shown to depend on the presence of a total of four components: presenilin, nicastrin,
APH-1 and PEN-2 (Vassar et al., 1999; Edbauer et al., 2003). y-secretase activity
generates the’ predominant AB;_49 or AP4, fragments, as well as fragments spanning
APBi-39 and ABj_43, together with the remaining C-terminal tail (AICD). Similarly, after
o cleavage, C83 can be processed by y-secretase to generate a shortened. AB-like
fragment termed p3, plus the same C-terminal tail (AICD). In the absence of presenilin
or nicastrin, the two C-terminal fragments corresponding to C83 and C99 (CTF-a, B)
accumulate and associate with the y-secretase complex at the plasma membrane where y-

secretase is thought to be active. AICD is a very unstable peptide that upon ectopic

expression in cultured cells may translocate to the nucleus and activate gene transduction

(Gao and Pimplikar, 2001).
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Figure 1-1. Processing of the Amyloid Precursor Protein Resulting in Af Formation
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1.1.3 The Amyloid Peptide

AP is a ~4 kDa protein. Amyloid fibrils are filamentous structures with a width of
~10 nm and a length of 0.1~10 pM. AP exists as monomers, dimers, and higher
oligomers (3-6 units and up to 24 units), while further aggregation yields protofibrils and
then fully-fledged fibrils that seem to compose the bulk of the amyloid plaques in AD
brain (Walsh et al., 1999). In vitro experiments demonstrate thaf aggregation into fibrils
is dependent on factors which include peptide concentration, acidic pH, environment,
interaction with metals and various biomolecules and oxidative stress. The aggregation
process results in the conversion of a A a helical filament or random coil into fibrils
containing a 3 sheet conformation. Although AP1-40 increases proportionately more in
AD and may correlate better with synaptic change and cognitive deficits (Lue et al.,
1999), APi42 aggregateé more readily (Snyder et al., 1994) and is also more toxic (Pike
et al., 1993).

Although research has focused on the effects of AP extracellularly, reports also
indicate that AP can accumulate intracellularly particularly in neurons (Walsh et al.,
2000). It has been proposed that intracellular accumulation of AB‘ leads to neuronal lysis
and dispersion of the cell contents into the surrounding parenchyma. According to this
hypothesis, this extracellular AP could then act as a locus fof nucleation and aggregation
of the soluble extracellular pool of AP to form plaques (D’Andrea et al., 2001). |
Intracellular AB has been found to co-localize with neurofibrillary tangles andb is

associated with signs of cytoskeletal degeneration. Furthermore, intraneuronal Af
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accumulation has been associated with synaptic pathology and dysfunction (Takahashi et

al., 2002; Oddo et al., 2003).

1.1.4 Cellular Dysfunction in AD

Several mechanisms of AP mediated heurotoxicity have been postulated however
the causal relationship and‘ the sequence in which they occur is uﬁknown; the
mechanisms in;:lude inducing mitochondrial dysfunction, oxidative stress, disturbances in
Ca®" homeostasis, reactive oxygen species (ROS) generation, excitotoxicify, altered
synaptic plasticity, ER stress and microglial activation (discussed in Section 1.3). Some
of these mechanisms are described in further detail below.

Mitochondrial abnormalities have been shown to be a very early pathological sign
in AD (de la Monte et al., 2000). Several key mitochondrial enzymes including o~
ketoglutarate dehyrogenase, pyruvate dehyrdogenase éhd cytochromé ¢ oxidase ére
decreased in AD (Gibson et al., 1998; Kish et al., 1992; Mutisya et al., 1994). The APP
molecule has been reported t(; interact .with mitochondrial proteins resulting in
mitochondrial dysfunction and inhibition of ATP synthesis (Anandatheerthavarada etal.,
2003). Dysfunct_ional mitochondria are a source of reactive oxygen species (ROS) .and '
inhibition of mitochondria has also been shown to increase the amyloidogeni;: processing
of APP to AP creating conditions for further qell damage (Gabuzda et al., 1994).

Evidence for oxidative damage to proteins and DNA and increased levels of lipid
peroxidation have all been described in postmortem tissue from patients with AD.
Generation of ROS increases membrane lipid peroxidation resulting in impaired function
of membrane ion-motive ATPases (Na'/K*- and Ca**-ATPases), glucose and glutamate

transporters leading to membrane depolérization and a decrease in cellular ATP levels
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(Mark. et al., 1995; 1997). In addition to dysfunctional mitochondria, AB may directly
generate ROS or interact with other free radical generating systems such as the microglia
and other cell types ih the CNS via activatién of NADPH oxidase. The antioxidant
enzyme sﬁperoxide dismutase (SOD) displays reduced activity in affected brain regions
in AD (Zemlan et al., 1989). AP alone directly i;lteracts with metal ions such as copper
(I) resulting in ROS generation. In addition, binding of AP to copper (II), iron (III) and
zinc (II) results in aggregation of the AP peptide (Atwood et al., 1998) promoting plaque
formation\and toxicity.

| Increased levels of AP have been shown to induce oxidative stress rendering
neurons vulnerable to apoptosis and excitotoxicity through dysregulaﬁon of calcium
homeostasis. The ability of antioxidants such as vitamin E to prevenf impa.irment of the
membrane transporters and to stabilize cellular calcium homeostasis supports a key role
for ’rr‘len'lbrane lipid peroxidation in disruption of calcium homeostasis by Ap (Goodman
and Mattson, 1994). Studies of lymphocytes and lymphoblast cell lines from AD pétients
and age-matched normal control patients have docmﬁented alterations in cytokine and
.calcium signaling and increased levels of oxidative stress in immune cells from AD
patients (Mattson, 2002). Furthermore, studies of the i)afhogemc actions of mutations in
presenilins and APP that cause EOFAD have established central roles for bertu:bed
cellular calcium homeostasis and oxidative stress in the neurodegenerative process. A
direct effect of AP on intracellular calcium [Ca®>']; has 'been démonstrated. Whole cell
patch clamp experiments of culfured neurons provided evidence that AP can potentiate
the activation of L-type voltage-gated calcium channels (Weiss et al., 1994; Ueda ef

al.,1997) rendering the neurons vulnerable to excitotoxicity (Mattson et al., 1992; Weiss
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et al., 1994). This toxicity was dependent on the AB concentration used. As well, it ha§
been reported that AP can- itself form calcium-conducting péres in cell membranes
(KaWéhara and Kuroda, 2000; Kagan et al., 2002). In addition, to its effects on plasma
membrane calcium-regulating systems, AP has been shown to have aciverse effects on
calcium regulation in the endoplasmic reticulum (ER) and mitochondria (Mattson and
Chan, 2003). Moreover, it has been reported that increased amounts of [Ca2+]i induced
by neuronal depolarization resﬁlts in intraneuronal AB;.4; production and subsequent
| neuronal death (Pierrot et al., 2004).
Whether the mechanism of neuronal cell death in AD is necrotic or apoptotié
remains unclear but could involve both processes. Apoptosié is believed to play a major
| role in AD pathology (Cotman and Anderson, 1995). Caspases (cysteine aspartyl
| proteases) initiate intracellular cascades leading to ‘apoptotic outcomes which include
proteolytic cleavage of cytoskeletal proteins and proteins of the nucléar scaffold.
Apoptosis is initiated through intrécellular mechanisms that often involve alterations in
mitochondria or endoplasmic reticulum and by signaling through cell membrane death
receptoré. Some experimental studies suggest that A can activate éaspases through
binding of extracellular AP to cell receptors (Dickson, 2004). Furfhermote, accumulation
of AP in ER (endoplasmic reticulum) may activate apoptotic. mechanisms through

mitochondrial or ER stress (Lustbader et al., 2004).

1.1.5 Amyloid Hypothesis and AD Pathology

An ongoing debate in AD research relates to the etiology and connection between

amyloid plaques and neurofibrillary tangles as well as their relative contribution to the
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disease. On the one hand, supporters of the “tau hypothesis” believe that the
accumulation of hyperphosphorylated tau protein and resulting NFT formation leads to
AD whereas supporters of the “amyloid hypothesis” believe that amyloid deposition is a
central event and that amyloid plaques are the causative factor of AD. Although a
number of studies have linked NFT numbers to synaptic loss and cognitive decline (Terry
et al., 1991; McKee et al., 1991), AP deposition and levels of AP peptides are also
correlated. with cognitive decline (Naslund et al., 2000; Cummings et al., 1996). The
amyloid hypothesis is more widely accepted since three mutations (APP on chromosome
21, PS1 on chromosome 14, and PS2 on chromosome 1), which underly EOFAD, lead to
inoreased deposition of AP (Scheuner et al., 1996). However,- the amyloid hypothesis
does not take ioto account reports whjch indicate that other factors such as oxidative
damage, mitotic failure, neurofibrillary tangle formation and inflammation may occur
upstream of amyloid formation and deposition.

Improper metabolism of the afnyloid precursor protein (as mentioned above in
Section 1.1.2) with the resulting accumulation of the AP fragment is viewed as the central

event in AD pathogenesis (Selkoe, 2000).

1.1.51 Amyloid Hypothesis

The hypothesis states that “AD is a pathological syndrome in which different gene
defects can lead directly or indirectly to »altere'd APP exprossion or proteolytic processing
or to changes in AP stability or aggregation. These result in a chronic imbalance between
AP production and cle.arance. Gradual accumulation of aggfegated AP initiates a

complex, multistep cascade that includes gliosis, inflammatory changes, neuritic/synaptic
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change, tangles, transmitter loss and impaired cognitive function” (Selkoe, 2000). Key

observations which support the amyloid hypothesis are summarized in Selkoe, 2000.

1.1.5.2 Classification of Amyloid Plaques

Deposits of AB that form in AD have been morphologically classified into four

major types: diffuse plaques-most of the AP peptide is not aggregated into a fibrillar

structure, dystrophic neurites and paired helical filaments are infrequent or absent;

primitive plaques- AP is aggregated into amyloid and dystrophic neurites and paired

helical filaments are clearly present; classic/neuritic plaques-Ap is highly aggregated to

form a central core which is surrounded by a ring of dystrophic neuritis; compact
plaques-consist of a solid core of amyloid but which lack a ring of dystrophic neuritis
(Armsfrong, 1998). Activated microglia are mainly associated with classic/neuritic
plaques with few rnicrogiia associated with compact plaques. Two hypothesis exist for
. plaque formation: the life history hypothesis which states that plaque formation is thought
to progress from diffuse through to compact and the “independent origin” hypothesis
which states that plaques develo;; independently from each other. Irrespective of plaque
progression, it has been reported that the relative frequency of these types of deposits
changes during the progression of AD, with diffuse plaques being prevalent in .the
preclinical stages, and fibrillar plaques increasing in frequency as the disease progresses

to clinical dementia (Dickson and Vickers, 2001; Thal et al., 2000).

12 ROLE OF INFLAMMATION IN ALZHEIMER’S DISEASE

Whether inflammation is a cause and/or a consequence of AD pathology is still

unknown. However, evidence continues to support the involvement of chronic
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inflammation in AD pathophysiology (Akiyama et al., 2000). Inflammatory processes in
the CNS have the potential to be both beneﬁcial and detrimental in AD pathogenesis
(Wyss-Corray and Mucke, 2002). Interestingly, amyloid plaques with little or no
inflammatory chanées héve been reported in the brains of non-demented individuals
(Arriagada et al., 1992) which indicates that the plaques themselves are not responsible
“for clinical symptoms of AD but rather supports the involvement of inflammation in AD
pathogenesis. Support for a role of inﬂammation in AD pathogenesis is also based on the
association of inflammatory prqteins, complement, potentially cytotoxic factors and
microglia in the vicinity of neuritic plaques (discussed in VSection 1.2.1). Also,
polymorphisms éf inflammatory factors associated with neuritic plaques are genetic risks
factors for AD (discussed in Section 1.2.2). ‘Moreover, support for a role of inflammation
in AD is evident from ep.idemiological studies suggesting that anti—inﬂammatory drugs

can prevent or slow the progression of AD (discussed in Section 1.2.3).

1.2.1 Inflammatory Response in Alzheimer’s Disease

Traditionally thought of as immunologically privileged, the CNS is known to
have an endogenous immune system that is coordinated by immunocompetent cells such
as tﬁe microglia. The inflammation associated with the CNS, neuroinflammation, differs
from that found in the periphery. The brain la(‘;ks pain fibers, making it difficult to
recognize the occurrence of inflammation and the classic signs of inflammation such as
rubor (redness), tumor (swelling), calor (heat), and dolor (pain) are typically not seen in
the CNS. Also, the CNS differs from the periphery in that it is isolated from other organs
by the blood—brain barrier (BBB). The BBB is formed by endothelial cells that aré bound

together by tight junctions surrounded by a thin basement membrane (i.e. basal lamina)
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which supports the ablumenal surface of the endothelium. Astrocytes are adjacent to the
enaothelial cell, with astrocytic end feet sharing the basal lamina preventing the entry of
inflammatory cells, pathogens, and some rﬁacromolecules from blood into the brain.
This barrier acts to protect neurons from the damages typically associated with
inﬂammation. Contradictory results have been reported in both AD patients (Claudio,
1996; Caserta et al., 1998) as well as in animal models of AD (Podulso et al., 2001; Ujjié
et al., 2003) as tb whether the integrity of the BBB is disrupted or not. Regardless,
neuritic plaques are the foci of local inflammatory responses, as evidenced by the
presence of inﬂanﬂnatory mediators which include acute phase proteins (i.e. ACT, A2M,
C reactive protein), cytokines, chemokines, cyclooxygenase, complement components
and proteases (McGeer and McGeer, 1999; Eikelenboom et al., 1998; Akiyama et al.,
2000). | | ‘

AP peptide itself has been shown to induce a local inflammatory response since
repoﬁs indicate that AP binds to the complement factor C1 and activates the classical |
pathway of the complement system (Rogers et al., 1992). The C3 and C5 fragments
formed By complement activation, represent chemotactic and activation factors for
microglia and astrocytes which have specific receptors for these fragments. The
membrane attack complex composed of C5b, C6, C7, CS and C9 can then affect
surrounding cells cytotoxically or even cytolytically (McGeer and McGeer, 1999).
Overactivation of the complement system is believed to play a role in AD pathogenesis
since increases in complement protein (McGeer et al., 2000) and the presehce of MAC

(the membrane attack complex) on the surface of neurons have been detected in AD brain
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(Webster et al., 1997). Overactivation of complement could lead to amplification of an

_inflammatory response. -

The presence of pro-inflammatory cytqkines including IL-1, IL-6, and TNF are of °
particular interest since it has been shown in acute brain injury that these same cytokines
may exacerbate lesion size and neuronal loss by their impact on already compromised
neurons (Allan and Rothwell, 2001). These results would suggest that the presence of
these cytokines could exacerbate the loss of neurons.

Studies also indicate that some of these inflammatory proteins increase amyloid
formation. The activated Cl1q complement component increases the aggregation of A
and plays a role in AP clearance by microglia (Webster et al., 1994; Rogers et al., 2002).
Also, transgenic APP mice crossed with ACT transgenic mice had twice the amyloid load
and plaque density comﬁared with mice with the APP transgene alone (Nilson et al.,
2001). Furthermore, it has been shown that IL-1 together with other cytokines can
regﬁlate APP synthesis and AB production in vitro (Goldgaber et ;dl., 1989; Blasko et al.,

1999).

1.2.2 Inflammatory Polymorphisms Increase Risk of AD

PolYmorphisms for inflammatory genes including pro-inflammatory cytokines
(IL-1, TNF-a, IL-6), A2M, and ACT have also been associated with increased risk of
developing AD (McGeer and McGeer, 2001). The polymorphisms are in the noncodiﬁg
regions bf these genes (the promoter and untranslated regions). The polymorphisms are
fairly common ones in the general population so there is a strong likelihood that .any

given individual will inherit one or more of the high-risk alleles. Those alleles which
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- favour increased expression of the inflammatory mediators are more frequent in AD

patients than in controls.

1.2.3 Anti-Inflammatory Therapy as Treatment in AD

Support for a role of inﬂammaﬁon in AD pathogenesis is also évident from
epidemiological studies which indicate tﬁat non-steroidal anti-inflammatory drug
(NSAID) use reduces the risk of developing AD, slows the progression and decreases the
severity of dementia (McGeer ét al., 1996; In ‘t Veld et al;, 2001). It is generally
accepted that NSAIDs exert their beneficial effects in AD via inhibition of COX thereby
inhibiting a wide -range of inﬂammatory responses however, other mechanisms for
NSAID action have been reported. These include activation of peroxisome proliferator-
activated receptor y (PPARy), NF«B inhibition (Dodel et al., 1999), diréct effects on
amyloid procéssing (Weggen et al., 2003) and altering AP aggregation (Thomas et al.,

| 2001; Agdeppa ét al., 2003).

Differences exist in the efficacy of NSAIDs for use in treatment of AD and these
differences may be due to the differing mechanisms of action of COX inhibition (COX-2
vs COX-1/non-selective _COX-1/2). Clinical results favouring the use of COX-1
inhibitors and/or mixed COX-1/COX-2 inhibitors such as indomethacin and ibuprofen
may be a result of COX-independen_t effects since these agents are capable of activating
peroxisome proliferato;—activated receptor gamma (PPAR-y), a nuclear receptor which
has been shown to inhibit the expression of wide range of pro-inﬂalnmafory genes
(Landfeth and Heneka, 2001). The differing results of epidemiological studies versus

recent clinical trials may also indicate that NSAIDs may not work in established AD,
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although for preclinical AD or mild cognitive impairment, a protective effect may be
present (Aisen, 2002).

~ Interestingly, NSAID treatment was associated with less in vivo microglial

activation, as assessed by class II major histocompatibility complex (MHC) staining

(Mackenzie and Munoz, 1998). NSAIDs suppressed AB-stimulated proinflammatory a}nd
neurotoxic responses by microglia (Combs et al., 2000). Also, NSAIDs have been shown
to reduce. IFN-y/lipopolysaccharide induced microglial neurotoxicity (Klegeris et al.,
1999). These studies collectively support the concept that inflammation mediated by
microglia is an imponant-component. of AD pathophysiology, and strategies to control
microgﬁal activation could provide new therapeutic approaches for the treatment of AD |
Studies using other anti-inflammatory agents such as low-dose prednisone for 1
year (Aisen et al., 2000) and hydroxychloroquine for 18 months (Van Gool et al., 2001)

failed to demonstrate benefit in the treatment of AD. On the other hand, epidemiological

studies have shown that estrogen replacement therapy is associated with improvement in

cognitive pefformance, protection against cognitive decline and a decreased incidence of
AD (Paganini-Hill, 1994; Costa et al., 1999). It has been reported that a possible
mechanism of estrogen anti-inflammatory activity may be through inhibition of

microglial activation (Bruce-Keller et al., 2000; Vegeto et al., 2001).

1.3 MICROGLIA AND ALZHEIMER’S DISEASE

1.3.1 Microglia

Microglia, which are the immune cells of the central nervous system (CNS), were
first identified and characterized by Pio del Rio-Hortega who published his findings in

1932 (del Rio-Hortega, 1932). Microglia represent approximately 10-20% of all glial
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célls in the' CNS. Evidence from immunocytochemical studies using macrophage-
-specific markers have shown that microglia originate from monocytes entering the CNS
at early stages of embryonic development (Perry et al., 1985; Ling and Woﬂg, 1993).
Other views include microglia as being derived from mesenchymal progenitor cells or
that they are of neuroectodermal origin; the cells either originate from glioblasts or the |
germinal matrix (Kaur et al:, 2001). Microglia are broadly classified based on two types
of morphologies: ramified (resting) or ameboid (activated). In the resting state, microglia
demonstrate a down-regulated procesé bearing phenotype however, are capable of
becoming rapidly activated in response to pathological events. This would indicate that
despite their apparent quiescence, microglia remain vigiiant. | Activated microglia
demonstrafe macrophage like properties: rounding of cells, lacking processes,
upregulation of cell surfacelmarkers such as MHC Class II and complement receptors
(indicative of their antigen presenting capacitY) and often become reactive when carrying
out phagocytosis (Kreutzberg, 1996; McGeer et al., 1988). In vitro, microglia possess an
ameboid vmorphology immediately after isolation and then diversify into an
- inhomogenous popuiation of both ameboid and ramified cells (Walker et ai., 1995).
Microglia resi)ond quickly to a variety of signaling molecules and are typically
the first cells to become activated at a site of injury (Gehrmann etal., 1995). Because of
their responsiveness to an ai'ray of stimuli, microglia play a role in various immune
functions in the brain which include host defence, neuroprotection, repair processes, '
phagocytosis, initiation and propogation of an inﬂammatofy response (Banati and
Graeber, 1994). Microglia express several cell surface receptors which couple stimuli to

microglial functions including receptors for Fc and complement on their surface;
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receptors implicated in microg}ial phagqcytosis and cell lysis. A striking feature of
microglial reactivity is the ability to synthesize and secrete a large number of substances,
which, alone or in concert with factors derived from other brain or hematogenous cells,
may have a crucial role in host defence or in the establishment or maintenance of brain
damage. These secretory products include growth factors, cytokines, coagulation and
complement factors, enzymes, reactive oxygen species and neurotoxins. Chronic
activation of microglia leads to vproduction of toxic substances which has been suggested
as a factor contributing to neurodegenerative diseases (McGeer and McGeer, 1995).
Moreover, many of the secretory products of activated microglia such as 'pro-
inflammatory cytokines and chemokines are autocrine leading to chronic activation of

these cells and attraction of more microglia to the site of injury.

1.3.2  Role of Microglia in AD Pathogenesis

Activated microglia cluster around é.myloid plaques and microglial release
products are thought to mediate a significant portion of neurotoxicity (Yates et al., 2000;
Bamberger and Landreth, 2001; Benveniste et al., 2001; Combs et al., 2001; Meda et al.,
2001). Factors released from dying neurons, such as ATP, could fuel cytokine release
from microglia and aggravate consequences for neural cells. Thus, microglia play a
significant role in the pathogenesis of AD ultimately leading to the cognitive decline

which is associated with this disease.

1.3.3 AP as a Stimulus of Microglia

The presence of activated microglia in the vicinity of neuritic plaques may simply

be a non-specific inflammatory response. However, this glial population appears to favor
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amyloid-containing plaques, indicating a specific interaction between AP and microglia.
Of note is the fact tﬁat activated microglia are associated with neuritic plaques containing
dystrophic neurites and high levels of AB (Rogers et al., 1988; Itagaki et al., 1989). In |
- contrast, reactive microglia are not found within diffuse plaques, which are considered
clinjcally benign AP deposits. The clustering of microglia at neuritic i)laques could be
due to acti\;étion of microglia .by chemotactic activation by AP, activation by release
products from damaged neurons or may be due to the presence of other pro—inﬂammatog

mediators in the vicinity of plaques.

1.3.3.1 Receptors for AP in Microglia

Several receptors in microglia have been proposed with varying abilities to bind
fibrillar and nonfibrillar fonns of AB. | They include the receptor of advanced glycation
end products (RAGE) (Yan et al., 1996) and the scavenger receptor class A (SR-A) (El
Khoury. et al., 1‘996) and class B (SR-B) (Husemann et al., 2001). The RAGE receptor
has been implicated in AP induced secfetion of pro-inflammatory mediators and
chemotaxis (Lue et al., 2001b) and in the internalization of AP} by microglia (Yan et al.,
1996). The SRs are théught to mediate adhesion and cléarancg of aggregated AP, as well
as thé production of reactive oxygen species (Husemann et al., 2002). A cell surface
'receptér complex composed of o3 integrih, CD47 and CD36 (an SR-B) 'also reportedly
binds fibrillar AP in microglia (Bamberger et al;, 2003). The binding of AP to this
receptor complex results in the activation of tyrosine kinase-based signaling cascades and
subsequent activation of microglia (McDonald et al., 1997, Combs et al., 1999). The

formyl peptide receptor (FPR), which is coupled to a pertussis toxin-sensitive Gi-protein,
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| calcium and phosphoinositide-specific phbspholipése C, binds both soluble and fibrillar
AP, mediates chemotactic effects of AP as well as the produétion of pro-inflammatory
mediators by microglia (Lorton et al., 2000). CD36, also involved in a receptor complex
for AP, mediates the binding of fibrillar AB and activation of the downstream Src kinase
family members, Lyn and Fyn, and the mitogen-activated protein kinase p44/42 (p44/42
MAPK) resulting in reactive oxygen species and g:hemokine pfoduction (Moore et al.,
2002). The serpin enzyme complex (Boland et al., 1996), heparan sﬁlfate proteoglycans
(Scharnagl et al., 1999), asp;-integrin (Matter et al., 1998), LRP and insulin receptor

have also been reported to bind AP in microglia (V erdier et al., 2004).

1.3.3.2 Stimulatory Effects of A on Microglia

There is extensive literature documenting the fact that AP serves as a potent
S . ’

microglial activator; stimulation of microglia with AP results in the expression (Lue et
al., 2001a) and production of a repertoire of factors including proinflammatory cytokines
such as interleukin (IL)-1B, tumor necrosis factor (TNF)-a, IL-6, the chemokines CCL3
(MIP 1a), CCL2 (MCP-1) and CXCL8 (IL-8) (Meda et al., 1996; 1999; Walker et al.,
2001), the complement component C3 (Haga et al., 1993), ROS (Meda et al., 1995) and
glutamate (Klegeris et al., 19§4; McDonald et al., 1997). AP stimulation of microglia
also leads to the production of excifotoxins, an unidentified neurotoxin and proteases
(Giulian et al., 1995; 1997; Cbmbs et al., 2001). It is believed that AP alone is hbt toxic
to neurons rather the microglia are necessary for neuronal killing .in AD (Giulian et al.,

1997). Furthermore, AP stimulation of microglia enhances the expression of the co-

stimulatory molecule CD40, a receptor which plays an important regulatory role in
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immune responses of microglia (Tan et al., 1999). AP also acts as a chemotactic agent
for microglia (Davis_ etal., 1992). |

Numerous researchers have described the ability of microglia to phagocytose and
_internally degrade AP deposits (Frautschy et al., 1992; Shaffér et al., 1995), a process .that
may be important for plaque evolution. There is evidence that complement opsonizes A
fibrils, facilitating their rémoval by microglial phagocytosis (Rogers et al., 1992).
Surprisingly however, while microglia can clear even purified plaque material in vitro,
plaque-removing activity is not obvious ‘in human brain specimen. Microglia are |
believed th be overwhelmed and incapable of removing plaQue material resulting in a
coﬁtinued inflammatory response, the emission of microglia-attracting and activating
signals, and the release of potentially neurotoxic agents at high rates (Cotman et al.,
1996).

AB can synergisﬁcally act with inflammatory mediators to enhance IL-1p, IL-6,
)TNF-(X, CCL3 (MIP-1a), CCL4 (MIP-1B), and CXCL8 (IL-8) production (Cooper et al.,
2000; Yates et al., 2000). AB-induced release of .inﬂammatory'mediators by microglia
can then drive neurotoxic cascades that in turn recruit more microglia at the site ‘of AP
plaques with subsequent amplification of inflammatory reactions. Interestingly, in
cultures of mouse microglia and human monocytes, AB did not. alter the ekpression of the
anti-inflammatory cytokine TGF-f1 (Meda et al., 1999). These results would suggest
that an imbalance between proinflammatory cytokine and possible inhibition could
contribute to the pathogenesis of AD. |

The microglia themselves may be é source of AP production in the AD brain.

Although microglia have been shown to secrete AB under the influence of AP or pro-
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inflammatory stimuli (Bitting et al., 1996), microglia do not appear to express mRNA for

APP in vivo (Scott et al., 1993). These results would indicate that microglia as a

potential source of AP is debatable and requirés further research. The production of AP
by microglia would still be a small part of total AB in the brain since the major source of
AP production comes from neurons. Therefore, microglia cells are not necessary for the
production of AP plaques. Howe{'er, evidence suggests that microglia assist in the
conversion of non-fibrillar AB to ﬁbﬁllar AP, and consequently, the development of

neuritic plaques from diffuse plaques (MacKenzie et al., 1995; Sasaki et al., 1997).

1.3.4 Secretory Products of Microglia

Microglial activation is accompanied by secretion of a plethéra of substances
(McGeer and McGeer, 1995). These include complement, acute phase proteins,
cytokines, chemokines, prostaglandins, proteases, and reactive oxygen species. Since
microglia are often .the source and recipients of cytokine Signals, autocrine loops may
serve to maintain microglia in an activated state. Some of the secret(;ry products of Ap

stimulated microglia are discussed further below.

1.3.4.i Pro-Inflammatory Cytokines

Reactive glia produce a variety of moleéules that trigger and contribute to chronic
inflammation. Termed the “cytokine cycle”, pro-inflammatory cytokines participate in a
spectrum of cellular and molecular signaling that continuously feedback with potential
neurodegenerative consequences (Griffin et al., 1998).

Mﬁ: In vitro, IL-1B has been shown to be produced by both rodent and human

microglia and in response to AP (Lue et al., 2001a; Meda et al., 1999). IL-1p release
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may in turn trigger production of other cytokines in an autocrine fashion (Benveniste et
al., 1992). In particular, IL-1 has been reported to induce the expression and production
of the chemokines MIP-1a and MIP-1f (McManus et al., 1998) and TNF-a in microglia
(Chao et 'al., 1995). The activity of IL-1 is blocked by a naturally occurring receptor
antagonist (IL-1ra) that binds to the Type I IL-1 receptor, but does not initiate signal
transduction. In turn, secretion of IL-1 by microglia can have profound effects on
astrocytes since in addition to the induction of a variety of inflammatory and cytotoxic
mediators, IL-1 acts as a mitogen for rodent astrocytes (Giulian et al., 1994) and induces
a stress response in human astrocytes (Lee et al., 1995). IL-1B has also been directly
implicated in neuronal degeneration (Griffin and Mrak, 2002).

In AD, .overexpression of IL-1B is a consistent feature found within cortic;il
regions from post-mortem brains. Double-labeling immunohistochemical studies ha\}e
localized IL-1P to plaque-associated microglia (Griffin et al., 1989; Griffin et al., 1995).
IL-1P overexpression appears to occur early in plaque evolution evident in diffuse, non-
neuritic Ap deposits (Gn'fﬁﬁ et al., 1995). IL-1B in particular may be involved in the
growth of dystrophic neurites around plaques (Sheng et al., 1996), exéessiv’e production
and processing of amyloid precursor protein as well as the synthesis of most of the
known plaque associated proteins (Akiyama et al., 2000). Furthermore, IL-1B has been
linked to increased acetylcholinesterase resulting in decreased acetylcholine (Li et al.,
2000) thereby contributing to cognitive decline.

TNF-a: Microglia are a prominent source of TNF-a in the brain. Depending on
the stimulus, even a short exposure can be very effective and result in a strong and lasting

release response (Hanisch, 2002). Thus, in CNS insults, rapid induction of microglial
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TNF-o production could critically influence subsequent events. -Microglia can also
release soluble TNF-R (sTNF'-R), an antagorﬁst of circulating TNF-a, and hence affect
the available TNF-a pool and probably regulate potential TNF-a consequences. While
TNF-a seems to play a central role in glial functions (Benveniste, 1992), its effect on
neufonal cell viability is controversial both in vitro (Cheng et al., 1994; Chao and Hu,
1994; Giulian et al., 1993) and in vivo (Gary et al., 1998; Barone et ai., 19975. However,
reports indicate that TNF-a is essential for AB-induced neurotoxicity (Viel et al., 2001).
TNF-a has autocrine actions in microglia since in addition to acting as a stimulus of
microglia, it also induces proliferation of microglia (Dopp et al., 1997; Thery and Mallat,
1993) and enhances IFN-y—induced nitric oxide production (Merrill et al., 1993).
Although, TNF-a is regardea as a pro-inflammatory cytokine, some down-regulating -
effects on microglia have been reported such as inducing the expression and release of
the anti-inflammatory cytokine IL—ld (Sheng et al., 1995).

Immunohistochemical studies show an increase in nﬁcroglial TNF-a localized to
senile plaques, suggeéﬁng its participation in AB-induced inflammation (Dickson et al,,
1993). As well, TNF-a is elevated in the serum, CSF and cerebral cortex of AD patients
(Fillit et al., 1991; Tarkowski et al., 1999). TNF-a reportedly induces neuronal
production of AB;4> (Blasko et al., 2001) which would then lead to increased amyloid
plaque formation._

IL-6: Microglia release IL-6 in early phases of CNS insults (Raivich et al.,
1999). Sﬁbsequently, IL-6 may act on astrocytes to involve these cells in the
orchestration of attempts for tissue repair (Raivich et al., 1999). Interestingly, IL-6 can

have both pro- and anti-inflammatory outcomes (Raivich et al., 1999). On the one hand,
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like IL-1B and TNF-a., IL-6 is considered a proinflammatory cytokine with actions which
include initiating and coordinating inflammatory responses, inducing acute phase
proteins, increasing vascular permeability, lymphocyte‘ activation and antibody synthesis
(Akiyama et al.,\ 2000). As well, IL-6 is autocrine in microglia since it is a major
mediator of microgliél activation (Raivich et al., 1996.; Streit et al., 2000). On the other
hand, there is also evidence that IL-6 may also have an_ti—inﬂammatory actions; for
example, IL-6 can inhibit glial production.of TNF-a induced by IFN-y, IL-1B and the
bacterial endotoxin lipopolysaccharide (LPS) (Benveniste, 1992). IL-6, as well as IL-1B,
have been suggested to modulate APP synthesis (Vandenabeele and Fiers, 1991).

Plasma IL-6 concentrations in AD subjécts have been found to be signiﬁcantly
elevated compared to control cases (Shibata et al., 2002). Histologic éfudies have
demonstrated IL-6 immunoreactivity co-localized with diffuse plaques lacking neuritic
pathology (Hull et al., 1996) and a strong immunohistochemical staining for IL-6 within
senile plaques of AD patients (Strauss et al., 1992).V Increased levels of IL-6 mRNA are
expressed in glial cells surrounding amyloid plaques in AD transgenic mice (Mehlhorn et
al., 2000; ’I;ehranian et al., '2001). IL-1 and IL-6 could promote the synthesis and

“processing of APP, thus inducing further AP production and deposition (Buxbaum et al.,

1992; Mrak and Griffin, 2000).

1.3.4.2 Anti-Inflammatory Cytokines

Interleukin-4 (IL-4), -10, -13, and transforming growth factor-p (TGF-B) share
features of anti-inflammatory, immunosuppressive and neuroprotective actions. Much of
these outcomes can be attributed to a downregulation of microglial production of

cytokines, e.g., IL-1B and TNF-a, or the attenuation of their secondary release effects.
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For example, IL-10 has been reported to inhibit IL-6 production in micfoglia (Héyen et
al., 2000). IL-4 and IL-13 also interfere with IL-1 bioactivity by enhancing IL-1Ra
synthesis (Dinarello, 1997a, 1997b). In addition, these cytokines can alter microglial cell
surface marker expression (Chao et al., 1993; Suzumura et al., 1994; Raivich et al., 1999;
Sawada et al., 1999).

TGF-B, a factor with multiple biological activities in many cells and playing roles
in various tissue developments and immune responses, reduces proinflammatory cytqkine
and chemokine production. TGF- is also a potent chemoattractant for microglia (Yao et
al., 1990). Most notably, TGF-B has been reported to reduce AD plaque load in an
animal model of AD through a phagocytotic mechanism mediated by microglia (Wyss-
Coray ef al., 2001). Mofeover, TGF-B; has been.shown to be protective against heuronal

cell damage (Flanders et al., 1998).

1.3.4.3 Cyclooxygenase

Cyclooxygehase (COX) catalyses the formation of prostanoids comprised of
prostaglandins, prostacyclin, and thromboxanes from arachidonic acid and is a major
target of non-steroidal anti-inflammatory drugs (NSAIDs). COX exists in two isoforms:
constitutive (COX-1) and inducible (COX-2). COX-2 is répidly expressed in several cell
types in response to growth factors, cytokines, and pro-inflammatory molecules and is
considered a major player in .inﬂammafory' reactions and instrumental in
neurodegenerative processes of several acute and chronic diseases such as AD.

The concept of a pathogenic role of COX in AD is derived from epidemiological

studies reporting an association between long-term NSAID use and reduced risk of AD
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(discussed in Section 1.2.3), although not every investigatioh has proved the same
protective effect (Aisen, 2002).

Histological  analyses of COX levels in AD brains have produced conflicting
results. Severai studies reported increased neuronal COX-2 immunoreactivity compared
to control brain tissues (Yasojima et al., 1999) whereas other studies report a decrease in
the number of COX-2-positive neurons with increasing severity of dementia (Yermakova
e;c al., 2001; Hoozemans et al., 2002a). However, elevated levels of prostaglandin E2
(PGE,), a product of COX activity, have been reported in CSF of AD patients relative to
control (Ho et al., 2000; Montine et al., 1999). Interestingly, PGE, downregulates

" microglial activation, self-limiting the inflammatory process (Minghetti and Levi, 1998).

1.3.44 Chemokines

Chemokines belong to a superfamily of small (8—14 kDa) secreted proteins thﬁt
were initially identiﬁe(i as regulators of leukocyte trafficking during inflammatory
responses. A table summaﬁzing the new nomenclature of chemokines is presented in
Table 1-1. The new chemokine nomenciature uses CC, CXC, XC or CX3C, indicating
the class to which the chemokine belongs, followed by the letter “L” (for ligand) and then
a number which corresponds to that already in use to designate the genes encoding each

chemokine.
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Table 1-1. New Nomenclature for Chemokines (adapted from the IUIS/WHO
Subcommittee on Chemokine Nomenclature, 2003)

Systematic Name

CXC Chemokines

CXCL1
CXCL2
CXCL3
CXCL4
CXCLS
CXCLé6
CXCL7
CXCLS8
CXCL9
CXCL10
CXCL11
CXCLI12
CXCL13
CXCL14
CXCL15
CXCL16

C Chemokines
XCL1

XCL2

CX;C Chemokines

CX3CL1

Original Ligand

Name

(Human)

GROa
GROpB
GROy
PF4
ENA78
GCP-2
NAP-2
IL-8
Mig
IP-10
I-Tac
SDF-1a/83
BCA-1
BRAK/bolekine
Unknown

Lymphotactin/
SCM-1o/ATAC
SCM-1B3

Fractalkine

CC ‘
Chemokines
CCL1

CCL2
CCL3
CCL3LI
CCL4
CCLS5
CCL6
CCL7
CCL8
CCLY/10
CCL11

. CCL12

CCL13
CCL14
CCLIS
CCL16
CCL17
CCLI8
CCL19
CCL20
cCL21
CCL22
CCL23
CCL24
CCL25
CCL26
CCL27
CCL28

1-309
MCP-1/MCAF/TDCF
MIP-1a/LD78a
LD783
MIP-1p3
RANTES
unknown
MCP-3
MCP-2
Unknown
eotaxin
Unknown
MCP-4
HCC-1
HCC-2/Lkn-1/MIP-16
HCC-4/LEC/LCC-1
TARC

" DC-CK1/PARC/AMAC-1

MIP-33/ELC/exodus-3
MIP-3a/LARC/exodus-1
6Ckine/SLC/exodus-2
MDC/STCP-1
MPIF-1/CK38/CK38-1
Eotaxin-2/MPIF-2
TECK
Eotaxin-3
CTACK/ILC
MEC
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Microglia can produce several chemokines including CXCL1 (growth-related
oncogene-alpha: GRO-a), CCL3/4 (macrophage inflammatory protein-1alpha/beta: MIP-
“1a/B), CCL2 (mohocyte chemoattractant protein-1;- MCP-1), CCL5 (regulated upon

activation, normal T cells, expressed and secreted: RANTES) and CXCLS8 (interleukin-8:

IL-8) in response to experimental stimulation by bacterial agents, AP peptides, as well as f

cytokines, such as TNF-a and IL-1 (Ehrlich et al., 1998; Peterson et al., 1997; Janabi et '

al., 1998). This would suggest that activated microglia could serve in further microglial
recruitment.. Via chemokine."s, microglia can also affect neurons and astrocytes and
‘orchestrate the migration of leukocytes. Stimulation of microglia with chemokines
results largely in the recruitment and migration of microglia to sites of injury. More
recently, the functional repertoire of chemokines has expanded to include fundamental
rolés in other cellular pr;)cesses such as survival and proliferation of neurons and glia
(Ambrosini and Aloisi, 2004).

The chemokine CX3CL1 (fractalkine), occurring in soluble and membrane-bound
forms, is unique in that it is predominantly expressed on neurons, whereas the CX3CL1
receptor CX3CR1 mainly associates with microglia (Harrison et al., 1998; Nishiyori et al.,
1998). Therefore, disturbances in CX3CL1 levels may be sufficient to trigger or enhance
microglial activation. Neuronal CX3CL1 may not only support microglial survival
(Boehme et al., 2000), it also decreases microglial activation (Zujovic et al., 2000).
CX3CL1 can induce microglial migration (Maciejewski-Lenoir et al., 1999). Moreover,
microglia are also a source of »CX3CL1 (Zujovic et ai., 2000), allowing for autocrine

signaling in these cells.
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Under nbrmal CNS conditions, low levels of chemokines are detected. However,
under pathological conditions such as in AD, levels of chemokines are elevated (Xia et
al., 1999). Elevated levels of CXCLS8 (IL-8) (Galimberti et al., 2003) and CXCL8 (IL-8)
receptors (Xia et al., 1997) have been detected in AD brain. Also, increased CCL2
(MCP-1; Ishizuka et al., 1997) and CCL4 (MiP-lB; Xia et al., 1998) iminunoreactivity is
evident in AD and localized to plaque associated microglia. Interestingly, the expression
of the chemokine receptors CCR3 and CCRS was also increased in plaque associated
| microglia which could explain how microglia are strongly recruited to sites of plaque

pathology.

1.3.4.5 Cytotoxic Products

In addition to secretion of an unidentified neurotoxin in response to AP (Giulian et
al., 1995) as well as pro-inflammatory cytokines (TNF-a, IL-1p; Giulian et al., 1993;
Griffin and Mrak, 2002), activated microglia are capable of releasing several potgntially
cytotoxic factors in vitro including reactive oxygen intermediates, NO, proteases,
arachidonic acid derivates, excitatory amino acids and quinolinic acid.

In either human or rat brain, activated microglia are the most abundant source of
oxygen free radicals. Large amounts of superoxide anions (O;) are generated on the
microglial external membrane and subsequently released into the surroundings (Klegeris
and McGeér, 1994; Colton and Gilbert, 1987). Activated microglia are also capable of
producing hydrogen peroxide (H,0,) and reactive nitrogen intermediates (Hensley et al.,
1998). H,0, released by activated glia, though itself fairly innocuous, can be altered by
peroxidases to form hypochlorous acid (HOCI), which is highly toxic to cells.

Peroxynitrite (ONOO") formed through the interaction of NO with O, can result in both

35




nitration of tyrosines and nitrosylation of cysteines within both enzymes and structural
proteins. Aétivation of microglial and ensuing ONOO" production has been linked to AB
toxicity i;l cﬁltu_red neurons (Xie ef al.? 2002). Whereas physiological levels of NO may
influence synaptic efficacy by regulating fxeurotransmitter release (Brenman and Bredt,
1997; Garthwaite, 1991), e);cess NO is toxic to neurons. However, the cytotoxic
properties of microglia are subject to considerable species variation. For example, NO
produbtion 1s established for rat, but not in human microglia (Colton. et al., 2000; Lee et
al., 1993). In addition, iNOS was not found in sﬁmulated human microglia (Zhao et al.,
1998; Walker et al., 1995).

Proteases contribute in various ﬁJ.n(;,tions of microglia. For example, cathepsin E
and cathepsin S, endosomal/lysosomal proteases, have been shown to play important
roles in the major histocompatibility complex. (MHC) class II-mediated antigen
presentation.‘of microglia by processing of exogenous antigens and degradation of the
invariant .chain associated with MHC class II molecules, respectively (Nakanishi, 2003).
Soine members of cathepsins are also involved in neuronal death after being secreted
from microglia and clearance of phagocytosed AP peptides. Tissue-type plasminogen
activator, a serine protease, secreted from microglia participates in neuronal death,
enhancement of NMDA (N-methyl—D—éspartate) receptor-mediated neuronal responses,
and activation of microglia tb contn'Bute to further neurodeéeneration (Tsirka, 2002;
Nakanishi, 2003).

Derivativés of APP, including AP, can stimulate glutamate release from.microglia
(BargerAand Basile, 2001; Klegeris and McGeer, 1997). Glutamate is an excitatory amino

acid. Glutamate neurotoxicity mediated by activation of NMDA receptors and
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subsequent Ca™ influx has been suggested to be involved in neurodegeneratiqn in AD
'(Koh et al., 1990; Mattson et al., 1992). . NMDA receptor antagonists are efﬁcacious.
neuroprotectants (Piani et al., 1992). Similarly, quinolinic acid, also a NMDA agonist, is
an endogenous neurotoxic metabolite of the tryptophan-kyneurine pathway and is
produced predominantly by microglia in response to stimuli including AP and IFN-y
(Guilleman et al., 2003; 2005). Binding qf quinolinic acid to NMDA receptors leads to
neurodegeneration through both excitotoxic (Stone, 1993) and oxidative (Santamaria et
al., 2001) mechanisms. A table summarizing the secretory products of human microglia
stimulated with AP is presented in Table 1-2. A schematic diagram illustrating the
interactions between microglial secretory products and surrounding neurons is shown in

Figure 1-2.
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Table 1-2. Summary of some secretory products of Ap stimulated human microglia.

Cytokines

IL-1a (Veerhuis et al., 2003)

IL-1B (Lue et al., 2001a; Nagai et al., 2001)

IL-8 (Lue et al., 2001a; Nagai et al., 2001)

IL-6 (Lue et al., 2001a) .

TNF-a (Lue et al., 2001a; Nagai et al., 2001)

Chemokines

MIP-1a (Lue et al., 2001a; Nagai et al., 2001)

MCP-1 (Lue et al., 2001a)

Complement

C3 (Veerhuis et al., 1999)

Cytotoxic Products

Quinolinic Acid (Guilleman et al., 2003)

Superoxide Anion (Lue and Walker, 2002)

Growth Factors

macrophage colony stimulating factor (M-CSF) (Lue et al., 2001a)

| nerve growth factor (NGF) (Heese et al., 1998)
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Figure 1-2. Simplified schematic illustrating the interaction between microglia and

neurons of the CNS

Healthy neurons may inform microglia about their normal activity by releasing
factors such as the chemokine fractalkine. Resting microglia could support
neuronal function and survival by production of neurotrophic factors. Upon
transformation of microglia from resting to activated in response to surrounding
stimuli such as AP, microglia may also produce cytokines and other factors (reactive
oxygen intermediates) that are potentially toxic to neurons as well as induce further

recruitment of microglia (adapted from Hanisch, 2002).
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1.3.5 Signal Transduction Pathways in Microglia

 In vitro studies havé shown that exposure of microglia to Ap resulté in activation
of a host of intracellular signaling pathways linked to effector functions of microglia such
as secretion (_)f inflammatory and neurotoxic substances. The tyrosine kinases Lyn, Syk,
and FAK as well as p38 and ERK members of MAPK were first shown to be activated on
exposure of microglia to AP resulting in the generation of superoxide radicals (McDonald
et al., 1997; 1998). In particular, AP stimulated the rapid, transient activation of
extracellular signal-regulated kinase 1 (ERKI)F and ERK2, p38 MAPK and downstream

MAPK effectors RSK1 and RSK2 and phosphorylation of the transcription factor cAMP

‘response element-binding (CREB) protein, providing a mechanism for ApB-induced

changes in gene expression. Also, it was reported that ;Aﬁ activation of Lyn and Syk
initiated a signaling cascade resulting in a transient release of intracellular calcium,
activation of PKC and the‘ calcium-sensitive tyrosine kinase PYK2 resulting in the
production of neurotoxic substances, cytokines and reactive oxygen species (Combs et
al., 1999). In addition to Lyn and Syk, activation of the transcription factor NFkB was
reciuired for TNF-a. production by microglia (Combs et al., 2001).

Other signaling pathways Such as the CD36-dependent signéling cascade

involves, Lyn and Fyn (also a tyrosiné kinase), and the MAPK p44/42 resulting in

reactive oxygen and chemokine production and microglial migration (Moore et al., 2002).
Moreover, the Ap-induced phosphorylation “and translocation of MARCKS
(Myﬁstoylated alanine-rich C kinase substrate) and MARCKS-related protein (MRP),

proteins implicated in membrane-cytoékeletal alterations underlying microglial adhesion,
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migation, secretion, and phagocytosis, were reportedly dependent on a tyrosine kinase-
PKC-delta signaling pathway in microglia. (Murphy et al., 2003; Nakai et al., 2001).

The expression and secretion of IL-1p by AB stimﬁlated microglia involves rapid
activation of three different MAPKs (p38, ERK1/2, and JNK) and NF«xB activation (Kim
et :911., 2004; Kang et al., 2001). Furthermore, IL-1B production and chemotaxis of
microglia has been linked to activation of a G protein coupled receptor and calcium’
increase (Lorton et al., ‘1 997; Tiffany et él., 2001).

Moreover, induction of an outward K™ current in rat microglia attributed to
activation of voltage-dependent Kv1.3 and Kv1.5 channels (Chung et al., 2001) and
increases in [Ca®*]; have been reported in response to AP stimulation (Silei et al., 2000;

Korotzer et al., 1995).

1.3.6 Treatments for Alzheimer’s Disease ‘

The most widely used therapy for AD is the acetylcholinesterase inhibitors which.

lead to increased acetylcholine and subsequent reduction in cognitive impairment

associated with this disease. Although acetylcholinesterase inhibitors are helpful in

treating the symptoms of the disease, they have no effect to prevent or delay disease

progression. Other current therapeutic approaches include antioxidants, NSAIDs to

reduce inflammation (discussed in Section 1.2.3), NMDA receptor antagonists, methods

of inhibiting amyloid generation and aggregation as well as increasing amyloid removal.
The secretases that produce A are considered potential therapeutic targets for the
treatment of AD. Treatment of mice with a y-secrétase inhibitor resulted in reduced AP

levels in the brain and attenuated AP deposition (Dovey et al., 2000). Compounds with
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effects to block y-seéretase without blocking other y-secretase targets, which could be
lethal, have been developed (Petit et al., 2001) and are currently being tested in clinical
trials.

Epidemiological data indicate that cholesterol may play a role in AD
pathogenesis. Retrospective studies of individuals' taking HMG-CoA (B-hydroxy- -
methylglutaryl-coenzyme A) reductase inhibitors or statins show a large reduction in the
risk for developing AD (Wolozin et al., 2000). In vitro and in vivo studies indicate that
statins and other cholesterol-lowering agents decrease AP levels and AP deposition
(Refoio et al., 2001; Simons et al., 1998), whereas high-cholesterol diets in APP
transgenic mice increase AP deposition (Refolo et al., 2000). In vitro, statins seerﬁ to
.promote a favourable shift toward tﬁe non-amyloidogenic pathway of APP processing
leading to increased secretion of the neurotrophic SAPPa peptide and decrease in A
production (Buxbaum et al., 2001; Puglielli et al.; 2001). These results would indicate
that cholesterol lowering drugs may be of therapeutic benefit in the prevention and
treatment of AD.

- Active immunization with synthetic- APi142 has been shown to be effective in
transgénic models of AD to significantly reduce AP plaques (Schenk et al., 1999; Bard et
al., 2000). Using the approach of ABi4, immunization, specific APi4, antibodies are
elicited and these antibodies move across the BBB resulting in the removal of amyloid
plaques and improved cognitive performancé (Kotilinek et al., 2002). Although the
mechanism through which antibodies to A decreaée plaque burden is not clear it is
believed to involve the disruption of AP fibrils, prevent AP fibril formation, block thg

toxic effects of AP aggregates and enhance clearance of plaques by microglia (Golde,
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2003). In a recent clinical trial, administration of the vaccine in patients with AD
resulted in diséontinﬁation of the trial after signs of meningoencephalitis developed in
about 6% of the treated patients. The follow-up in patients receiv.ing the vaccine. showed
bthat 60% produced antibodies .against ‘mnyloidAcontaimng plaques and patients with
higher antibody titer had a slowing in cognitive loss (Hock et al., 2002; 2003). Due to the
side effect observed in AD patients receiving the vaccine, Ap vaccines with differing
doses of AP peptide/anti-AB peptide adjuvants are being explored. As well, alternative
AP vaccination methods such as the AP gene vaccination method ﬁave been proposed
(Quet al., 2004). |

In my study, I have used the aﬁproach of blocking inﬂarhmation by inhibiting
microglial mediated inflammatory responses using a modulator of Ap-induced

intracellular signaling pathways in these cells.

1.3.7 Rationale for Proposed Research

A chronic inflammatory reaction exists in AD brain (Akiyama et al., 2000).
Activated microglial cells are localized to neuritic plaques and are a significant source bf
inflammatory mediators (McGeer and McGeer, 1995). Thus, selective mbdu_lation of
microglial signaling pathways could be an effective strategy to lessen inﬁammation in
AD.

The activation process induced by AP in microglia has been associated with
specific cell surface receptors (discussed in Section 1.3.3.1) and intracellular signéling
pathways (discussed in Section 1.3.5) which include membrane K* current expression,
altered intracellular calcium, activation of tyrosine kinases, p38 MAP kinase énd

activation of transcription factors (NFxB, CREB). These intracellular signaling pathways

<
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are intimately linked to particular cellular functions of microglia (discussed in Section
1.3.3.2) which include proliferation, phagocytic activity and motility. In terms of actioné
on bystander cells such as neurons a critical cellular role of microglia is the production of
neurotoxins (discussed in Section 1.3.4.5). Therefore, it is likely that microglial
inflammatory responses in AD are dependent on a complex pattern of altered membrane
currents, .intracellular calcium and changes in other intracellular signal transduction
pathways. Therapeutic approaches focused on modulation of stimulus-induced signaling
and microglial-mediated inﬂammafory responses could serve as a therapeutic strategy in
neurodegenerative diseases.

As noted above, changes in membrane current patterns are an importaht signaling
pathway in microglia. Based on these results, pharmacological modulation of activated

channels could be a novel and effective maneuver to inhibit microglial mediated

" inflammatory responses. My preliminary data indicated that acute apf)lication of ABi42

to human microglia induced a novel outward current consistent with activation of a K"

channel. As well, a novel finding in this work was that intracellular application of the
non-hydrolyzable analogue of GTI;, GTPyS, induced an outward K current similaf in
properties to the outward K current induced with acute ABI42. Based on these results, 1
used the non-selective K+' channel inhibitor, 4-aminopyridine (4-AP), to invesﬁgate
properties of this current. Preliminary experiments showed that 4-AP acted to inhibit the
0ut§vard current induced by acute AP 1';;2. This finding led to a detailed investigation of 4-
AP as a pharmacolégical ‘modulatAor of Ap-stimulated microglia. IInterestingly, 4-

aminopyridine has been previously used as a therapy in treatment of AD patients

(Wesseling et al., 1984; Davidson et al., 1988). This compound passes through the BBB
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whereas othef non-selective K™ channel blockers such as TEA do not (Soni and Kam,
1982).

Since 4-AP blocked thé channel upregulated by acute AB;.4,, I wanted to carry out
fufther experiments as to whether 4-AP would be an effective modulator of other
signaling pai:h_ways and functional responses of human microglia. As pointed out above,
_Ca2+ along with other second messengers are important signaling factors in microglia.
Work done by the Landreth laboratory (Section 1.3.5) indicated that an increase in
intracellular Ca®>* was involved in response to AP in rodent microglia in addition to the
- activation of several other intracellular signaling 'factors such as tyrosine kinases,
members of MAPK and NFkB (McDonald et al., 1997; 1998; Combs et al., 2001). Many
of these second messengers are linked to cytotoxic secretory products of microglia. I
wanted to investigate the effects of Ap on Ca** and other intracellular signal transduction
factors such as p38 MAPK and NFkB in human microglia and whether 4-AP modulated
these second messengers.} Some studies were also undertaken to investigate if the Fc
receptor might be involved in response to the A peptide.

AP stimulated microglia f)roduce a host of factors implicated in inflammation and
neurodegeneration as stated above (Grifﬁn et al., 1998). The pro-inflammatory cytokines
IL-1B, IL-6 and TNF-a. and the inducible enzyme COX-2 are.important modulators of
inflammatory processes (Benveniste, 1992; O’Neill and Ford-Hutchinson, 1993) and
increased levels of these factors havé been observed in AD,brain (Griffin et al., 1998;
Pasinetti and Aisen, 1998; Ho et al., 1999). It was therefore of interest to determine in
this research program whether 4—AP had effects to modulate the expression and

production of these pro-inflammatory mediators.
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I then carried out a series of studi‘eé to examine 4-AP actions in vivo. Since in
vitro results suggested that 4-AP is a potential modulator of AB.4;-induced intracellular
signaling pathways and functional responses in human microglia, 4-AP was tested for -
potential anti-inflammatory and neuroprotective effects in vivo. The effects of 4-AP
- administration on microglial activation and neuronal toxicity induced by a local injectibn

of A4 into the raf hippocampus was investigated.

| In a separate set of studies, I also examined if the pro-inflammatory effecfs of A[S
could be potentiated by another stimulus of microglié, the chemokine CXCLS§ (IL-8).
The rationale for this study was that in a thdrough gene expression study, CXCL8 (IL-8)
was reported as the most prominent factor éxpresse,d by AB stimulated hum.an. microglia
(Walker et al., 2001). Moreover, increased levels of CXCLS8 (IL-8) have been observed
in brains of AD patients (Galimberti et al., 2003). Since CXCLS8 (IL-8) is secreted
(Ehrlich et al., !998) by stimuli such as AB (Nagai et al., 2001) and in turn CXCLS8 (IL-8)
-stimulates chemotaxis of microglia (Cross and Woodroofe, 1999), CXCL8 (IL-8) is
autocrine in these cells. Potentiation of AP induced responses by stimuli such as CXCL8
(IL-8) would be relevant to inflammatory actions of microglia in AD brain.

In summary, my research program will determine the effects of ABj4; on the;
intracellular signaling pathways (ion channel expression, Ca®*, p38 MAPK, NF@) and
functional responses induced by AP (expression and production of pro-inflammatory
faciors, neurotpxicity), both in the presence and absence of th;: modulator 4-AP. As well,
the .in vivo effects of 4-AP will be determined on AP,.4;-induced microglial activation

and neurotoxicity. Furthermore, the potentiating effects of the chemokine IL-8 on AP4;-
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induced functional responses in human microglia will be investigated. A model of the

research presented in this thesis is shown in Figure 1-3.
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Figure 1-3. Simplified schematic diagram illustrating the research presented in this
thesis.

Overall, some intracellular signaling pathways and functional responses shown in
the diagram were examined in AfB;4; stimulated human microglia. Some evidence
suggests that Fc receptors may be involved in AP actions.
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1.4 RESEARCH HYPOTHESIS

Microglia are involved in inflammatory responses that mediate neuronal
degeneration associated with Alzheimer’s Disease (AD). Signaling pathways in
microglia regulate cellular functional responses both under normal and pathological
conditions. The Hypothesis of the proposed research is that changes in membrane
currenté, [Ca2+]i_, intracellular signal transduction pathways are involved in the signaling
pathways of APB;4> and are coupled to microglial functional responses including secretion
 of substances that would potentiate an inflammatory response as well as lead to
neurotoxicity both in vitro and in vivo. Additionally, modulation of ithese signaling
pathways could serve a site for potential therapeutic intervention in decreasing
microglial-induced neuronal toxicity and subsequent neuronal loss associated with AD.

One such agent, the non-selective K* channel blocker 4-AP, has been studied in detail as

a modulator of Ap-stimulated human microglia.
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1.5 SUMMARY OF RESEARCH OBJECTIVES

The overall thesis objective is to investigate pharmacological modulation by 4-AP of
ABMz-induced intracellular signaling pathways and functional responses including
peptide-induced microglial mediated neurotoxicity.

The specific objectives are listed below:

1. to identify AP;4r-induced Ca** signaling pathways, second messengér activaftion
and alterations in membrane potential and currents in human microglia.

2. to investigate 4-AP as a modulator of APj;4r-induced membrane currents,
intracellular calcium [Ca®']; levels, second méssengers .(p38 MAPK, NF«B) and for
effects on functional responses of hﬁnm microglia such as expression and
productioﬁ of inflammatory mediators (TNF-a, IL-1B, 1L-6, CXCL8 (IL-8) and
COX-2) and potential neurotoxicity.

3. To determine the effects of 4-AP in vivo on ApBj42-induced microglial activation and
neurotoxicity.

4. To determine the potentiating effects of CXCL8 (IL-8) on APj.4z-induced expression

| and production of inflammatory mediatofs (TNF-a, IL-18, IL-6, CXCLS8 (IL-8) and

COX-2).

The specific objectives 1 to 4 are presented in thesis chapters 3 to 5.
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Chapter 2: MATERIALS AND METHODS

2.1 ISOLATION OF HUMAN MICROGLIA

Human microglia were prepared according to procedures reported previously
(Satoh et al., 1995). Brie_ﬂy,‘ embryonic brain tissues 12-18 Weeks gestation were
incubated in phosphaté-buffered saline (PBS) containing 0.25% trypsin and DNase (40
pg/mL) for 30 min at 37°C. Enzyme treated tissues were dissociated into single‘cells by
gentle pipetting. Dissociated cells were then cultured into Dulbecco’s Modified Eagle’s

Medium (DMEM) containing 5% horse serum, 5 mg/mL glucose, 20 ng/ml. gentamicin

-and 2.5 pg/mL amphotericin B.  After 7-10 days of growth in culture flasks, freely

floating microglia were colle;:ted from a medium of mixed cell cultﬁres and plated on
glass cqverslips. The burity of the microglial cultures was in excess of 98% as
determined by immunostaining with the cell lspeciﬁc markers CD11b or ricinus
communis agglutinin-1. Use of embryonic human tissues was approved by the Clinical

Screening Committee for Human Subjects of the University of British Columbia.

2.2 ELECTROPHYSIOLOGICAL STUDIES OF HUMAN MICROGLIA AND
RECORDING SOLUTIONS

Procedures used in whole-cell patch clamp studies have been described previously
(McLarnon et al., 1997). Briefly, one-day plated coverslips were -placed on the stage of
an inverted microscope (Nikon TMS). I used one-day plated coverslips since microglia
plated for more than five days express an inactivating outward K current in response to a\
depoiarizing step not present in cells one to two days post-plating (McLarnon et al.,

1997). Coverslips were plated at low density since only one cell/coverslip was used and
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only large ameboid cells were chosen since they were easier to patch. Typical density of
coverslips and ameboid morphology of microglia. used in wh(')le cell patch élamp
experiments is shown in Figure 2-1. An amplifier (Axopatch 200B, Axon Instruments,
Foster City, CA) was used to record macroscopic currénts as well as membrane potential
(V). Patch pipettes were fabricated using Corning glass no. 7052 with resistances in the
range of 2-4 MQ. Capacitan(‘:e'and series resistance were compensated manually on the
amplifier. The whole-cell configuration was used and data sampled at 5 kHz with the

low-pass filter set at 1 or 2 kHz.
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Figure 2-1. Representative photomicrograph of microglia used in
electrophysiological experiments.

Microglia cells one-day post-plating in normal bath solution displayed beth ramified
(elongated, spindle-shaped) and ameboid (rounded) morphologies. Coverslips were
plated at low density and only large ameboid cells (indicated with arrows) were used
in whole-cell patch clamp experiments. (X100 magnification; scale bar = 20 um).
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Protocols used in voltage clamp experiments were generated by computer and

consisted of applying a depolarizing step from a holding potential (Vy) of —60 mV in

“order to study outward K* currents. All voltage clamp experiments in Chapter 3 were

carried out with 500 UM 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) in bath
solution in order to remove any chloride contribution to the overall whole cell current.
Some current clamp experiments were also carried out to determine the effects of AB1.42
oh Vm. Both resting membrane potential recordings and stimulus-induced changés in Vp,
were recorded in these experiments. Data were recorded on disk and analyzed off-line
using pClamp 6.0 software. All experiments were performed at room temperature (’20-
22°C). |

The normal bath solution contained (in mM): NaCl (140), KCl (5), CaCl, (1),
MgCl; (1), glucose (10), HEPES (10); pH adjusted to 7.3. The pipette solution containéd
(in mM): KCl (140), NaCl (10), MgCl, (1), EGTA (0.5), ATP (1), HEPES (10); pH
adjusted to 7.3. In experiments where elevated extracellular K* was applied, 40 mM KCl
was used to replace an equivalent amount of NaCl. Stirﬁuli were applied in the bath
solution and perfused onto the cell using a gravity fed system with the exception of
GTPyS which was applied intracellularly through the recording electrode (discussed
below; Chapter 3). |

In order to determine whether a G protein was involved in inducing an outward
K" current in microglia as has been previously shown in macrophages (McKinney and
Gallin, 1992), the non-hydrolyzable analogue of GTP, GTPyS (10 puM), was applied
intracellularly through the recording electrode (Figure 2-2). Upon rupture of the cell

membrane in the whole-cell patch clamp mode, GTPyS diffuses from the electrode into
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the cell where it irreversibly activates G protein coupled receptors to induce second

messenger signaling in microglia.
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Figure 2-2. Intracellular application of GTPyS via the recording electrode.
Upon rupture of the cell membrane in the whole-cell patch clamp mode, GTPYS

- diffuses into the cell where it exerts its intracellular effects.
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2.3 CALCIUM SPECTROFLUOROMETRIC STUDIES

Levels of intracellular calcium [Ca®*); in humén microglia were monitored using
calcium spectrofluorometry. Cells plated on glass coverslips were loaded with 1 uM
fura-2/AM (Molecular Probes, Eugene, OR) with the solubilizing agent 0.02% pluronic
acid in stan(.iard; physiological solution (PSS). The PSS solution contained (in mM):
NaCl (126), KCI (5), MgCl, (1..2), CaCl; (1), D-glucose (10) and HEPES (10) at pH 7.4.
In experiments perfqrmed with no Ca®* in the extracellular solution, a Ca®*-free PSS was
used where the CaCl, was replaced with 1 mM EGTA. Following the wash period in
dye-free solution, the coverslips were mounted on the stage of a Zeiss Axiovert inyerted
microscope containing a x 40 quartz objective lens. The cells were then expose(i to
alternating wavelengths of 340 and 380 nm UV light at intervals of 6 seconds and
emission light was passed througﬁ a 510 nm filter (bandwidth of 20 nm). The signals
were acquired from a digitalAcamera (DVC-1300 Camera, Photometrics) and recorded
using an imaging system (Empix, Mississauga, ON) as fluorescence ratios of 340/380
every 6 seconds. Increases in [Ca®*]; were expressed as 340/380 fluorescence ratios since
unherent uncertainties exist in conversién of ratios into [Ca®']; using an in vitro
calibration (Takahashi et al., 1999). Stimuli were applied adutely using a micropipette
and solutions exchanged using a vacuum suctioning system. 'All experiments were

carried out at room temperature (20-22°C).
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24 IMMUNOCYTOCHEMICAL STUDIES OF HUMAN MICROGLIA

2.4.1 Determination of p38 MAP Kinase and NFxB Immunoreactivity

The effects of stimuli on phosphorylated p38 MAP kinase (phospho-p38) in
human microglia were determined using immunqcytochemistry according to a similar
procedure described previously in microglia (Tikka and Koistinaho, 2001). Briefly,
foilowing pre-incubation in serum-free medium for 48 hrs, cells were treated for 30 min
with ABj142 (5 uM), 2 mM 4-AP alone, or AB;42 in combination with 4-AP following a
30 min preincubation with 4-AP, and AP4,.;. After treétment, cells were fixed with 4%
paraformaldehyde (PFA) in 0.1 M PBS, washed in PBS and permeabilized in 0.2% Triton
X-100 containing 5% NGS in 0.1M PBS/0.5% BSA (BPBS) solution- for 25 min. The
cells were then incubated in rabbit anti-human phospho-p38 (1:250 dilution, Cell
Signaling) containing 5% NGS in BPBS at 4°C for 48 hrs. As a negative control, the
phospho-p38 primary antibody was omitted. Following wash in PBS, cells were
incubated with Alexa Fluor 488 anti-rabbit IgG secondary antibody (1f100, Molecular
Probes, Eugene, OR, USA) containing 5% NGS in BPBS at room temperature for 2 hr.
Foilowing a wash iﬁ PBS, cells were incubated in 4’-6’-diaminodino-2-phenylindole
' (DAPI,-Molecular Probes)‘at 1 pg/mL in PBS to visualize nuclei and determine cell
numbers in the field of view. Cells were then washed in water and mounted onto glass
slides using gelvatol, examined under a Zeiss light microscope and photographed using a
cooled CCD camera. Cells positively stained with phospo-p38 MAP kinase were.
determined from four representative fields in four independent experiments
(approximately 600 cells/treatment group) and the ratio of ‘phosho-p38 positive cells to

total number per ficld was determined (at X200 magnification). As a positive control, a
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similar procedure was carried out with cells stimulatd with LPS for 30 min in three
independent experiments. Values are expressed as means + SEM and statisticél
significance was deterrhined' using one-way ANOVA and Newman-Keuls multiple
comparison post-test (p < 0.05). | |

In resting cells, the transcription factor NFkB is retained in the cytoplasm in an
inactive form by binding to a family of inhibitory molecules: IkBa or IkBp (Christman et
al., 2000).{ Activation of NFxB results in rapid phosphorylation and degradation of IxBs
alléwing the active complex p65/p50 of NFKB to be released, translocate to the nucleus
and transacﬁvate target geﬁes. To invéstigate the effect of 4-AP on ABj42-induced NFxB
activatioﬁ, a similar immunocytochemical prdcedure as described for the determination
of p38 MAPK activation was used to determine the effects of 8 hr stimulation with AB;.4,
(5 uM), 4-AP alone, AB;4; in combination with 2 mM 4-AP following a 36 min
preincubation with 4-AP,‘4-AP alone and AP4,.; on the nuclear translocation of p65 as
has been described .previously in microglia (Nakajima et al., 1998). The primary
antibody used for this set of experiments was rabbit anti-human p65 (1:250 dilution,
Santa Cruz, CA), in order to target the active p65 NFkB subunit and cells with intense
stainjng localized to the nucleus were considered positively stained cells. Results were
obtained from four representative fields in five independent. experiments (approximately
600 cells/treatment group) and -summarized. as mean * SEM. Positive control
experiments consisted of stimulating microglia with LPS fo; 12 hrs and determiniﬁg the
number of positive p65 cells as described above in six iﬁdependent experiments. As a

negative control, experiments were carried out with p65 primary antibody omitted.
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2.4.2 Determination of COX-2 Immunoreactivity

COX-2 production was determined in microglia using immunocytochemistry.
Following 48 hr pre-incubation in. serum-free medium, cells were stimulated for 24 hrs
with stimuli. In experiments where 4-AP was used as a modulator, cells were pre-
incubated with 4-AP for 30 min prior to addition of stimuli and 4-AP was maintained in

solution subsequent to addition of stimuli. After treatment, cells were fixed with 4% PFA

. in 0.1 M PBS, washed in PBS and permeabilized in 0.2% Triton X-100 containing 10%

goat serum in 0.1M PBS/0.5% BSA (BPBS) solution for 20 min. The cells were then
incubated in rabbit anti-human COX-2 (1:200 dilution, Cayman Chemical, Ann Arbor,

MI) containing 10% goat serum in BPBS at 4°C for 72 hrs. As a negative control, the

- COX-2 primary antibody was omitted. Folldwing wash in PBS, cells were incubated

with Alexa Fluor 488 anti-rabbit IgG éecondary antibody (1:100, Molecular Probes,
Eugene, OR, USA) containing 5% goat serum in BPBS at room temperature for 1 hr.
Following a wash in PBS, cells were incubated in DAPI (Molecular Probes) at 1 pg/mL
in PBS to visualize nﬁclei and determine cell numbers in the field of view. Cells were
then washed in water and mounted onto glass slides using gelvatol, examined under a
Zeiss light microscope and photographed using a cooled CCD camera. The number of
cells positively stained with COX-2 waé determined (at X200 ﬁagniﬁcation) and
expresséd as a ratio of COX—2 positive cells to total number from four representative
fields (approximately 150 cells/field). As a positive control, cells were treated with LPS |
for 12 hrs and the number of COX-2 positive cells determined as described above in three

independent experiments.
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2.5 REVERSE TRANSCRIPTASE POLYMERASE CHAIN REACTION OF
HUMAN MICROGLIA

Human fetal microglia were seeded intb poly-L-lysine coatéd 12-well plates at a
density of approximately 5 x 10* cells/well. Féllowing pre-incubation in serum-free
conditions for 48 hrs in order to promote a résting state, human microglia were then
treated for 8 hours with stimuli. In experiments where 4-AP was used, cells were pre-
incubated with 4-AP fbr 30 minutes pﬁor to addition of stimuli and subsequently
maintained in solution folldwing addition of stimuli. qual RNA was isolated using
TRIzol (GIBCO-BRL, Gathersburg, MD), subjected to DNase treatment and then
processed for the first strand complimentary DNA (cDNA) synthesis using Moloney
murine leukemié virus (M-MLV) reverse transcriptase (GIBCO-BRL).. ¢cDNA products
were then amplified by PCR using a GeneAmp thermal cycler (Applied Biosystems,
Foster City, Ca). The PCR reaction buffer included cDNA, sense and antisense primers
and Taq polymerase. Specific sense ‘and antisense primers with the expected product size
are listed in Table 2.1. PCR consisted of an initial denaturation stef) of 95°C for 6
minutes followed by a 30-40 cycle amplification program consisting of denaturation at
95°C for 35 s, annealing at 59°C for 1 min and elongation at 72°C for 1 min.
Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) was used as a reaction standard.
The amplified PCR products were identified by electrophoresis using 1.5% agarose gels
containing ethidium bromide and then visualized under UV light. The intensities of each
band §vere measured by densitometry using the NIH Image J 1.24 software (National
institutes of Health, Bethesda, Maryland, USA). The band intensities of PCR products-in
control and with stimuli were measured and expreésed as relative mRNA levels (mRNA

values normalized to G3PDH).
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Table 2-1. Primer Sequences for RT-PCR

Product Sequence Size (b.p.)
COX-2 sense 5>-TTCAAATGAGATTGTGGGAAAATTGCT-3’ 305
COX-2 antisense 5’-AGATCATCTCTGCCTGAGTATCTT-3’

IL-1P sense 5’-AAAAGCTTGGTGATGTCTGG-3’ 179
IL-1P antisense 5’-TTTCAACACGCAGGACAGG-3’

IL-6 sense 5’>-GTGTGAAAGCAGCAAAGAGGC-3’ 159
IL-6 antisense 5’-CTGGAGGTACTCTAGGTATAC-3’

CXCLS sense 5’-ATGACTTCCAAGCTGGCCGTG-3’ - 301
CXCLS antisense . | 5>-TATGAATTCTCAGCCCTCTTCAAAA-3’

TNF-a sense 5’-CAAAGTAGACCTGCCCAGAC-3 490
TNF-o antisense 5’-GACCTCTCTCTAATCAGCCC-3’

IL-10 sense 5’-AGATCTCCGAGATGCCTTCAGCAGA-3’ 194
IL-10 antisense 5’-CCTTGATGTCTGGGTCTTGGTTCTC-3’

TGF,; sense 5-TTGCAGTGTGTTATCCGTGCTGTC-3’ 185
TGFp, antisense 5’-CAGAAATACAGCAACAATTCCTGG-3’

Kvl1.1 sense 5’-GTTAGGGGAACTGACGTGGA-3’ 482
Kv1.1 antisense 5’-CTGAGCAGGAGAGGAAACCAG-3’

Kv1.2 sense 5’-GGGACAGAGTTGGCTGAGAA-3’ 513
Kv1.2 antisense 5’-GGAGGATGGGATCTTTGGAC-3’

Kv1.3 sense 5’-GCGACGAGAAGGACTACCC-3’ 513
Kv1.3 antisense 5’-TGCTGCTGAAACCTGAAGTG-3’

Kv1.5 sense 5’-GAGGACGAGGAGGAAGAAGG-3’ 528
Kv1.5 antisense 5’-CAAGCAGAAGGTGATGATGG-3’

Kv1.6 sense 5’-GGGAGTCAGGAGGAAGAGGA-3’ 569
‘Kv1.6 antisense 5’-ATGCTGGGAAAAAGCGAAT-3’

Kv2.1 sense 5’-ACAGAGCAAACCAAAGGAAGAAC-3’ 385
Kv2.1 antisense 5’-CACCCTCCATGAAGTTGACTTTA-3’

Kv3.1 sense 5’-TCCTGAACTACTACCGCACG-3’ 620
Kv3.1 antisense 5’-GAACTCTACCTTGTTGGGGC-3’ . :
G3PDH sense 5’-CCATGTTCGTCATGGGTGTGAACCA-3’ 251
G3PDH antisense

5’-GCCAGTAGAGGCAGGGATGATGTTC-3’

‘2.6 ENZYME LINKED IMMUNOSORBENT ASSAY

ELISA kits (R & D Systems, Minneépolis, MN, USA) were used to determine the
pfoduction of TNF-a, IL-6, IL-1B and CXCLS (IL-8) in culture supernatants from human
fetal microglia stimulated for either 24 hrs (in the case of CXCLS8 (IL-8) potentiation of

AP142 effects; Chapter 5) or 48 hrs (in the case of 4-AP modulation of AP;4, effects;
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Chapter 4) after pre—incubation in serum-free medium for 48 hrs. In experiments where
4-AP was used as a modulator of AP,4, effects, cells were incubated with 4-AP for 30
min prior to addition of stimuli and maintained in solution following addition of stimuli.
| | The kits were able to detect low levels of the cytokines (as low as 4.4 pg/mL of TNF-a, 1
pg/mL IL-1B, 0.7 pg/mL IL-6 and 10 pg/mL CXCLS8 (IL-8)). After incubatioh of

microglia with stimuli, cell culture supernatants were collected and stored at -70°C.

2.7 DETERMINATION OF FcyRII EXPRESSION IN HUMAN MICROGLIA

‘Microglia were plated into 96-well culture plates (1 x 10° cells/well) inv 200 pl of
DMEM containing 5% horse serl_lrn; APBi142 was applied in duplicate wells. Cells were
treated and incubated in 5% CO,, 95% air at 37°C with AB;4, for 30 min and 48 hr
following pre-incubation in serum-free medium for 48 hrs. Expression of Fcy receptor
type II (FcyRID) was measured following procedures described previously (Klegeris et al.,
2000). In brief, cells were fixed by air-drying overnight and then blocked with 3% BSA
in PBS at room temperature for 2 hr. Subsequently, the plates were incubated with
monoclonal FcyRII antibody (1:500 dilution in blocking solution) for 1 hr. In negative
control experiments, the FcyRII primary antibody‘ v;'as omitted. Following incubation
with FcyRII antibody, cells were briefly washed four times in PBS and then incubated
with goat .anti-mouse IgG alkaline phosphatase conjugate diluted 1:4000 in blocking
solution for 1 hr After incubating the cells with substrate buffer containing 1 mg/ml of
Sigma 104 phbsphate substrate in 0.1 M diethanolamine buffer, pH 9.8, optical densities
(OD) were measured every 10 min for 1 hr using a 405-nm filter. The OD of the

negative control well was then subtracted from the OD of untreated and treated wells at
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the corresponding time point. The change in OD over 60 min in treated samples was
normalized to that of untreated. Values were obtained from n= 4 independent
experiments for 30 min treatment and n=6 independent experiments for 48 hr treatment;

each experiment was repeated in duplicate.

2.8 MICROGLIAL MORPHOLOGY AND CELL VIABILITY

Human microglia were pre-incubated in sefum-free medium for 48 hrs prior to
-addition of stimuli in these studies (immunocytochemistry, RTfPCR, ELISA, FcR,
neurotoxicity) in order to promote a resting state. This procedure yields a homogenous
population of cells with a ramified, process-bearing morphology. Following pre-
incubation in serum-free medium, microglia Were exposed to inflammatory agents for
periods of up to 48 hrs which often yielded a rounding of cells lacking processes
indicative of an ameboid morphology. Our 1ab§ratory routinely uses DAPI staining to
examine the viability of microglia with different treatments (Choi et al., 2003) aﬁd I
found no evidence of nuclear condensation or fragrﬁentaﬁon under any of the

experimental conditions indicating no loss of cell viability in the present experiments.
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Figure 2-3. A representative photomicrograph of cultured human fetal microglia.
Both ramified and ameboid microglia were present one-day post-plating (at x100
magnification; scale bar = 50 pm).
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2.9 DETERMINATION OF MICROGLIAL-MEDIATED NEUROTOXICITY

2.9.1 Preparation and Treatment of Human Fetal Microglia

Human fetal microglia were seeded into 24-well plates at 1.5 x 10° cells per well.
Follqwing 48 hr pfe-incubation in serum-free medium, cells were treated with AB;4z (5
uM), 4-AP alone, or AP;42 in combination with 2 mM 4-AP following 30 min

preincubation with 4-AP, 4-AP alone and AB4,1. After 48 hours incubation with stimuli,

cell free supernatants were transferred to primary rat hippocampal neurons plated on

glass coverslips. Figure 2-4 illustrates the procedures carried out for the determination of
microglial mediated neurotoxicity including control experiments which contained

conditioned medium without microglial exposure.
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Figure 2-4. Experimental procedure used to determine the effects of microglial

conditioned medium on neuronal survival.

Following incubation of primary human fetal microglia with stimuli for 48 hrs,
microglial supernatant (microglial conditioned medium) was transferred to cultures
of primary rat hippocampal neurons. Neurons were incubated with microglial
conditioned medium for 16 hrs and subsequently stained with DAPI and visualized
under a fluorescent microscope. A similar procedure was used to determine the
effects of stimuli but lacking microglia (unconditioned medium); these experiments

served as controls.
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2.9.2 Isolation of Primary Rat Hippocampal Neurons

Isolation of primary rat hippocampal neurons has been described previously
(Sheldon et al., 2004a). . Briefly, 2 to 4 day-old Wistar rats were anaesthetized,
decapitated and the hippocampi removed. The hippocampi were then enzymatically
treated and mechanically dissociated and the resulting cell suspension was plated at a
density of 5-7 x 1_05 neurons cm™ onto glass coverslips coated with poly-D-lysine and
laminin. The initial growth medium was DMEM/F-12 supplemented with 10% fetal
bovine serum (Invitrogen Canada, Burlington, Ont., Canada). After 24 hr, this medium
was changed to serum-free Neurobasal Medium A (Invitrogen Canada). Cultures were
then fed every 4-5 days by half-changing the existing medium with fresh Neurobasal
Medium A. Glial proliferation was inhibited 48 hr after initial plating by adding 5-10
mM cytosine arabinoside (Sigma—Aldrich). Primary neurons were used 12-15 days after
plating since at this time point éultured hippocampal neurons are more susceptible to
toxicity (Sheldon et al., 2004b).

Primary hippocampal neurons were treated with microglial conditioned medium

or medium controls (conditioned medium not exposed to microglia) for 16 hrs.

2.9.3 Determination of Neuronal Damagé from Microglial Conditioned Medium
Following treatment, cells were fixed with 4% PFA in 0.1 M PBS. Following a

wash in PBS, cells were incubated in DAPI (Molecular Probes) at 1 pg/mL in PBS to

visualize nuclei. Cells were then washed in Water and mounted onto giass slides using

gelvatol, examined under a Zeiss light microscope and photographed ﬁsing a cooled CCD

camera. The percentage of damaged neurons was determined by counting the number of

68




condensed or fragmented nuclear stained neurons by the overall number of po'sitively
DAPI stained neurons (at x200 magnification). Control experiments consisted of
incubating neurons with conditioned medium without microglial exposure. Data are
presented as mean +* SEM and significance determined by one-way ANOVA and

Newmann-Keuls post-hoc multiple comparison test (p < 0.05).

2.10 IN VIVO STUDIES OF ABi.42 MEDIATED MICROGLIAL ACTIVATION
AND NEURONAL DAMAGE; EFFECTS OF 4-AP ADMINISTRATION

2.10.1 Injection of AP142 Into CAl Region of Rat Hippocampus and Administration
of 4-AP .

The procedure used for AB;.4; injection in vivo is routinely used in our laboratory
and has been published previously by other laboratories (Giovannini et al., 2002; Kowall
et al., 1991; Weldon et al., 1998). Briefly, male Sprague-Dawley rats (250-280g; Charles
River, Caﬁada) were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and then
mounted in a stereotaxic apparatus (Kopf Instrm_rients, Tujunga, CA). ABj42 or AB4z (1
nmol in 2 pl) was injected s]owly (0.2 pl/min) into the granule cell layer of the dentate
gyrus of the hippocampus (AP: -3.6 @, ML: -1.8 mm, DV: -3.2 mm, according to the
. atlas of Paxinos and Watson, 1986) using a 10 pL. Hamilton syringe. A diagram
illustrating the site of injection pf AP, into the dentate gyrus of rat hippocampus is
shown in Figure 2-5. 4-AP (Sigma, St. Louis, MO) was dissolved in 0.9% saline and
administered i.p. at 1 mg/kg 15 minutes prior to AB;, injection followed by once-daily
injections of 1 mg/kg for 7 days. The doses of 4-AP used in this study are based on

previous studies using 4-AP in rats (Haroutunian et al., 1985; Casamenti et al., 1982).

69



All animal experiments were approved by the Animal Care Committee of the University

of British Columbia.
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Figure 2-5. The Dentate Gyrus of the Rat Hippocampus.
The syringe indicates on a coronal section of the hippocampus, the upper cell body
layer of the dentate gyrus, where A4, was injected.
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2.10.2 Determination of AB;_s>-Induced Neuronal Damage and Microglial
Activation In Vivo

Seven days post-ABi42 injecti;)n, anesthetized rats were transcafdially perfused
with heparinized cold saline followed by 4% PFA. Brains were postfixed overnight in
the same fixative and then placed in 30% sucrose for cryoprotection. Serial coronal
sections (40 pm) through the hippocampus were cut on a cryosfat. For
iinmunohistochemistry, free-floating brain sections were permeabiliéed with 0.2% Triton
X-100 and 0.5% BSA in 0.1 M PBS for 30 min, blocked in PBS containing 0.5% BSA
and 10% normal goat serum (NGS) for 30 min and then incubated overnight at room
temperature in PBS contajning 5% NGS and primary antibociies. The following primary
antibodies were used: mouse anti-NeuN (1:1000, Chemicon, Temecula, CA) for neurons
and mouse anti-EDl (1:500, Serotec, Oxford) for activated microglia. For controls,
primafy antibodies were omitted. The following day, sections were incubated With,
biotinylated secondary antibody (1:200; Vector Laboratories, Burlingame, CA) and
visualized with ABC elite system (1:200; Vector Laborafories), and developed in 3,3’-
diaminobenzidine (DAB) kit (Sigma). The number of NeuN- or ED1-positive cells in the
superior blade of the dentate granule cell layer was conducted on three consecutive
séctions. Representative photomicographs were taken (at x200 magnification) and
counting was performed using a Zeiss Axioplan 2 flourescent microscope (Zeiss) -
equipped with'é DVC camera (Diagnostic Instruments) and Northern Eclipse software
(Empix Imaging). All quantitative analyses were carried out in a blinded manner with

values expressed as means + SEM.
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2.11 PEPTIDES AND REAGENTS
2.11.1 Preparation of AP 42 and ABg1

The amyloid beta peptide (APi42) and reverse peptide (AP42-1) were purchased
from California Peptide (Napa, CA) and fresh stock solution prepared according to a
method described préviously (Walker et al., 2001) with slight modifications. Briefly,
AP, was prepared by first dissolving the peptide in 35% acetonitrile (purchased from
Sigma, St. Louis, MO), diluted to 1.5 mM with sterile water, and then to 500 uM with

incremental additions of PBS with vortexing in-between additions. The AP solution was

subsequently incubated at 37°C for 18 hrs to promote AP fibrillization and aggregation

and then stored at -20°C. The final working concentration used in experiments was 5 pM
APBi42. A similar procedure was followed for preparation of reverse peptide AB4,-1. Th¢
vehicle control was prepared as described for the preparation of AB;.4, with omission of
the peptide.

Electron microscopy was used to confirm the aggregation of A4, in solution.
Bﬁeﬂy, the AP sample (5 pl) was placed on Formvar-coated copper grids (Ted Pella
Inc., Redding, CA) for 1 min. Excess solution was removed .and then negatively stained
with 2% acqeous uranyl acetate for 1 min, washed and then air dried. The gﬁds were
then examined on a JEM-100CX eléctron microscope (JEOL, Japan) at 80 kV. Figure 2-
6 is a répfesentative photomicmgraph of A) AP« fibrils before heating and B)
aggregated AP, after heating at 37°C for 18 hrs. Before heating, immature fibrils
apﬁeared occasionally as a matrix-like meshwork however, after heating, these fibrils
tended to appear as globular structures approximately 0.2-0.3 pM in width. Since the

same procedure was used to dissolve the different lot numbers of AP peptide used, it was
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assumed that similar aggregation was achieved between the different batches of A

peptide used in experiments.
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Figure 2-6. Representative photomicrographs of the AB,4; preparation before and
after heating.

Negative staining results indicate that A) Ap fibrils exists before heating and that B)
AP aggregates form after incubation at 37°C for 18 hrs.
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2.11.2 Reagents

4-aminopyridine (4-AP), guanosine-S’-O-(3-thjoniph0sphatej (GTPYS),
iberiotoxin, lanthanum (La33,_ 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB),
SKF96365, and tetraecthylammonium (TEA) were purchased from Sigma (St. Louis, MO)
and apamin was a generous ‘gift from Dr. Church, UBC. The FcyRII receptor antibody
was purchased from Beckman-Coulter (Miami, FL) and CXCL8 (IL-8) was purchased

from Peprotech (Rocky Hill, NJ).

2.12 STATISTICAL METHODS

Déta are presented as mean + SEM. Statistical comparisons were made using a
Student’s t-teét to determine significant differences between control and treatment groups
with significance set at p < 0.05. In cases where more than two groups were compared, a
- one-way ANOVA was used, followed by Neuman-Keuls post hoc multiple comparison
test with significance set at p <0.05. All statistical tests were carried out using GraphPad

Prism 3.0 software.

76



_ Chapter 3: EFFECTS OF AB14; ON MEMBRANE POTENTIAL, MEMBRANE
CURRENTS and FeyRII EXPRESSION IN HUMAN MICROGLIA

VIn this chapter, the acute effects of ABj4, on microglial membrane potential,
membrane current expression and longer term effects on microglial expression of the
FcyRIT recéptor are determined. The activation pfocess in microglia has been associated
with altered signaling which include membrane K" current exp'r'ess.ion (Norenberg et al.,
1992; Fischer et al., 1995). Whole-cell electrophysiology was used to determine the
acute effects of ABi142 on membrane currents and membrane potential (V). Since,
FcyRII is a receptor coupled to a non-selective cationic channel and functional fesponses
of micréglia,_the expression of FcyRII was also determined using an hntibody binding

study.

3.1 RATIONALE

Microglial cells are capable of expressing ion channels that selectively conduct K,
‘H' or CI' (Eder, 1998). Other currents in microglia, such as inward Na" and voltage-
gated L-type Ca®* have occasionally been reported however, the presence of" these
currents in microglia is not common (Eder, 1998). Under resting conditions, microglia
express an inward rectifier solely (Ilschner et al., 1995; Kettenmann et al., 1990;
McLarnon et al., 1997). The upregulation of currents in microglia is dependent on
several factors including the state of activation of microglia, the presence of stimuli and
time of adherence to surfaces. .Incubation with LPS, a potent activator of microglia, for
periods of 12 hrs leads to the expression of a transient outward K* current in responsé to -
a depolarizing step in rodent microglia (Norenberg, 1992; Norenberg et al., 1994). This

current was attributed to the upregulation of Kv1.3 channels (Norenberg et al., 1993).
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The induction of K currents appears to be highly correlated with the activafion state of
these cells since under reSting conditions in culture (ramiﬁéd or ameboid morphology)
microglia do not express outwardly rectifying K currents but are activated in response to
a stimulating agent. |

| Another outward K' current can be _induced in rodent microglia- when GTP
(guanosine 5’°-O-(3-thiotriphosphate) is applied intracellularly through the patch pipette
indicating that G proteins can regulate the upregulation of currents in microglia (Ilschner
et al., 1995). The rapid expression of this current indicated that it was constitutively
preéent in the cell membrane. A current with similar broperties to the GTP-induced
current was activated with external application of complement (Ilschner et al., 1996) and
ATP (adenosine triphosphate) (Kettenmann et al., 1993; Walz et al., 1993). Human
micfoglia also express a high conductance calcium activated K™ channel (BK-Kc,)
sensitive to both V,, (membrane potential) and [Ca”*]; (intracellular calcium) (McLarnon
etal., 1997).

Rodent microglia express both proton and anion currents. The induction of proton
currents is not correlated with the functional state of microglia (Klee et al., 1999) rather
the currents are increased with cell swelling (Morihata et al., 2000). Proliferation, stretch
or swelling of microglia is accompahied by activation of anion currents (Schlichter et al.,
1996; Eder, 1998). A high conductance anion channel sensitive to Vi, has been reported
in human microglia (McLarnon et al., 1997).

As described in Section 1.4.3.1.1, numerous receptors have been described as

| mediating AP actions in microglia. However, only a few of these receptors are coupled

to signal transduction systems which could lead to alterations in membrane currents (i.e.
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a receptor complex (consisting of o) integrin, CD47, CD36), FPR and CD36 alone.
The Fcy receptor in microglia has received recent attention since it is involved in
microglial mediated phagocytosis of opsonized AB which was thought to be an effective
therapy in reducing levels of AB in AD brain (Bard et al., 2000). The Fcy receptor in
particular is directly coupled to and activates a non-selective cationic channel in
macrophages (Young et al., 1983a; 1983b) and activates signaling pathways in microglia
which include phosphatidylinositol . 3-kinase (PI-3K), extracellular signal regulated
kinases (ERK) and mitogen-activated protein kinases (MAPK) activation (Song et al.,
2004). The FeyRII class of receptors appeared to be the most highly expressed class in
human microglia (Lue et al., 2002). Microglia in tﬁe brains of AD and non-demented
individuals constitutively expre_Ss all classes of Fcy receptors: Fcy RI, II, III, with

expression being greater in AD than non-demented individuals (Akiyama and McGeer,

1990; Peress et al., 1993).

The écute effects of ABj42 on human.microglial membrane potential and current -
expression have been presented in this chapter. Since cell potential and membrane
currents are important signaling events in the activation process of microglia, I carried
out a series of whole-cell patch clamp experimehts to determine the effects of AP1a2
acutely on V, and outward gurrents and I determined the involvement of the Fcyll

receptor in mediating A4, effects on cell poténtial.'
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3.2 RESULTS

3.2.1 Effect of AB;42 on Membrane Current Expression; Voltage Clamp Studies

These experiments were designed to examine effects of full length AB4, on
membrane currents induced by depolarizing stimuli. Unless noted, microglia were held
at a potential of -60 mV. A representative current response to a depolarizing step from a
holding potential of -60 mV to + 20 mV under unstimulated conditions is shown in
Figure 3-1. Currents elicited ﬁnder unstimulated conditions in response to a depolarizing
step were generally small (range 40 to 70 pA) and attributed to leak currents. This result
is consistent with previous work on human (McLarnon et Aal., 1997; 1999) and studies on
rodent (Ilschner et al., 1995; Kettenmann et al., 1990; Norenberg et al., 1994) microglia
where outward K' currents in uﬁstimulated microglia in response to a depolaﬁzing step
weré generally absent. Within minutes of acute application of AB;4, to human microglia,
a rapidly activating, non-inactivating outward current was observed in response to a
depolarizing step (Fiéure 3-1). To inhibit the contribution of any anjotnic currents present
in microglia to the outward current, all membrane current experiments were performed
- with bath solution containing NPPB ‘(500 uM). Overall, the amplitude of .the current
induced with acute application of Af42 in response to a depolarizing step in human
microglia increaséci fourteen-fold (to 850 + 102 pA, n=7 célls) from control vélues (meén‘
amplitude 59 * 6 pA, n=7 cells). Experiments were designed to determine the specificity
of the outward current. The analysis of tail currents (see below) indicated that the

outward current was due to K.
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Figure 3-1. Typical current induced with acute application of AB;4; to human
microglia - :

In control, a small current representative of leak current was elicited with a
depolarizing step to +20 mV from a Vy of —60 mV. Following acute application of
APB142 (5 pM), a large outward K' current was evident in response to a depolarizing
step and wash-off of the peptide decreased the current to control level in response to
a depolarizing step. The figure is a representative recording from one cell.
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3.2.1.1 The ABig-Induced Outward Current is Attributed to K

In ordér to determine the current’s threshold’ for activation, a series 6f
depolarizing steps in 10 mV increments was applied from —60 mV to a maximum
depolarization of +20 mV. A typical family of I/V is presented in figure 3-2. A plot of
current amplitude versus step potential (I/V plot) indicated that the curfent was outwardly
rectifying with a threshold of activation near 40 mV. Overall, the current’s mean

threshold for activation was determined to be —33.7 + 2.4 mV (n = 4 cells).
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+20mV

-80

Figure 3-2. Voltage-dependent activation of AP 4;-induced outward current.

A) Outward current, induced by AB;4; (5 uM), with a series of depolarizing steps in

10 mV increments (applied from —60 mV to a maximum level of +20 mV). B) The I-

V relationship constructed from the pulse protocol shown in panel A. The outward

current induced by acute AB,4,; was outwardly rectifying with a threshold of —40.
- mV. The figure is a representative recording from one cell.
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The reversal potential of the outward current was determined using a protocol
consisting of a depolarizing step to +20 mV (applied from a holding potential of .60 mV)
followed by. varying the step potential from —100 to —20 mV (increments of 20 mV). The
tail currents induced by varying the step potentials from (-100 to —20mV) are shown in
Figure 3-3A. The arrows denote peak tail currents at the start of the different test
potentials. These tail currents rapidly inactivated to baseline at the holding potential (V})
of —60 mV. A typical plot of tail currents versus step potentials (-100 to —20mV) is
showh in Figure 3-3B. 'Overall, the current’s reversal potential \;vas -76 + 3.6 mV (n=6
cells) close to the equilibrium potential for K+ (in this study Er, for K* = -84 rﬁV).
Therefore, these results indicaie that the AB1.42;induced K" current wﬁs outward and due
to K.

These resplts were confirmed since addition of the non-selective K* channel
blocker 4-AP (2 mM) in the presence of AB.4; inhibited the current to 52% of control in
response to a depolarizing step and the current in response to a depélarizing step
recovered after wash-off of 4-AP (Figure 3-4). Overall, 4-AP at 2 and 5 mM in the
maintained presence of Af;4, reduced the AP;.4r-induced K current in response to a
depolarizing step to 58 + 7.3% (n=3 cells) and 38 + 6.6% (n=3 cells).
Tetraethylammonium (TEA) (10 mM), a non-selective K* channel blocker, inhibited the
outward K current to 28 + 5.9% (n=3 cells) of the AP;4r-induced current in response to
a depolarizing step. Overall, the outward K current elcited in response to a depolarizing
step was induced by ABMz in 40% of cells and was present for periods of up to 10-15

minutes.
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Figure 3-3. Determination of the Apj4-induced outward current’s reversal
potential via analysis of tail currents.

A depolarizing step from —60 mV to +20 mV was followed by a secondary step to
potentials varying from —100 mV to —20 mV. The resulting tail currents elicited
with the secondary steps from —100 mV to —20 mV in a representative experiment
are shown in A. The arrows indicate the peak of the tail currents at the start of the
different test potentials. A plot of tail current amplitudes versus step potential is
shown in B. The current’s reversal potential was determined as —78 mV whlch is
close to the equilibrium potential for K+
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Figure 3-4. The AB;.42-induced outward K" current is inhibited by the non-selective
K" channel inhibitor 4-AP '

A representative recording from one cell is shown. The first trace is a typical
current evoked in control solution with a depolaf'izaﬁon step to +20 mV. AP (5
uM) elicited an outward K' current with the same step depolarization. Application
of 4-AP (2 mM) with AB,4; reduced the outward K’ current to 52% of control. The

current recovered subsequent to wash off of 4-AP with AP, 4, maintained in bath
solution.
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3.2.2 The Involvement of a G protein in the APi42 Induction of an outward K+
current .

The possibility that a G protein may be involved in the induction of the outward
K" current upregﬁlated by ABj42 in human microglia was tested since a previoué study
indicated that intracellular application of the non-hydrolyzable analogue of GTP, GTPyS,
upregulated an outward K+ éurrent in macrophages (McKinney and Gallin, 1993). The
outward K* current in macrophages had similar properties to the outward K* current
induced by AB;42 including rapid activation, noﬁ-inactivation during a depolarizing step
and sensitivity to 4-AP. In th¢ present study, GTPyS was added into the electrode
solution and dialysed in&o the~ cell upon rupture of the seal in the whole-cell patch clamp
mode. In these experiments, the extracellular bathing solution contained NPPB (500 uM)
in order to inhibit any contribution of anion channels to outward currents induced by céll
depolarization.

Intracellular application of GTPyS induced a rapidly activating outward K"
cul;rent'in response to a depolarizing step within minutes of forming a whole-cell seal,
however, the current showed rundown within ten minutes of its upregulation. A typical
profile of the outward Acurrent’s amplitude over time is presentéd in Figure 3-5. Rundown
of the GTPyS-induced current may be due to equilibration of GTPyS between the
electrode and céll. Overall, upon formation of a whole-cell seal, the mean current
amplitude in response to a depolarizing étep was 147 £ 49 pA (n=5 cells). In respénse to
a depolarizing step, intracellular GTPyS induced an outward K* current in 70% of cells

with an average peak current amplitude of 1149 + 113 pA (n=9 cells).
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Figure 3-5. Typical profile of the intracellular GTPyS-induced outward current.

The top trace represents the voltage step (-60 mV to +20 mV) applied. The bottom
four traces are currents at the times indicated after dialysis of GTPyS in response to
a depolarizing step. Intracellular application of GTPyS (10 uM) via the electrode
induced an outward current within minutes of rupture of the cell membrane in the
whole cell patch clamp mode. A representative experiment indicates that the
current amplitude increased transiently and randown within 10 minutes of seal
formation.
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The current induced with intracéllular GTPyS in response to a depolarizing step
was similar in characteristics to the AB.Mz—induced K" current (Figure 3-6A,B). The
GTPyS-induced K current in response to a depolarizing step was rapidly activating, slow
to plateau and did ﬂot inactivafe with time typical of the AB;4-induced K* current. The
peak amplitude in response to a depolarizing step to + 20 mV from a holding potential of
—60 mV of the GTPyS-induced K* current (1149 + 113 pA; n=9 cells) was not
significantly different from the amplitude of the AP;.4>-induced K* current (850 + 102

pA; n=7 cells) (p>0.05). Overall, the threshold for activation of the GTPyS- induced

current was found to be —28 + 1.7 mV (n=4 cells) which was not significantly different

from the threshold for activation of the APBi4z-induced K" current (-33.7 + 2.4 mV; n=4

cells) (Figure 3-6A; p > 0.05). Tail current measurements of the GTPyS- induced
outward current indicated that the current had an overall reversal potenﬁal of -68 £ 1.1
mV (n=4) which was not significantly different from the reversal potential of the AP;.42-
induced outward K* current (Erey - -76 £ 3.6 mV; n=6 cells) (Figure 3-6B; p > 0.05). |

The difference in reversal potentials of the GTPyS induced outward current (-68 mV) and

" the calculated reversal potential for K* in these experiments (-84 mV) may be due to

contribution of a leak current to the overall whole-cell current induced with intracellular

GTPyS.

A representative result of the effect of 4-AP applied extracellularly on the GTPyS-
induced K" current in response to a .depolarizing step is shown in Figure 3—7; 4-AP (2
mM) reduced the GTPyS-induced K* current to 65% of control and the current recovered

upon wash off of 4-AP similar to the 4-AP effect on the AP;4-induced K" current

89



(Figure 3-7). Overall, 4-AP (2 mM) reduced the GTPyS-induced outward I_(+ current to
61 = 9.5 % of control (n=6 cells); a similar inhibitory effect 4-AP was observed on the
AB142-indqced K" current in response to a depolarizing step (to 58 + 7.3% (n=3 cells); p
> 0.05). Siﬂce properties of the GTPyS—induced outward K" current were similar to the
K" current induced with acute application of AB;.4 in response to a depolarizing step, the .
results would suggest that AB.4> induces an outward K" current via activation of a G

protein in human microglia.
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Figure 3-6. The current induced with intracellular GTPyS and the current induced
with extracellular Aﬁ1;42 had similar thresholds for activation and reversal
potentials. ' .

A) The threshold for activation was determined as described above (Section 3.2.1.1).
An I/V plet for the threshold of activation is shown from a representative
experiment for each of GTPyS and Af;4-induced outward currents. Results
indicate that the threshold for activation for each of the currents is similar: GTPyS
-31 mV; ABi142 -38 mV. B) The reversal potential for each of the currents was
determined as described above (Section 3.2.1.1). An I/V plot of tail currents from a
representative experiment for each of the GTPyS and A, currents indicates that
the reversal potentials are similar: GTPyS -70 mV; AB142-78 mV.
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Figure 3-7. Effect of 4-AP (2 mM) on the intracellular GTPyS-iﬂduced outward K"
current

Current evoked upon rupture of the cell membrane with GTPyS in the intracellular
recording solution in response to a depolarizing step to +20 mV. The outward K'
current elicited with intracellular GTPyS for the same step depolarization.
Extracellular application of 4-AP (2 mM) reduced the outward K current to 65%
of the control. Wash-off of 4-AP allowed the current to recover.

\
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3.2.2.1 Concentration-Dépendent Inhibition of the GTPyS-Induced Outward K*
Current by 4-AP and Several Other K* Channel Inhibitors

Since induction of an outward K" current was more common with intracellular
application of GTPyS than with acute application of AB;.4, and costs of peptide are high,
I carried out further pharmacology on the outward K current induced with intracellular
GTPyS. Effects of 4-AP concentrations on the amplitude of the GTPyS-induced K*
current were used to construct a concentration-response curve (Figure 3-8). 'A
cbncentraftion dependent inhibition of the GTPyS-induced outward K* current with 4-AP
. was observed‘ where C denotes control in the concentration-response plot. Overall, 4-AP
Was found to have an ICsy of 5 mM for inhibition of the outward K* current induced by
intracellular application of GTPyS. - TEA (10 mM) bloc;ked the K* current induced with
intracellular GTPYS to 23.8 + 3.7% of control level (n=3 cells). The GTPyS-induced K*
current was unaffected by the high conductance calcium-dependent K* channel (BK-type
Kca) inhibitor iberiotoxin (50 nM) or‘ by the small conductance calcium-dependent.K+
channel (SK-type Kc,) inhibitor apamin (100 nM). These results indicate that
upregulation of the Af;4;-induced K" current is mediated through a G-protein and is not
a BK- or SK-type K¢, channel. An outwardly'.rectifying current with a similar threshold
for a;:tivation of —.30 mV and sensitivity to 4-AP and TEA has been reported in rat
astrocytes and referred to as a delayed rectifier type of K* current (Kpr) (Bordey and

Sontheimer, 1999).
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- Figure 3-8. Concentratlon-dependent mhlbltlon of the intracellular GTPyS-induced

outward K current by 4-AP.

4-AP was applied in the extracellular bath solution and amplltudes of the GTPyS-
induced currents were measured in the presence of 4-AP and normalized to control
amplitudes, C = (current amplitude prior to 4-AP application). Results are a
summary of: n=4 cells for 1 mM; n=6 cells for 2 mM; n=10 cells for 5 mM; n=4 cells

.for 10 mM and n=3 cells for 20 mM.
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3.2.3 Molecular Biology Analysis of the Qutward K’ Current

Based on electrophysiological data, the channel induced with acute AP;.4»
displayed the profile of a delayed rectifier type of K" channel. The expression of a series
of Ky channels (Kv1.1, 1.2, 1.3; 1.5, 1.6, 2.1, 3.1) with delayed rectifier K" channel -
properties reported pret/iously in human cells (Jiang et al., 2002) were examined in
unstimulated human microglia or cells incubated with A4, for 10 min, 0.5, 1 and 2 hrs
using RT-PCR. Results frém a representative exberiment are shown in Figure 3-9A.
Results indicate a time-dependent increase in Kv3.1. All other Kv channels showed basal
expression in unstimulated microglia. An abundant increase in the expression of Kv3.1
- was observed after 10 min incubation with AP;.4;. The expression of Kv3.1 peaked at 0.5
hr then decreased at 1 and 2 hrs. No expression of Kv3.1 channel was evident at 4hrs
APi.42 exposure. The absence of Kv3.1 expression under conttol conditions and transient
- expression with ABj4, incubation is in agreement with the transient upregulation of an
outward K current inducéd with acute AB;4, in whole cell patch clamp experiments
(Section 3.2.1). Kvlll, 1.2, 1.3 and 2.1 remained unchanged with treatment with AB;.4,
whereas Kv1.5 and Kv1.6 decreased in expression from control levels as the treatment
timev with AP, increased. Incubation with APBaz1 (5 pM) at 10 min, 0.5, 1 and 2 hr did
not alter Kv3.1 channel expression from corttrol.

Densitometry analysis of PCR product band intetlsities demonstrated the effect of
AP142 to time-dependently increase Kv3.1 channel expréssion with no effects of AP+, to
increase Kv1.1, 1.2, 1.3, 1.5, 1.6 and 2.1 channel expreSsion. Results are summarized in

Figure 3-9B. AP.42 significantly increased Kv3.1 channel expression at 10 min by 5.6
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fold as compared to control (p < 0.05). Incubation with AB;4> for 30 min significantly
increased Kv3.1 channel expression furthef by 13 fold as compared to Kv3.1 channel
expression in control (p < 0.001). Kv3.1 channel expression increased at 1 hr by 3 fold as
compared to Kv3.1 channel expression'in control; this increase was not significant (p >
0.05). Similarly, Kv3.1 channel expression was increased at 2 hr AB;4, incubation by 3
fold relative to control, however the increase was not significant (p > 0.05). Furthermore,
relative mRNA levels of Kv1.1, 1.2, 1.3, 1.5, 1.6 and 2.1 channels induced with different

AP142 treatment times were not significantly different from control (p > 0.05).
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Figure 3-9. Effects of AB;42 on Kv expression in human microglia

A) A representative RT-PCR experiment of AP .4 (5 pM) treatment for 10 min, 0.5,
1 and 2 hr on Kvl.1, 1.2, 1.3, 1.5, 1.6, 2.1 and 3.1 channel expression from n=3
independent experiments. G3PDH served as a reaction standard. B) Summary of
relative mRNA levels of Kv channels induced by AB;4;. Results are expressed as
mean + SEM from n=3 independent experiments. One-way ANOVA and Newman-
Keuls multiple comparison test was used to evaluate statistical significance
(*indicates statistical significance from control p < 0.05; **indicates statistical
significance from control p < 0.001).
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3.2.4. Effect of AB;42 on Membrane Potential of Human Microglia; Current Clamp
Studies

Overall, the average resting V,, of human microglia was -35.6 £ 2.2 mV (n=16
cells). Within seconds of acute application, AB;4 inducéd an immediate transient
_depolarization of microglia. A representative effect of ABj42 on Vp is presented in
Figure 3-10A. Al3142 induced a transient change in Vi (AVp) (peak-baseline) of +8.5 ‘
mV with a t;p» ot; '75 sec. t;» was determined as the time between the half-maximal points
of the transient Vy, response. Oyerall, the AVy, from baseline induced by acute AB14§
was +8.9 + 0.9 mV; t;; of 73 + 8 sec (n=5 cells).

Aéute application of AP4y; had no effeét on Vp, (n=3 cells; p > 0.05). A
representative experiment indicating no effect of AB4,.; on membrane potential is shown
in Figure 3-10B.

It was of interest to compare the effects of AP ;42 with effects of high K* solution
on depolarization of human microglia. A high K" solution has been shown previously to
induce depolarization of humaﬁ microglia (McLarnon et al., 1999). A representative
* result with application of high extra‘cellular K" (40 mM) to human microglia is presented
in Figure 3-10C. High K' induced a transient depolarization with a AVy, of +33.5 mV
and tin of 33 seé. Overallv, high K" induced a transient depolarization with a AVy, of
+28.3 £ 6.2 mV and t;; of 27 £ 7 sec (n=3 cells). |

Furthermoré, appliéation of either vehicle or bath solution alone did not induce a
signiﬁéant change in Vp, (n = 3 cells; p > 0.05). A representative trace iﬁdicating no

effect of bath solution on membrane potential is shown in Figure 3-10D.
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Figure 3-10. Effects of AB1.42, AB42-1, High Kf and PSS on V; of Human Microglia
Changes in membrane potential (Vm) were recorded with acute application of A)
AB142 (5 pM); B) APy (5 uM); C) 40 mM K solution D) normal bath solution
(PSS). . ‘ ‘
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3.2.5 Effectof ABi42 0n FcyRII Receptor Expression

Since acute A4, induces depolarization of human microglia (Section 3.2.4) and

reports indicate that the Fcy reéeptor is linked to a non-selective cationic channel which -
induces cellular depolarizaﬁon When activated, the effect of AB;42 on Fcy receptbr
.expression and of Fcy receptor inhibition on AP;4, induced depolarization was
i | investjgated.
After 30 min and 48 hr incubation of human microglia- with ABj4, (5 uM), optical
density of cell surface FcyRII was determined using a monoclonal antibody of FcyRIL.
i The effect of ABMZ stimulation on FcyRII expression is presented in Figure 3-11. AP;.4;
significantly upregulated FcyRII expression for both treatment times: by 20% at 30 min

(n=6; p<0.01) and by 36% at 48 hrs (n=6; p< 0.001).
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Figure 3-11. AB;.42-induced expression of FcyRII

The effect 30 min and 48 hrs AP, treatment on FcyRII expression in human
microglia was determined. The optical density of a monoclonal antibody to FcyRII
after both 30 min and 48 hr treatment was measured and normalized to control.
Results are a summary of n=4 independent experiments for 30 min treatment and
n=6 independent experiments for 48 hr treatment. * indicates statistically significant
from control (p<0.01); ** indicates statistically significant from control (p<0.001).
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Voltage clamp studies were also carried out to determine the effects of acute ABI.-
42 on inward currents in human microglia (personal communication with Dr. S. Jeong).
Representative experiments of the effécts of AB14%, ApB42.1 and vehicle on inward currents
in human microglia are shown in Figure 3-12. Application of vehicle had no effects on
inward currents in human microglia (Figure 3-12A). Acute application of AB;4; (5 pM)
led to an immediate transient inward current (Figure 3-12B) which corresponded with the
depolarization observed previously (Figure 3-10A). I next investigated the effect of
FeyRIl inhibition on AB[42 induced inward currents of human microglia. FcyRII
receptors on microglia were inhibited by incubating microglia with FcyRII antibod&
(1:500) for 1hr at 37°C prior to treatment as has been described previously (Mitrasinovic
and Murphy, 2003). Inhibition of the FcyRII antibody for 1 hr prior to AB142 application,
abrogated the induction of an inward current with acute ABMz (Figure 3-12C). These
results would indicate that the inward current induced with acute AB;.4, was mediated by
activation of FcyRIL Aoute application of APs; (5 uM) had no effect on inward
currents in human plicroglia (Figure 3-12D).

The effect of ABi42 to induce an inward current through FcyRII activation was
confirmed using current clamp studies (personal communication with Dr. S. Jeong).
Representative experiments are shown in Figure 3-13. Acute application of ABi42 (5
uM) led to an immediate transient depolarization (Figure 3-13A) as previously shown in
Figure 3-10A followed by a small hyperpolarization indicative of K+ channel activation.
In a separate set of experiments, inhibition of FC'yRII for 1 hr abrogated the effects of

acute AP;42 (5 uM) to induce an immediate transient depolarization of human microglia
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(Figure 3-13B). These results indicate that binding of AB;4; to FcyRII leads to an inward

current, a corresponding cellular depolarization and subsequent K* channel activation.
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Figure 3-12. AP;4; induces an inward current in human microglia mediated by
FcyRII activation.

Representative traces of the effects of acute A) vehicle B) 5 uM AB1.4 C) 5 uM AB,.
42 in the presence of FcyRII inhibition D) 5 uM Af4;.; on inward currents of human
microglia. C) Inhibition of FcyRII inhibition with FcyRII antibody incubation for 1
hr prior to acute AB1.42 (5 pM) application inhibited the AP, induced inward
current (B). A)Vehicle and D) ABy;.; had no effects on inward currents.
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Figure 3-13. The Af;.4-induced transient depolarization of human microglia is
mediated by FcyRII activation o '

B) Inhibition of the FcyRII with an antibody for 1 hr prier to acute application of
AB1.42 (5 uM), prevented the transient depolarization induced with acute AB;4 (A).
These results would indicate that the depolarization induced by acute AP,y is
mediated by FeyRII activation. ' '
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3.3 CONCLUSION

Results from this section show that acute application of AP;.4; induces a non-
inactivating outward K* current via a G- protein. This current is sensitive to 4-AP and
TEA. Methods of molecular biology indicate that the channel activated by AB;.4; is the
delayed rectifier type Kv3.1. Resﬁlts also indicate that acute application of AP results
in transient depolarization of microglia mediated via acti\\/ation of Fcyll receptors. |

Under unstimulated cohditions, rodent (Eder, 1998; Ilschner et al., 1995;
Kettenmann et al., 1990) and human (McLarnon et al., 1999) microglia lack an outward
K" current. This is the first study reporting the upregulation of a rapidly activating, non-
inactivating, outward!y rectifying K* current in human microglia in response to acute
APBi42 (Figure 3-1). This current differs from the transiently inactivating K* current
attributed to activation of the “n-type” K* channel (Kv1.3) with LPS in rodent microglia
(Norenberg et al., 1992; 1993). Expression of Kvl-.3 requires cell exposuré to LPS for
periods in excess of 12 hrs. Effects of A on membrane currents have been reported
previously; howeve'r, treatments with .AB were long-term and carried out using rat
microglia (Chung et al., 2001). Incubation with AB;s.35 or ABy.42 for 12-24 hours led to a

hyperpolarization of cells attributed to upregulation of a Kv current (Kv1.3 and Kvl.5).

Upregulation of K channels in microglia are considered an indicator of cellular

activation (Fischer et al., 1995) and may counteract the depolarizing effects of certain

metabolites present during inflammation (Norenberg et al., 1992; llles et al., 1996).

However, the electrophysiological results in this study indicate that upregulation of a K*




channei in response to acute ABj4; may serve as an early signaling event in the activation
process of human microglia by the peptide. |

Another novel finding from our patch clamp studies was that the intracellular
application of the non-hydrolyzable GTP analogue, GTPyS, induced an outward K*
current.in iluman microglia (Figure 3-5) similar to the outward K current upregulated by
acuté application of APi42 (Figure 3-1). The GTPyS activated outward K' current
displayed similar kinetics of activation (Figure 3-6A), ion‘ selectivity (Figure 3-6B) and
sensitivity to 4-AP (Figure 3-7) and TEA as the AB142-induced outwar.d K" current which
iﬁdicated that APi4; induces an outward K* current via activation of a G protein.
Previous studies have indicated that AP mediates its éffects on microglia by activating a
pertussis toxin sensitive G protein, G; (Lorton et al., 1997; Tiﬁ'any et al., 2001) as well as
other secoﬁd messengers (Combs et al., 1999).. G protein-induced K currents have been

reported previously in other cell types including murine macrophages (McKinney and

’ Gallin,. 1992), T lymphocytes (Schumann and Gardner, 1989) and mast cells (McCloskey

and Cahalan, 1990). Interestingly, the K" current induced by intracellular application of
GTi’yS in macrophages (McKinnéy and Gallin, 1992) was also sensitive to pertussis
toxiﬁ and 4-AP but unaffected by both apamin, an inhibitor of srﬁall conductance calcium
activated K' channels, and charybdotoxin, an inhibitor of large and intermediate
conductance Ca®*-activated K* channels similar to the GTPyS-induced K* current

observed in this study in human microglia. These results could suggest a common G

'protein signaling pathway in the induction of an outward K* current in both human

microglia and murine macrophages.
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In this study, data from the kinetics of activation and rectification indicated that the
channel was a delayed rectifier type of K* channel similar to an LPS-induced delayed
rectifier K™ channel reported previously in rat astrocytes (Bofdey and Sontheimer, 1999).
The transient expression of Kv3.1 channels in response to short incubations with Af;.4;
(10 min .to 0.5 hr) (Figure 3-9) is in agreement with the results from patch clamp studies
indicating upregulation of an outward ,KJ'. current within minutes of acute AB142
application followed by its rundown within 10-15 minutes (Figure 3-1). Pharmacological
~ characterization of the ABMz-induced» outward K" current indicated sensitivity to both 4-
AP (2 mM) (ngure 3-4) and to TEA (10 mM). Previous work has demonstrated Kv3.1
sensitivity to 4-AP and TEA (Grissmer et al., 1994). Previous reports have also indicated
that Kv3.1 mRNA is regulated by basic fibroblast growth factor, depolarization, Ca* aﬁd
cAMP levels (Perney et al., 1992; Gan et al., 1996) and also that increased expression of
Kv3.1 was observed in a subset of proliferating. T lymphocytes (Kv3.1 referred to as
Type ! K™ channel in T lymphocﬁes; Grissmer et al., 1992) in autoimmune diseases
including expeﬁmental allergic encephalomyelitis (EAE) (Chandy et al., 1990) and
arthritis (Grissmer et al., 1990). These reports support the involvement of second
messengers such as a G protein in coupling AP;.4; to an outward K* current and of the
Kv3.1 channel in mediating this current in human microglia. Fulthérmore; the immediate
depolarization and progressive increase in [Ca2+]i with acute AP;4; application in this
study could act as precedents for the rapid induction of Kv3.1 mRNA observed in
microglia.

It is also possible that the rapid induction in Kv3.1 expression within minutes of

incubation with AB;4, and the upregulation of the outward K" current observed within
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minutes of acute application of AP;4; in whole-cell patch clamp experiments are
independent events in microglia. The earliest time point reported for Kv channel protein
translation to occur was 15 minutes (Deutsch, 2002) which is a longer time point than
that required for the outward current to be induced upon acute application of A4
(within 3-4 minutes) in whole-cell patch clamp experiments. The induction of the
outward K" current upon acute.application of A4 within minutes would indicafe that
the channel protein is. either rapidly inserted into the plasma membrane from ihtracellular
vesicles or that the channel is constitutively located in the plasma membrane and is non-
functional but requires phosphorylation by second messengers to be;:ome activated.v The
rapid transcription of Kv3.1 could be a compensatory mechanism to replenish the
intracellular Kv3.1 protein pool needed for induction of an out‘ward K" current induced
with acute ABj.42.

Molecular biology studies indicated basal expression in human microglia of all
delayed rectifiers (Kv1.1, 1.2, 1.3, 1.5, 1.6, 2.1) with the exception of Kv3.i. Treatment
with AB4, did not alter levels of Kv1.1, 1.2, 1.3, 2.1 whereas Kv1.5 and 1.6 decreased as
the incﬁbation period with AP;4; increased. No corresponding delayed rectifier currents,
i.e. tra)msient inactivating K* current typical of Kv1.3 upregulation, were observed in -
unstimulated conditions nor after AB;4, application. This discrepancy between the
presence of K, mRNA under unstimulated and stimulated conditions and the lack of
corresbonding current has been reported previously in microglia (Norenberg et al., 1993;
 Khanna et al,, 2001). This discrepancy was attributed to constitutive transcription and
possible stimulus control of stt-tran:slationalb synthesis of the channel protein,

translocation or insertion of the channel protein into the plasma membrane. In our study,
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microglia expressed mRNA for KVl.s and 1.6, however, expression decreased as AP
incubation time increased. Previous reports have also reported a décrease in Kv1.5
current expréssion as microglia transform from a resting to activated state and proliferate '
(Kotecha and Schlichter, 1999).

Results from this study also indicate that the mechanism through which ABl4z
induces depolarization in microglia (Figure 3-10) is via activation of the FcyRII since

AP14, time-dependently -increased FeyRII expression (Figure 3-11) and inhibition. of

" FeyRII completely abolished the depolarization induced with AB;4, (Figure 3-13). This

was confirmed since acute application of AB4, induced an inward current which was -
inhibited by incubation of microglia with an FcyRII antibody (Figure 3-12). The mean
resting membrane potential of microglia in our study wlas approximately —36 mV whjch’
agrees with previous reports of resting membrane potentials in rodent microglia (Chung
et al., 1998; 2001). This immediate depolarization induced by acute AP;4; through thé
FcyRII receptor could in turn activate Kv3.1 since the immediate transient depolarization
induced with acute application of AB;4, led to an immedi\ate small hyperpolarization of
microglia (Figure 3-13). Kv3.1 has been shown previously to be regulated by cellular
depolarization (Perney et al., 1992). A role of FcyRIl receptor activation in the
upregulation of Kv3.1 is supported from previous studies indicating - that FcyRII
activation leads to pertussis toxin s;ensitive G pfotein activation and subsequent
inﬂathatory mediator production in macrophages (DuBourdieu. and Morgan, 1990;
Bronner et al., 1990). This is also the first study to report the acute action of A4 to

induce a transient depolarization of microglia.
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Chapter 4: MODULATION OF AB;_4-INDUCED INTRACELLULAR
SIGNALING AND FUNCTIONAL RESPONSES OF MICROGLIA BY
4-AMINOPYRIDINE: IN VITRO AND IN VIVO

4.1 RATIONALE

The molecular mechanisms by which microglia become activated and then
mediate inflammatory responses in the CNS remain elusive. The activation process in
microglia has been associated with specific cell signaling pathways and factors including
membrane K current expression (Norenberg et al., 1992; Fischer et al., 1995), altered
calcium homeostasis (Vehratsky et al., 1998), activation of p38 MAP kinase (McDonald
et al., 1998; Pyo et al., 1998) and activation of the transcription factor NFxB (Combs et
al., 2061; Bonaiuto et al., 1997). K channel activation has been shown to have wide
spreéd_ effects on microglial ceﬂ function including proliferation (Schlichter et al., 1996;
Kotecha and Schlichter, 1999), migration (Schilling et al., 2004) and respiratory burst
activity (Khanna et al., 2001). Modulation of the intracellular signaling pathways
associated with microglial activation in response to .inﬂammatory stimuli such as AB
could serve as a rational approach to inhibit inflammation in AD.

4-aminopyridine (4-AP) has been used as a potential thergpeutic in AD due to 1ts
ability to prolong the nerve action potential, enhance calcium influx and consequently
increasing neurotransmitter release (Glover, 1982). AD pathophysiology is associated
with deficits in neﬁrotransmitter systems including the cholinergic, noradrenergic,
serotonergic,'dopaminegic, GABAergic and glutamatergic systems (Nordberg, 1992) and
4-AP has been reported to increase levels of these neurotransmitters in the brain (Tapia
and Sitges, 1982; Dolezal and Tucek, 1983; Hu and Fredholm, 1991; Boireau et al., 1991,

Scheer and Lavoie, 1991; Tapia et al., 1985; Tibbs et al., 1989). 4-AP also possesses
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favourable properties as an AD therapeutic as compared to other non-selective potassium
channel inhibitors such as tetraecthylammonium (TEA) since 4-AP has a rapid onset of
action and the capability to cross the blood brain barrier (Soni and Kam, 1982). Results
from two clinical trials using 4-AP as a putative potentiator of cognitive function in
patients with AD have been published (Wesseling et al., 1984; Davidson et. al., 1988).
One study (Wesseling et al., 1984) reported reduced mental deterioration in patients
receiving 4-AP" whereas a subsequent study (Davidson et al., 1988) reported no
signiﬁcant difforence betWeen patients receiving 4-AP and tliose receiving placebo.
These discrepancies as well as the differences in study design between the two trials
preclild'ed a direct comparison and it was concluded that 4-AP warranted further
evaluation as a potential AD therapeutic (Wiseman and J arvik, 1991).

As results from Chapter 3 indicate, 4-AP inhibits the upregulation of an outward K*
current induced by acute AB;4,. Molecular biology analysis indicated that the underlying
channel is likely Kv3.1. Thus, I have investigated further the potential of 4-AP as a
modulator of AB;4;-induced intracellular signaling pathways and functional responses of
human microglia. In vitro, 1 have studied the effects of AB;4; on intracellular calcium
[Ca®}; and modulation by 4-AP of ABMz-induced [Ca®"); signaling, p38 MAPK and
NFkB activation, the expression and production of pro-inflammatory mediators and
potential neurotoxicity in vitro. In vivo, I have investigated the effects of 4-AP on AB;42-
induced microglial activation and neurotoxicity. The results from this’ stuciy indicate that

4-AP exhibits wide spectrum anti-inflammatory activity both in vitro and in vivo.
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4.2 RESULTS

4.2.1 Effect of ABi4; on Intracellular Calcium of Human Microglia; Inhibition by
4-aminopyridine

4.2.1.1 Effects of AB;4; on [Ca®'];
Calcium spectrofluorometry was used to investigate the effects of ABj4 and of 4-
AP on ABj4z-induced intracellular calcium responses in human microglia. In these

experiments, levels of [Ca2+]i are specified as ratios of 340/380. Baseline calcium levels

ranged from 0.2 to 0.3. In standard physiological solution (PSS), AB142 (5 uM) acutely

applied induced a slow progressive increase in [Ca®'];, to a plateau; a representative result

is shown in Figure 4-1. A peak increase in [Ca®']; of 0.07 was attained within 380 sec (n

= 39 cells) (Figure 4-1). Overall, the mean amplitude of the response was 0.11 + 0.01 (n.

= 98 cells). As shown in Figure 4-1, the replacement of C'azJ.'-PSS with ABj4; in Ca®*-
free-PSS following the plateau inhibited this increase by 96%. Overall, in Ca**-free PSS
the AB;42-induced response was decreased by 93 £ 5 % (n=98 cells). Washout of AB;4.
.with Ca”*-PSS had no effect to alter the plateau level of [Ca®']; inducéd by APi42

indicative that the responses induced by ABi42 were not reversible. Furthermore, acute

application of AB4,-1 (5 pM) (n= 68 cells) or vehicle (n=83 cells) had no effect on [Ca®"];.
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Figure 4-1. Acute application of AB;4; induces a slow, progressive increase in [Caz+]i
Representative trace of the increase in [Ca*']; induced by ABi42 (5 pM) (n=21 cells).

Subsequent application of Ca®" free PSS with Ap1.42 maintained in solution
decreased [Caz+]i to baseline levels.
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The decrease in [C‘a2+]i induced with AB;4, in Ca**-free solution suggests that an
influx pathway mediates the‘incrcase in [Ca’"); with AB,4,. This point was further tested
.with application of AP in Ca>*-free PSS. As shown in Figure 4-2 (n= 23 cells), AB14
induced a negligible transient increase in [Ca2+]i with a peak amplitude of 0.03 and a t;,
of 185 sec. Overall, in Ca® free PSS, AB.42 induced a mean increase in [Ca2+]i of 0.02 +
0.01 and mean t;, of 170 £ 15 sec (n=38 cells). These results indicate that A4, induces

an increase in [Ca”"]; primarily through a Ca>* influx pathway.
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Figure 4-2. In Ca*-free solution, AP;_4; induces a small increase in [Ca2+]i.

The standard PSS solution was first exchanged for Ca**free PSS. A negligible
increase in [Caz+]i was induced by acute application of ABi.42 (5 pM) in Ca* free
PSS (n=23 cells). This representative trace indicates that the increase in [Ca2+]i
induced with AP,y is primarily due to influx of Ca**.
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_ Previous work from this laboratory has reported that microglia do not possess
voltage-gated Ca®" channels (McLarnon et al., 1999) and that fhe major Ca”" influx
pathway in human microglia is store-operated channel (SOC). I investigated the
posstibility that SOC could mediate the entry of Ca® induced. by ABi4; by using
SKF96365, an agent which inhibits SOC in human microglia (Choi et al., 2003) and in
other cells (Li et al, 1999). Upon attainment of a plateau in [CaZ']; with ABj,
application of SKF96365 (50 uM) did not alter [Ca®}; (Figure 4-3; n=23 cells). The
subsequent excﬁange of bath solution to Ca’>*-free PSS caused an immediate decrease of
[Cé”"_li to baseline levels. | Overall, SKF96365, applied at the peak of the response, did
not significantly alter the increase in [Ca2+]i induced by acute AB14> (n=81 cells). This
result would indicate that SOC does not contributé to the influx pathway induced by

acute AP;42 in human microglia.
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Figure 4-3. SKF96365, an inhibitor of SOC, had no effect on the increase in [Ca®";.
A representative trace of the effect of SKF96365 on the increase in [Caz+]i induced
by ABi42 (n=21 cells). Subsequent to the plateau in [Ca®']; induced by acute APi4;
(5 pM) in Ca** PSS, application of SKF96365 (50 uM) had no effect to alter the
increase in [Ca®']; induced by AB;4. Application of Ca®* free PSS reduced [Ca®"];
to baseline. This result would indicate that the Ca*" influx pathway induced by Ap;.
42 was not due to SOC. Note that wash-out of AP did not reduce [Ca®']..
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4.2.1.2 Effects of 4+AP on AP.42-induced Ca” influx pathway

A representative figure (Figure 4-4) demonstrates the effects of 4-AP on the AP
s-induced [Ca®**]; increase. A4, induced a progressive increase in [Ca®*]; withi an
amplitude of 0.06 (mean, n¥26 cells). Application of 4-AP (2 mM) near the peak of thé
response decreased [Ca®']; to baseline levels (Figure 4-4). The effect of 4-AP to decrease .
[Ca’*]; was rapid. Overall, 4-AP inhibited the AB;4,-induced increase in [Ca®'); by 96 +
0.53 % (n = 149 cells). These results may indicate that cellular depolarization mediated
by 4-AP inhibition of voltage-dependent K" channels inhibits influx of Ca2+ induced by
acute AB.4.

As shown in Figure 4-5, La’* (50 uM), an inhibitor of Ca®" permeable channels,
applied at the peak of the AP 4, response inhibited completely the ABj4r-induced Ca®*
increase (n=12 cells). Overall, La*>" inhibited the AB142-induced increase in [Ca2+]i to
baseline levels (n=44 cells). These results would indicate that AP, induces Ca** influx
through a cationic permeable channel which is sensitive to depolarization by agents such

. as 4-AP.
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Figure 4-4. The non-selective K* channel inhibitor, 4-AP, inhibits the AB;_4,-induced
increase in [Ca 1. _

A representative trace of the effect of 4-AP on the Ca®" influx pathway induced by
AB142 (n=26 cells). Subsequent to the slow progressive increase in [Ca *)i induced
by acute AP142 (5 pM) in Ca®" PSS, application of 4-AP (2 mM) rapidly decreased
[Ca®"];i to baseline levels. This result would indicate that the Ca®* influx pathway
induced by AB;.4; is sensitive to depolarization induced by 4-AP.
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Figure 4-5. La*', an inhibitor of Ca®* permeable channels, inhibits the APj.q-
induced increase in [Ca®"].. ‘

A representative trace of the effect of La’* on the Ca® influx pathway induced by
AB142 (n=12 cells). Subsequent to the slow progressive increase in [Ca*]; induced
by acute ABi4z (5 uM) in Ca®" PSS, application of La** (50 uM) decreased [Ca®']; to
baseline levels. This result would indicate that the Ca*" influx pathway induced by

- AB1-42 is mediated through a cationic channel.
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4.2.2 Effects of ABi142 on p38 MAP Kinase and NFxB Activation in Human
Microglia; Attenuation by 4-aminopyridine

Effects of 4-AP on Ay 4r-induced p38 MAP kiﬁase dctivaiion in human microglia

p38 MAP kinase and NFkB activation have been implicatéd in linking of
inflammatory stimuli to functional responses of microglia. Stimuli include LPS and A
which induce secretion of pro-inflammatory factors (Lee et al., 2000; Mchnald et al.,
1998; Combs et al., 2001; Bonaiuto et al., 1997). Increased NFkB and p38 MAPK are
observed in AD brain (Terai et al., 1996; Hensley et al., 1999). 1 have investigated the
effects of 4-AP on p38 MAP kinsase and NFkB using immunocytochemical procedufes
(see methods section 2.4.1).. |

The effecté of 4-AP on Ap,4;-induced p38 MAP kinase activation .in human
microglia are presented in Figure 4-6A. Under basal conditions, low numbers of
positively stained cells for phospﬁo-.p38 MAP kinase were detected. Stimulation with-
APBi42 (5 uM for 30 min) induced an _increased expression of phospho-p38 MAP kinase
in microglia (green), which was blocked if 4-AP (2 mM) was included with ABi.4
treatment. 4-AP itself showed no effect to alter phospho-p38 MAP kinase from control.
Overall, p38 MAP kinase activation was analyzed from n=4 independent experiments.
The results (FiguA.re.4-6A, B) indicate that AP4; significantly increases (by 371%) the
number of cells expressing activated p38 MAP kinase in human microglia (p < 0.001). 4-
AP (2 mM), in the maintained presence of APi.42, resulted in a significant reduction (by
58%) in the number of cells .expressing phospho-p38 MAP kinase as compared to
stimulation with AB;4, alone (p < 0.001). 4-AP (2 mM) and APz (5 pM) did not

significantly alter the basal level of phospho-p38 MAP kinase stained cells (p > 0.05).
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Figure 4-6. Effects of 4-AP on A_4;-induced p38 MAP kinase activation

A) Representative photomicrographs of phosphorylated p38 (phospho-p38) stained
microglia. The green and blue indicate staining for phospho-p38 and DAPI positive
nuclei, respectively. Under control conditions, little or no phospho-p38 expression
was observed. AP;4 (5 pM) treatment of microglia for 30 min induced an intense
expression of phospho-p38. Ap;4 in the maintained presence of 4-AP (2 mM)
inhibited expression of phospho-p38. Application of 4-AP (2 mM) alone had no
effect on phospho-p38 expression. B) The percentage of phospho-p38 positive
microglia relative to total cells are shown. Data are means £ SEM from four
independent experiments. *indicates significance compared with control p < 0.001
and **indicates significance compared with AB; 4 p <0.001. Scale bar =50 pm.
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In.positive control experiments, LPS stimulation of microglia (for 30 min)
resulted in a significant increase in p38 MAPK positive microglia (to 73.7 + 5.8%) from
the number of p38 MAPK positive cells in untreated conditions (control: 3.7 £1.3%; p <
0.001).

Effects of 4-AP on A 4>-induced NF-xB activation in human microglia -

The modulatory actions of 4-AP were also.investigated on A[311.42-induced

activation of the transcription factor, NF-kB. The presence of the active subunit of NF-

kB, p65, was determined using immunocytochemistry. As shown in Figure 4-7A, a low

number of cells express p65 under basal conditions (green). Stimulation with ABi42 (5

uM for 8 hr) increaséd the expression of p65 in microglia which was blocked if 4-AP
(2mM) was included with AB;4; treatment. 4-AP itself showed no effect to alter p65
levels from control. |

Overall, p65 levels were analyzed from n=5 independent experiments. The
results (Figure 4.-7A, B) indicate that A4, induces a significant increase (by 493%) in
p65 expressing cells (p < 0.01). 4-AP in the maintained presence of AP4; significantly
decreased (by '60%) the number of cells expressing p65 (p < 0.01). 4-AP (2 mM) alone
induced an increase in p65 positive cells, however, the increase was not significant (p >
0.05). APs2-1 did not alter basal levels of p65 expressing cells (p > 0.05).

In positive control experiments, LPS stimulation of microglia (12 hrs)
resulted in a significant increase in p65 positive microglia (to 27 * 2.9%) from the

number of p65 positive cells in untreated conditions (control: 0.3 £ 0.1%; p <0.001).
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Figure 4-7. Effects of 4-AP on Ap;.4;-induced NFxB activation

A) Representative photomicrographs of p65 (the active subunit of NFxB) stained
microglia. The green and blue indicate staining for p6S and DAPI positive nuclei,
respectively. Under control conditions, little or no p65S expression was observed.
AB142 (5 pM) treatment of microglia for 8 hrs induced an intense expression of p6S.
APBj142 in the maintained presence of 4-AP (2 mM) inhibited expression of p6S5.
Application of 4-AP (2 mM) alone had no effect on p65 expression. B) The
percentage of p65 positive microglia relative to total cells are shown. Data are
means + SEM from five independent experiments. *indicates significance compared
with control and **indicates significance compared with AB;4; p < 0.01. Scale bar
=50 pm
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4.2.3 Effects of A[}Qz on Expressioh of Pro-Inflammatory Mediators; Attenuation
by 4-aminopyridine

.Microglia are a major source of pro-inflammatory mediators. In this study, I
examined the effects of 4-AP on APj42-induced expression of tﬁe pro-inflammatory
cytokines (IL-1B, IL-6, TNF-o), chemokine (CXCLS (IL-8)) and inducible enzyme
COX-2. Results from a representative experiment are shown in Figure 4-8A. Overall,
microglia express CXCL8 (IL-8) constitutively under unstimulafed conditions, whereas
IL-1B, IL-6, TNF-o and COX-2 were not expressed. After 8 hr incubation with 5 M
ABi142, increased expression of all pro-inflammatory mediators was observed. In the
presence of APi4, 4-AP (2 mM) decreased the expression of all pro-inflammatory
mediators. 4-AP alone had littlé or no effect on expressions of pro-inflammatory
mediators. APsa (5 uM) was ineffective to alter expression of pro-inflammatory
mediators from control.

Densitometry analysis of PCR product band intensiti‘_es showed that 4-AP reduces
ABj42-induced pro-inflammatory mediator expression. A summary of relative mRNA
levels of inflammatory mediators induced with AB,42, 4-AP and of ABj4; + 4-AP is
shown in Figure 4-8B (n=7 experiments). Overall, A4, (5 uM) significantly increased
relative mRNA levels of all pro-inflammatory mediators (* indicates p < 0.05). AB;4, in
the presence of 4-AP led to a significant decrease in pro-inﬂammatoiy mediator

expression relative to AB;.4; stimulated levels (** indicates p < 0.05). Stimulation with

. 4-AP alone led to a small increase in levels of pro-inflammatory mediators relative to

control, however, the increases were not significant (p > 0.05). Fold increases in relative

pro-inflammatory mediator mRNA induced by APj4z, 4-AP, AB4, + 4-AP, and AB4p.s
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compared to control are summarized in Table 4-1. Overall, AB14, increased i:he
expression of pro-inﬂammatory mediafors (relétive to control) by (x fold increase): IL-
1B: 3.8; IL-6: 6.8; CXCL8 (IL-8): 1.8; TNF-(x:‘ 3.6; COX-2: 2.9. 4-AP alone increased
the expression of pro-inflammatory mediators (relative to control) by (x fold increase):
IL-1B: 1.3; IL-6: 1.5; CXCLS8 (IL-8): 1.1; TNF-a: 1.5; COX-2: 1.5. InhibitionvofABMT
induced expression of pro-inflammatory mediators by 4-AP was (x fold decrease): IL-1 B:.

0.56; IL-6: 0.60; CXCL8 (IL-8): 0.65; TNF-a.: 0161; COX-2: 0.51. A4z did not alter

relative mRNA levels of pro-inflammatory mediators from control (p > 0.05).
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Figure 4-8. Effects of 4-AP on Ap;.4-induced expression of pro-inflammatory
mediators

IL-1p

Effects of APj42 and of AB;4; in the presence of 4-AP on the expression of pro-
inflammatory mediators by human microglia using semiquantitative RT-PCR.
Expression of (A) TNF-a, IL-6, IL-1p, CXCLS8 (IL-8) and COX-2 were examined in
microglia incubated for 8 hrs with AB;4,, 4-AP, AB1.4; in the combined presence of
4-AP, or with medium alone. Stimulation of microglia with AB4; (5 pM) alone
served as a control experiment. The results shown are a representative of seven
independent experiments. The expression of G3PDH served as a reaction standard.
B) Summary of relative mRNA levels of inflammatory mediators induced by AB.42,
4-AP and combined AP;4; and 4-AP. Results are expressed as mean + SEM from
n=7 independent experiments. One-way ANOVA and Newman-Keuls multiple
comparison post-test was performed to evaluate statistical significance (p < 0.05)
(‘indicates statistically significant from control; ** indicates statistically significant
from A4, stimulated levels).
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Table 4-1. Fold increases in relative pro-inflammatory mediator mRNA induced by

APBi142, 4-AP, AB1.42 + 4-AP, and AP42 compared to relative mRNA in control using
semiquantitative RT-PCR

AB142 AB142 +4-AP 4-AP AB42
IL-1p 3.8+ 2.0 1.3 1.2
IL-6 6.8%* 4.2%* 1.5 14
CXCLS (IL-8) 1.8 12 11 1.1
| TNF-a 3.6 2.2* 1.5 1.4
COX-2 2.9% 15 1.5 1.3

* p< 0.05; **p<0.01
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4.2.4 Effects of ABi42 on Production of Pro-Inflammatory Mediators; Attenuation
by 4-aminopyridine '

I next investigated the effects of AB;4; exposure on microglial production of
inflammatory factors and actions of 4-AP to modulate the effects of Ap on production of
these inflammatory factors. The production of TNF-qa, IL-6, IL-1p and CXCLS8 (IL-8)
were investigated after 48 hrs stimulatién with A4, in the presence and absence of 4-
AP (2 mM) using ELISA. 48 hrs was chosen as the optimum time point to determine the
modulatory actions of 4-AP on cy"tokine production using ELISA since protein levels
continued to accumulate through 48 hrs and incuBations with AP;4, for periods longer
than 24hrs could induce both direct and indirect effects of the peptide (Walker et al.,
2001). A summary of results is presented in Figure 4-9. 'AB142 increased secretion of
TNF-o (by 2.3 fold; n=4 indepéndent'experiments) (Figure 4-9A); IL-6 (by 46 fold; n=3
independent experiments) (Figure | 4-9Bv); IL-1p (by 1.9 fold; n=6 independent
experiments) (Figure 4-9C); CXCLS8 (IL-8) (by 4.5 fold; n=4 independent experiments)
(Figufe 4-9D) and compared to basal levels in human microglia; all increases were
significant (p <0.001). |

ABi42 in the maintained presence of 4-AP (2 mM) deéreased levels of TNF-a (by
46%); IL-6 (by 73%); IL-1B (by 26%); CXCLS (IL¥8) (by 47%) as compared to A4z
alone; all decreases were significant (p < 0.001). The changes in levels of pro-
inflammatory mediators »induced with 4-AP and A4z each alone were not significantly
different from basal levels (p > 0.05). A summary of fold increases in pro-inflammatory
mediator production induced by AP;4, 4-AP and AP;4 in the present of 4-AP as

compared to levels in control is presented in Table 4-2.
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Figure 4-9. Effects of 4-AP on Ap;4-induced pro-inflammatory mediator
production.

Effects of APi4, 4-AP and AP,4 in the maintained presence of 4-AP on pro-
inflammatory cytokine secretion by human microglia using ELISA. Data are mean
+ SEM of four independent experiments for (A) TNF-o; three independent
experiments for (B) IL-6; six independent experiments for (C) IL-1B and four
independent experiments for (D) CXCLS8 (IL-8), each performed in duplicate.
Human microglia were exposed to either medium alone, AB;42 (5 pM), 4-AP (2
mM), AB1.42 in the presence of 4-AP or AP, for 48 hrs. One-way ANOVA and
Newman-Keuls multiple comparison post-test was performed to evaluate statistical
significance (p < 0.001) (‘indicates statistical significance from control; **indicates
statistical significance from AP;4; stimulated levels).
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Table 4-2. Fold increases in pro-inflammatory mediator production induced by AB;.
42, 4-AP, AB1.42 + 4-AP and AB4; jcompared to levels in control

APBi42 4-AP AB142+4-AP ABa2
IL-1B 1.9%** 0.90 1.4%* 1.0
IL-6 ‘ 46*** 2.9 13%* 1.2
CXCLS (IL-8) 4.5"""".= 0.95 2.4 1.4
TNF-o, 2.3¢** 0;48 1.2 0.86

*p <0.05; **p <0.01; ***p < 0.001

132




The productiqn_ of COX-2 was determined using immunocytochemistry and
representative results are presented in Figure 4-10A. Stimulation with ABQZ (5§ uM for
24 brs) induced an increase in the number of COX-2 positive microglia (green) from
control which was blocked with 4-AP (2 mM) in the maintained presence of AP;42. 4-
AP and AB42;1 each alone had no éffec;t to alter COX-2 levels from coptrol.

Overall, results of thé effects of AB;42 and of AB,4; on COX-2 expression were
determined from n=6 independent experiments. APi4, significantly increased the
percentage of microglia expressing COX-2 by 5.1 fold from contfoi levels (p < 0.001) |
(Fig. 4B). 4-AP (2 mM) in the maintained presence of ABi4; significantly decreased (by
0.43 f(;ld) the percentége of COX-2 expressing cells (p <0.01). 4-AP (2 mM) and A4
(5 uM) each alone induced an increase in the 'percentage of COX-2 positive microglia
compared to unstimulated conditions, however,' the increases \;vere not significant (p >
0.05). |

In pbsitive control experjments, stimulation of microglia with LPS (for 12 hr)'
resulted in a significant increase (by 54 fold) in COX-2 positive cells from untreated

conditions (n=3 independent experiments; p < 0.001).
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Figure 4-10. Effects of 4-AP on A 4;-induced COX-2 expressing microglia

A) Representative photomicrographs of COX-2 positively stained microglia. The
green and blue indicate staining for COX-2 and DAPI positive nuclei, respectively.
Under control conditions, little or no COX-2 expression was evident. Treatment of
microglia for 24 hrs with AB;4; (5 pM) induced an intense expression of COX-2.
AB142 in the presence of 4-AP treatment inhibited production of COX-2. 4-AP alone
had no effect on basal levels of COX-2 production. B) The percentage of COX-2
positive microglia relative to total cells are shown under the different experimental
conditions. Data are means £ SEM from six independent experiments. * indicates
significance compared to control (p < 0.001) and **denotes significance compared to
ABi42 (p <0.01). Scale bar =50 pm.
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4.2.5 Effects of APB;4; on microglial mediated pnmary hlppocampal neuronal
toxicity; inhibition by 4-aminiopyridine

An important study in my research program was to investigate AP, stimulated
microglia as a possible source of neurotoxicity both in the presence and absence of 4-AP.
The strategy used to investigafe microglial mediated neurotoxicity has been described in
Chapter 2 (Section 2.9) and is presented in Figure 4-11A. Briefly, the supernatant of
human microglia stimulated with AB;.4», in the presence aﬁd absence of 4-AP (2 mM),'
for 48 hr (conditioned medium) was transferred to primary rat hippocampal neuronal .
cultures. Following 16 hr incubation with microglial conditioned media, neurons were
stained with DAPI and the number of neurons with condensed nuclei were counted.
Controls consisted of stimulating neurons with medium lacking microglia (unconditioned
medium). As shown in Figure 4-11B, incubation of neurons with medium from AP
stimulated microglia resulted in increased numbers of neurons with condensed nuclei
(bright fluorescent nuclei) and 4-AP (2 mM) in the maintained presence of AP;4;
decreased micrdglial mediéted neurotoxicity. 4-AP had no effect to alter basal levels of
neuronal death or with APB4;.;. Stimuli alone ‘(unconditione,d medium) had no effect on
neuronal viability.

Overall, neuronal toxicity from microglial conditioned medium and
unconditioned medium was obtained from n=5 independent experiments. The percentage
neurotoxicity‘ induced by microglial conditioned medium (from microglia stimulated for
48 hrs with APi4y, 4-AP, AP4.1, and AB;4, in the presence of 4-AP) as well as with .
unconditioned medium have been summarized in Figure 4-11C. Incubation of neurons

with the supernatant of ABj-stimulated microglia induced a significant increase (by
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232%) in the number of neurons with condensed nuclei as compared to levels induced by
unstimulated microglia (p < 0.001). 4-AP significantly reduced the amount of ABl-42-
induced  microglial neurotoxicity by 54% p < 0.001).' Conditioned medium from
microglia treated with 4-AP and AP4;.; each sepé.rately increased the level of neuronal
death by 9% and 14% respectively as compared to basal levels, however, the increases
were not significant (p > 0.05). Treatnient of neurons with medium from unstimulated
microglia did not alter the basal level of neuronal damage (p > 0.05).

Incubation of neurons for 16 hrs with unconditioned medium containing A ;42 (5
uM) alone and in the presence.of 4-AP (2 mM), 4-AP along and A4z (5 pM) did not

alter the basal percentage of neuronal damage (p > 0.05).
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Figure 4-11. Effects of microglial conditioned medium from microglia stimulated
with AP;.42, 4-AP each alone or in combination on neuronal survival.

A) Strategy used to investigate microglial mediated neurotoxicity (taken from
Figure 2-4) B) Representative photomicrographs of neurons treated with microglial
conditioned medium. Condensed and fragmeneted nuclei were considered damaged
Scale bar = 50 pm C) Summary of microglial mediated neurotoxicity
results from n=5 independent experiments. * indicates statistically significant from
medium of unstimulated microglia (p<0.001); ** indicates statistically significant
from conditioned medium of AfB;4; stimulated microglia (p<0.001).

neurons.
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4.2.6 In vivo effect of 4-aminopyridine on Ap;4;-induced neurotoxicity and
microglial activation '

An important aspect bof my work was to determine the anti-inflammatory potential
and neuroprotective actions of 4-AP in vivo. This was doné by microinjection of AB;42
(1 nmol) into the dentate gyrus of rat hippocampus and at 7 days post-injection, both
microglial activation and neuronal toxicity was determined (refer to Methods section
2.10). The effects of 4-AP were investigated in rats administered 4-AP (1 mg/kg) i.p.

daily for 7 days.

4.2.6.1 ‘4-AP reduces Afq4>-induced neurofoxicity in vivo

I examined the effect of 4-AP on APj4>—induced neuronal toxicity in vivo using
NeuN , a marker of viable neurons. Representative NeulN positive staining résults from
AP;.42 injection into the dentate granule cell layer of rat hippc;campus, in the ébsence and
presence of 1 mg/kg 4-AP, are presented in Figure 4-12A-D.

- Loss of NeuN positive granule neurons was evident at 7 days post AB;4; injection
(Figure 4-12B) cbmpared to vehicle (Figure 4-12A). As shown in Figure 4-12C, 4-AP
was effective in pfotecting neurons from AP;4;-induced damage. Little or no loss of
neurons was observed with 4-AP alone (Figure 4-12D) or with A4, alone.

| Overall, at 7 days after AP,4; injection, the number of NeuN positive neurons in
the superior blade of dentate granule cell layer decreased by 18% compared to vehicle
(Figure 4-12E; p < 0.05). Treatment with 4-AP reduced’the neurotoxic effect of AP 42
since the.number of NeuN positive cells was significantly increased by 16 % in A4

~ injected brain administered 4-AP relative to the number of NeuN positive cells in
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peptide-injected brain (p < 0.05). No significant neuronal loss was observed in ABa;.1-

injected or 4-AP treated rat brain (Figure 4-12E; p>0.05).
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Figure 4-12. Effects of 4-AP on AB;.4;-induced hippocampal neuron degeneration in
vivo

Representative photographs of tissue sections stained with NeuN antibody from
superior blade of dentate granule cell layer taken from A) vehicle injected rats and
rats treated with B) AP;.4; (1 nmol), C) AB;4: plus 4-AP (1 mg/kg i.p.) and (D) 4-AP
seven days after injection. (E) Quantification of the effects of AP;4; and of AB;4; in
the presence of 4-AP on NeuN positive neurons. Data are mean + SEM (n =
4/group). * p < 0.05 vs control; ** p <0.05 vs AB;42. Scale bar =50 pm.
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4.2.6.2 4-AP reduces AP;.42-induced microglial activation in vivo

I next examined the effect of 4-AP on Af;.4,-induced microglial responses in vivo
using ED1, a marker of rﬁicroglial activation. Répresentativé EDI1 posiﬁve staining
results from A4 injection into the dentate granule cell layer of rat hippocampus, in the
absence and presence of 1 mg/kg 4-AP, are presented in Figure 4-13A-D.

Numbers of EDI positive microglia (Figure 4-13B) were considerably increased
with peptide rélative to vehicle (Figure 4-13A). 4-AP treatment attenuated the number of
activated microglia in AB14, injected rat brain (Fig. 4-13C). Injection of 4-AP alone had
no effect on numbers of activated microglia (Fig. 4-13D). Ap42-.; had a small effect to
increase the numbers of ED1 positive cells ‘(Fig. 4-13E).

Overall, in AP;4>-injected brain, the numbers of microglia were significantly

increased by 18-fold compared to vehicle (Fig. 4-13F; p < 0.05). In AB;4>-injected brain,

administration of 4-AP resulted in a significant reduction in the number of ED1 positive
microglia (by 68%) relative to numbers of microglia with AP142 (Fig. 4-13F; p < 0.05).
No significant increase in the number of ED1 positive microglia was found in 4-AP
treated brain compared to vehicle (Fig. 4-13F; p > 0.05). AP4y.1 injection resulted in
increased ED1 positive microglia compared to vehicle, however, the increase was not
significant (Fig. 4-13F ; p>0.05).

The above results in vivo indicate that 4-AP is neuroprotective in AB1_42-injectéd

brain and reduces the number of activated microglia inducedby AB 142
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Figure 4-13. In Vivo effects of 4-AP on A;.4:-induced microglial activation
Representative photographs of tissue sections stained with ED1 from superior blade
of dentate granule cell layer taken from A) vehicle injected rats and rats treated
with (B) ABi42 (1 nmol) (C) ABi42 plus 4-AP (1 mg/kg), (D) 4-AP or E) ABs (1
nmol) at seven days post-injection. F) Quantification of the effects of AP, 4, 4-AP
and of AB;42 in the presence of 4-AP on ED1 positive microglia. Data are mean +
SEM (n = 4/group). * p < 0.05 vs control. ** p < 0.05 vs AB;42. Scale bar =50 pm
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4.3 CONCLUSION

My results show, 4-AP in both in vivo and in vitro assays, modulates APj4a-
induced microglial activation and subsequent functional responses including neuronal
toxicity. Administratioh of 4-AP reduced AP;4> mediated neurotoxicity and microglial
activation in vivo (Figure 4-12; 4-13). In vitro, the results suggest‘ that a possible
mechanism through which 4-AP reduces neui'onal toxicity is via effécts on APj4-
stimulated microglia (Figure 4-11). Acute application of A4, induced an increase in
intracellular calcium [Ca®']; through a Ca** influx pathway which was inhibited by 4-AP
(F igl.lre 4—4). In longer-term studies7 4-AP also inhibited AB;.4;-induced aétivation of p38
MAP ﬁn%e (Figure 4-6) and NFxB activation (Figme 4-7) in .human\ microglia.
Furthermore, 4-AP inhibited AB;4;-induced functional responses of human microglia
including the expression (Figure 4-8) and production of pro-inflammatory cytokines (IL-
1B, IL-6, .TNF-oc), the chemokine CXCL8 (IL-8) (Figure 4-9) and inducible enzyme
COX-2 (Figure 4-10). A summary of the effects of 4-Af’ on AP induced intracellular

signaling and functional responses in human microglia is shown in Figure 4-14.
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Figure 4-14. Summary of the effects of 4-AP on Ap;4-induced intracellular
signaling and functional responses in human microglia in this study.
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Administration of 4-AP markedly decreased AP;42-induced hippocampal neuronal
cell death in vivo (Figure 4-12). To my knéwledge this study is the first to report
therapeutic effects of 4-AP towards AB;42-induced neurotoxicity in vivo. My results also
show significant effects of 4-AP to reduce microgliosis in peptide-injected rat brain
(Figure 4-13). The in vitro neuroprotection study (Figure 4-11) provided a clear
indication that the presence of microglia is essential for AP;4;-induced neurotoxici'ty
since APj4; directly did not induce killing of neurons. Rather, the addition of
conditioned medium from AP,.4-stimulated microglia induced significant killing of
neurons (Figure 4-11) and further, the neuroprotegtive effects of 4-AP were clearly
induced by the inhibition of ‘Af;4r-stimulated microglia. These results support the
findings that AB4 aloné is not neurotoxic but rather that microglia may play a role in
inflammation-mediated neurodegeneration in AD (McDonald et al., 1997; Minghetti et
al., 1998). Specifically, microglial activation has been associated with neurodegeneration
through the production of neurotoxic factors such as pro-inflammatory cytokines, NO,
superdxide anion (McDonald et al., 1997; Griffin et él., 1998; Combs et al., 1999, 2000) .
and an unidentified neurotoxin (Giulian et al., 1995). In this study, AP;4; caused
microglial activation both in vivo (Figure 4-13) and in vitro (Figure 4-1; 4-6; 4-7) and
also caused a significant increase in the | production of pro-inflammatory mediators
(Figure 4-9; 4-10); 4-AP inhibited these stimulatory effects of AB;4, in human microglia.

These results would suggest that 4-AP is exerting its neuroprotective effects by

deactivating microglia and subsequently inhibiting Api4-induced production of pro-

inflammatory mediators (Figure 4-9; 4-10) and other potentially unknown neurotoxic

factors thereby reducing neurotoxicity (Figure 4-11).
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Ca®" ions play a central role in several cellular functions including regulation of
cell volume, cell motility and serves as a svignal transducﬁon element to activate other
membrane ion channels (e.g., Ca**-activated K* and CI channels) and tfansporters. The
inhibitory effects of 4-AP on the Ap;.4>-induced Ca®" influx pathway indicates that this
influx pathway is sensitive to changes in membrane potential (Figure 4-4). Time frames
for acute effects of AB142 on membrane currents (Chapter 3) and intracellular Ca®*
should not be taken as written. The sequence of events occurring in these studies upon
binding of APi42 to a receptor, likely FcyRIl, is depolarization, subsequent activation of a
K" channel, likely Kv3.1 (as described in Chapter 3) which in tum increases the driving
force for Ca®" influx leading to the subsequent slow progressive increase in [Ca’'l;.
Inhibition of this K* channel with 4-AP reduces this driving force for Ca®* to enter the
cell leading to a subsequent degréase in [Ca®"];. The major influx pathway in microglia is
store-operated (SOC) since microglia do not possess voltage-gated Ca®* channels
(McLarnon et al., 1999). Since the SOC inhibitor SKF96365 had no effect on the ABj42r
induced increase in [Ca®'];, these results would indicate that the Ca®* influx pathway
induced by Af;42 in human microglia was not SOC inediated. The inhibition of the AB;.
s-induced increase in [Ca®']; by La** would suggest that the AP,4; effect was mediated
through a non-specific cation permeable channel however, the specific identity of the
pathway remains unknown. The Ca’" increase could» be mediated by FcyRII receptor
activation since the FcyRII receptor is coupled to a non-selective cationic channel Which |
would allow Ca’" into the cell once activated. AP has been shown to activate a G
protein-coupled extracellular calcium-sensing receptor (CaR) in neuroﬁs which stimulafes

a Ca**-permeable, non-selective cation channel leading to increasing [Ca®]; (Ye et al.,
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1997). A CaR has been identified in rat microglia (Chattopadhyay et al., 1999) and thus,
ABI;;Z may be acting on a CaR in human microglia resulting in an increase in [Ca®™"};.
Interestingly, a similar unidentified Ca®* influx path'way to thét induced with ABMé in
this study has been reported previously in human microglia in response to acute IFN-y
- (Franciosi et al., 2002). »La3+ had a similar slow inhibitory effect on the increase in
[Ca?*]; with acute IFN -y as it did on the [Ca2+]i increase with acute A4, reported in this
study. The immediate inhibition of the ABl42-induéed Ca** entry pafhway by 4-AP
(Figure 4-4) indicates that membrane depolarization inhibits this influx pathway. It could
also indicate that 4-AP is exerting effects other than non-selectively blocking K* channels
such as inhibiting non-specific cation permeable channels or activating Ca>* extrusion
mechanisms such as the PMCA. In contrast to our ﬁndings, 4-AP has been shown to
increase [Ca®'; in other cells including astrocytes, (Grimaldi et al., 2001) and monocytes
(Lajdéva et al., 2004) which would indicate that the effecf of 4-AP on [Ca2+]i differs
between‘ cell types studied. Ap-induced increases in [Ca®'); have been -reported
previously in microglia (Silei et al., 1999; Korotzer et al., 1995).

4-AP also inhibited Af;4; éctivation of the SER-kinase, p38 MAP kinase, in
human microglia (Figure 4-6). AP has been shown previously to induce pro-
inflammatory effects in microglia via activation of p38 MAP kinase (McDonald et él.,
1998; Pyo et al., 1998; Kim et al., 2004) and inhibition of p38 MAP Kkinase resulted in
decreased microglial inflammatory reactions and subsequent neurodegeneration
(Giovannini et al., 2002) similar to the results of this study. The activation of p38 MAP
kinase leads to the phosphorylation of a multitude of downstream kinases and

transcription factors, regulates mRNA stability of pro-inflammatory cytokines such as
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TNF-a, and influences chromatin accessibility to transcription factors such as NF-«xB
(Koistinaho and Koistinaho, 2002). Therefore, altered p38 MAP kinase activation may
provoke altered signaling pathways downstream of the kinase. Previous work has shown
that delayed rectifier K* currents are. inhibitéd by p38 MAP kinase in microglia and
attributed this inhibition by p38 MAP kinase as the mechanism by which delayed rectifier
curfents are time-limited (Schilling and Eder, 2003). Therefore, the increase in
phosphorylated p38 MAP kinase observed with AB;4, may play a role in the
downregulating the outward K" current induced with ABMz in hﬁman microglia (Chapter
3) and a similar time .course-oflp38 MAP kinase activation by AB;4> (10-30 minutes) and
downregulation of the outward K" current (Chapter 3) was observed in this study'(with‘in
10-15 minutes). In a separate study, inhibition of stress-induced K" channel activity by
4-AP in a myelocytic leukemic cell line resulted in decreased p38 MAPK
phosphorylation (Gao et al.,, 2004). It was suggested that inhibition of K™ channel
activity by 4-AP resulted in decreased cell volume and subsequent inhibition of MAPK
translocation at thev centrosome, the major microtubule organization center of the cell.
This reduction in K channel activity, alteration in cytoskeletal proteins and subsequent
inhibition of p38 MAP kinase translocation may be the mechanism through which 4-AP
inhibits p38 MAP kinase activation in human microglia. The inhibition of the AB;4,-
induced increase in phosphdrylated p38 MAP kinase b-y 4-AP may also be due to the
reduction by 4-AP in [Ca®]; levels induced by ABi42, however, studies have indicated
that calcium is not a requirement for phosphorylation of p38 but.rather plays a role
downstream of MAP kinases in mediating pro-inflammatory mediator release (Hide et

al., 2000).
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The transcription factor NF-xB is one of the key molecules in the process of

~ microglial activation on which several signaling pathways elicited by pro-inflammatory

stimuli, converge (O’Neill and Kaltschmidt, 1997). NF-kB has been implicated in the
transcription of numerous genes in microglia including the pro-inﬂgmmatory factors
expressed by AB 42 stimulated microglia in this study: TNF-a, IL-1B, IL-6 (Combs et al.,
2001; Kang'et al., 2001; Heyen et él., 2000), the chemokine CXCLS8 (IL-8) (Ehrlich et al.,
1998) and COX-2 (Egger et al., 2003). In unstimulated cells, NF-xB exists in a latent
form' complexed with an inhibitory protein of the IkB family. Upon activation, IkB

proteins are targeted for degradation, thus allowing the translocation of the active subunit

~of NF-xB (p65/p50) to the nucleus and the transcription of target genes. Our results

indicate that AP, increases the percentage of microglia expressing the p65 subunit of
NF«B and that 4-AP inhibits this effect of AB;42 on NFkB (Figure 4-7). ABQZ has beeﬁ
shown previously to activate NFxB in microglia (Bonaiuto et al., 1997). ’I'his is the first
study demonstrating the modulatory effects of 4-AP on NF-xB activation. It has been
shown previously that NFkB activation is involved in the upregulatién of an outward K*
currérﬁ in microglia since addition of a selective NF-«B inhibitor in the /presence of a
viral protein resulted in complete inhibition of the outward K" current (Visentin et al.,-
2001). A possible mechanism for 4-AP mediated inhibition of Af;.4;-induced NF-xB
activation is‘through the reduction in the upstream signaling factor p38 MAPK (Figure 4-
6) since p38 MAPK may. control NF-kB transactivation (Vanden Berghe et al., 1998;

Madrid et al., 2001).
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As expected, the inhibitory effects of 4-AP on AP,r-induced NF-xB activation
had subsequent inhibitory effects downstream to NF-B in the AP signaling pathway
in human miciroglia. The AP;42-induced gene expression of pro-inflammatory cytokines
(IL-1B, 1IL-6, TNF-a), chemokiné CXCLS8 (IL-8) and inducible enzyme COX-2 (Figure
4-8) and production (Figure 4-9; 4-10) of these factors were inhibited by 4-AP. APy
has been shown previously to stimulate the expression of pro-inflammatory mediators in
human microglia (Lue et al.v, 2001a). A previous report indicated that 4-AP inhibited
LPS-induced production of IL-1f in rat microglia (Caggiano and. Kraig, 1998). The
inhibitory effect of 4-AP was attributed to the inability of the cell to compensate the LPS-
induced cellular depolarization in the presence of 4-AP. The neuroprotective properties
of 4-AP in viro (Figure 4-11) are consistent w1th0 actions to inhibit Af;4-induced
expression and production of pro-inﬂairimatory mediators by nﬁéroglia. Since 4-AP was
also able to reduce productipn of pro-inflammatory cytokines, CXCL8 (IL-8) and CQX—Z
(Figure 4-9; 10), it is possible that 4-AP blocks other microglial secretory products
involved in neurodegeneration.

_ | Interestingly, our results in vivo iildicated that the administration of 1.0 mg/kg 4-
AP was neuroprotective in AP;4; injected rat brain (Figure 4-12). In a previous study
examining the effects of 4-AP on memory perforinance in rats, lower concentrations of 4-
AP (0.10-1.0 mg/kg) led to enhanced performance (Haroutunian et al., 1985).
Administration of 1 mg/kg 4-AP is estimated to give a cerebrospinal fluid concentration
of ~2-20 pM, falling to ~1 pM after 10-30 minutes (Lemeignan et al., 1984; Jankowska
et al., 1.982). The concentration of 4-AP which was effective in vifro in blocking

microglial-induced intracellular signaling and functional responses: including
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neurotoxicity in this study was in the mM range (~1000 fold higher than that used in
v?'vo). This discrepancy between the concentration uséd in vitro and dose administered in
vivo is due to the narrow therapeutic window of 4-AP. The maximum tolerable CSF.
concentration in humans is ~5 pM (Felts and Smith, 1994). The difficulty in
adminjste_ring higher concentrations of 4-AP in vivo is due its side effects since numerous
types of K" channels are present in the CNS, each with differing sensitivities to 4-AP.

The inhibition of microglial mediated neurotoxicity by 4-AP would indicate that
the K* channel K§3.1 induced by ABM; in human microglia (Chapter 3) is involved in
mediating microglial neurotoxicity. K* channels in microglia are believed to participate
in K" homeostasis and may play a role in cell proliferation/cell differentiation. In
particular, 4-AP was shown to inhibit microglial proliferation (Kotecha and Schlichter,
1999). 4-AP non-selectively inhibits different voltage-gated K channels directly
regulating rﬁembréme potential and cell volume. Butv 4-AP may also act indirectly by
affecting ion transporf through other channéls, éxchangers, and pumps. Our results
demonstrate that K* channels, [Ca®];, p38 MAPK and NF-kB are pivotal signaling
proteins/molecules to transduce AP;4» actions in mfcroglii As the results from this
study indicate, 4-AP not only hﬂﬁbits the K* channel induced by ABMQ (Chapter 3) but
as a consequence of this chér}ge in membrane ‘potential, alters the phosphorylation of
kinases and factors involved in gene transcription, subsequent gene expression and
production of inflammatory products in human microglia. These results would indicate |
that these signaling molecules are somewhat integrated with each other. Moreover, the
reciprocal cross-amplification or inhibition between mediators also implies the

physiological significance of these signaling factors in the progress of inflammation.
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Our principal result in this work is the finding that block of a K” channel (likely
Kv3.1) is a putative strategy to reduce AB-induced inflammation. The présent data
suggests some degree of clinical efficacy for 4-AP in AD since the agent is permeable to

the BBB. However, a major problem in the use of this agent clinically is that it has non-

selective actions on other K* channels which can cause unwanted side effects..

Development of a compound with specificity to block Kv3.1 could serve as a rational

strategy to reduce inflammation and slow the progression of the pathology in AD.
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Chapter 5: CXCLS8 (IL-8) POTENTIATION OF AB1.42-INDUCED FUNCTIONAL
RESPONSES OF HUMAN MICROGLIA

51 RATIONALE
The chemokine CXCLS8 (IL-8) plays an important role in inflammation. _CXCL8
(IL-8) is an autocrine agent for microglia inducing chemotaxis of these cells to sites of
injury (Cross and Woodroofe, 1999). This chemokine is also released by microglia
(Ehrlich et al., 1998) activated by stimuli such as Ap (Nagai et al., 2001). Importantly,
| elevated levels of CXCLS8 (IL-8) (Galimberti et al., 2003) and CXCL8 (IL-8) receptors.
(Xia et al.,, 1997) have been detécted in AD brain. In a detailed analysis of gene
expression profiling of ABI-42 stimulated post-mortem adult vhuman microglia isolated
from non-demented individuals, CXCLS (IL-8) was observed to be strongly upregulated
(Walker et al., 2001). These results suggest that CXCLS8 (IL-8) may play a role in the
network of inflammatory responses which contribute to the pathogenesis of AD.

In the present study, I have investigated the effects of CXCL8 (IL-8) on AB;42-
induced expression of the pro-inflammatory cytokines TNF-a, IL-1B, IL-6, the
inﬂatﬁmatory enzyme COX-2 and the anti-inflammatory cytokines IL-10, TGFf;. In
addition, in cases where expression were altéred, I then examjned CXCL8 (IL-8) as a

modulator of AP.4; actions to alter production of the agents.
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5.2 RESULTS

5.2.1 Effect of AB;.42, CXCLS (IL-8) Alone and Combined on Morphology of
Human Microglia '

Morphologically, unstimulated microglia are typically ramified indicative of a
resting state (Ling and Wong, 1993) (Figure S-IA). Stimulation with CXCLS8 (IL-8) for

24 hrs had little or no effect on cell morphology as indicated in Figure 5-1B with a
majority of cells ramified in morphology. After 24 hrs incubatién with aggregated AP 4
(5§ uM) (Figure 5-1C), microglia showed_an ameboid (activated) phenotype characterized
by attenuated processes, swelling and preseﬁce of intracellular vacuoles (Walkerv et al.,
2001). A similar activated morphology was observed after 24 hrs incubation with AB;.4,
.and CXCL8 (IL-8) (100 .ng/mL) combined'(Figure‘ 5-1D). Morphology of microglia
stimulated for 24 hrs with reverse peptide ABs.1 (5 pM) was similar to that of
msthﬂulated mi;:roglia (Figure .5-1E). Addition of AB4;.; in combination with CXCL8
V(IL-8) had little or no effect to alter the ramified morphology of microglia (Figure 5-1F)

as was observed with CXCLS8 (IL-8) stimulation alone (Figure 5-1B).
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Figure 5-1. Effects of Af;4, CXCLS8 (IL-8) each alone or in combination on
morphology of human microglia

Phase contrast images of human microglia after 24 hrs in (A) unstimulated
conditions (B) CXCLS (IL-8) (100 ng/mL) (C) ABi42 (5 pM) (D) ABy42 and CXCLS
(IL-8) combined (E) AB41 and (F) APy and CXCLS8 (IL-8) combined. (x100

magnification; scale bar = 50 uM in A-F).

Mo
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5.2.2 Effects of CXCLS (IL-8) on ABj.4>-Induced Expression of Pro-inflammatory
Mediators

I next investigated the expression of pro- and anti-inflammatory cytokines,
CXCLS8 (IL-8) and COX-2 in microglia stimulated for 8 hrs with AB;4, or CXCLS (IL-8)
separatély or both in combiﬁaﬁon. A single time pbint of 8 hrs was chosen for RT-PCR
analysis since af this time point, optimal expression of inflammatory mediators was
induced by AP, in human microglia. Representative results with AP, CXCL8 (IL-8)
and combined A4 and CXCL8 (IL-8) on inflammatory mediator expressipn are shown
in Figure 5-2. Unstimulated human microglia did not express IL-1pB, IL-6, TNF-«, or
COX-2 constitutively, however, CXCL8 (IL-8) was expressed under basal conditions
(Figure 5-2A). Stimulation with AP;4 or .CXCL8 (IL-8) for 8 hrs indﬁced the
expression of IL-1pB, IL-6, CXCL8 (IL—8),1"INF-0L and COX-2. Incubation of human
microglia with APi4; in the presence of CXCL8 (IL-8) led to enhanced expression of all
pro-inflammatory factors as compared to sti@ulation ﬁth either ABj42 or CXCLS8 (IL-8).
Treatment with reverse peptide AB4-1 alonq (5 uM) had no effect on expression of pro-
inflammatory fadtors compared ;to'control. Furthermore, Af4;.) did not alter CXCL8 (IL-
8) induced expression of pro-inflammatory mediators when AB4,.; was co-applied with
CXCLS (IL-8).

Effects of AB42, CXCL8 (IL-8) and of A4, and CXCL8 (IL-8) combined on
anti-inflammatory cytokine expression were also examined (Figure 5}2B). The anti-

inflammatory cytokines IL-10 and TGFf; were constitutively expressed under

unstimulated conditions and were unaffected by AB,42 or CXCL8 (IL-8) alone, ABi42




and CXCLS8 (IL-8) combined, AP4;.1 alone or AB4s.; in qonibination with CXCLS (IL-8).
G3PDH served as a reaction standard (Figure 5-2C).-‘

Densitometry analysis of PCR product band intensities indicate a similar effect of
CXCL8 (IL-8) to enhance APj4, effects to increase pro-inflammatory mediator

expression with no effects on anti-inflammatory cytokine expression. Results are

 summarized in Figure 5-2D. ABj4 and CXCLS (IL-8) each alone signiﬁcantly increased

relative mRNA levels of. the pro-inﬂammatory mediators as compared to control (p <
0.05). CXCLS8 (IL-8) in the combined presence of AP;.4; significantly increased relative
mRNA levels of .all pro-inflammatory mediators as compared to AB;4; stimulated levels
(p < 0.05). Fold increases in relative pro-inflammatory mediator mRNA as a result of
APB142, CXCLS8 (IL-8) and combined AB;42 and CXCLS8 (IL-8) stimu.lation compared to
levels in control is summarized in Table 5.1. Overall, the fold increases in pro-
inflammatory mediators induced by AB;42 and CXCLS8 (IL-8) each alone compared to
control were: IL-1B: 3.4, 2.7; IL-6: 6.9, 12.2; CXL8 (IL-S): 1.9, 1.3; TNF-a: 3.2, 1.3;
COX-2: 3.0, 2.3. The fold increase in pro-inflammatory mediators induced by Api4> and
CXCLS8 (IL-8) combined compared to AP alone were: IL-1B: 1.7; IL-6: 2.4; CXCL8
(IL-8): 1.4; TNF-a: 1.8; COX-2: 2.4. Application of AB4>-1 had no effect to alter relative
mRNA levels of pro-inflammatory mediators and did nof alter relativel mRNA levels
indﬁced with CXCL8 (IL-8) when applied in combination (Figure 5-2A). Relative
mRNA levels of the anti-inflammatory cytokines IL-10 and TGFB; were unchanged from |

basal levels despite treatment with stimuli (Figure 5-2D).
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Figure 5-2. Effects of CXCLS8 (IL-8) on ABj4;-induced pro inflammatory mediator
and anti-inflammatory cytokine expression in human microglia

Expression of (A) TNF-a, IL-6, IL-1p, CXCLS8 (IL-8), COX-2 and (B) anti-
inflammatory cytokines were examined in microglia incubated for 8 hrs with AB;.42,
CXCLS (IL-8), ABj42 in the combined presence of CXCLS8 (IL-8), or with medium
alone. Stimulation of microglia with APy, (5 pM) alone or in combination with
CXCL8 (IL-8) served as control experiments. The results shown are a
representative of five independent experiments. (C) The expression of G3PDH
served as a reaction standard. (D) Summary of relative mRNA levels of
inflammatory mediators induced by Af;.42, CXCLS8 (IL-8) and combined A4, and
CXCLS8 (IL-8). Results are expressed as mean + SEM from n=S independent
experiments. One-way ANOVA and Newman-Keuls multiple comparison post-test
was performed to evaluate statistical significance (p < 0.05) (* indicates statistically
significant from control; ** indicates statistically significant from AP;4,; stimulated
levels).
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Table 5-1. Fold increases in relative pro-inflammatory mediator mRNA induced by

ABy.42, CXCLS (IL-8), ABy42 + CXCLS (IL-8) compared to relative mRNA in

control

* p< 0.05; **p<0.01; ***p<0.001

A4z IL-8 APt IL-8
IL-1B 3.4* 2.F 5.6%k*
IL-6 6.9+* 12.2*f* 16.8%**
IL-8 1.9* 1.3* 2. 7F**
TNF-a 3.2% 1.3* § PR
3.0% 2.3* 6.9%**

COX-2
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5.2.3 Effects of CXCLS8 (IL-8) on AB;42-Induced Production of Pro-inflammatory
’ Mediators

I further investigated whether pro-inflammatory factors with increased expression
were also increaséd at the protein levci. The production of TNF-a, IL-6, IL-1B and
CXCLS8 (IL-8) were'inveétigated after 24 hrs stimulation with AB;4> in the presencé and
absence of CXCLS (IL-8) using ELISA. The time point 24 hrs was chosen since
preliminary findings indicated AP;4; induced optimal production of cytokines at this
time point. Incubations with APi4> for periods longer than 24hrs could induce both
direct and indirect effects of the peptide in humah microglia (Walker et al., 2001). A

summary of results is presented in Figure 5-3.
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Figure 5-3. Effects of CXCL8 (IL-8), AB;.4; each alone or in combination on pro-
inflammatory mediator production ' ‘

Effects of ABj42, CXCL8 (IL-8) and combined AB; 4> and CXCLS8 (IL-8) on pro-
inflammatory cytokine secretion by human microglia using ELISA. Data are mean
+ SEM of four independent experiments for (A) TNF-a and three independent
experiments for (B) IL-6 (C) IL-1p and (D) CXCLS8 (IL-8) each performed in
duplicate. Human microglia were exposed to either medium alone, AB;4; (5 pM),
CXCLS8 (IL-8) (100 ng/mL), AB;4: in combination with CXCL8 (IL-8), AB4z.; or to
AB421 in combination with CXCL8 (IL-8) for 24 hrs. One-way ANOVA and
Newman-Keuls multiple comparison post-test was performed to evaluate statistical
significance (p < 0.05) (" indicates statistically significant from control; ** indicates
statistically significant from AB; 4, stimulated levels).
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Low levels of pro-inflammatory cytokines (TNF-a, IL-18, IL-6) near the detection limits
of the assay were produced by human microglia in" serum-free medium under basal
conditions. The higher level of IL-6 production as compared to TNF-a and IL-1B by
microglia under basal conditions was attributed to the use of low serum (1%) in the IL-6
-assay whereas serum-free medium was used in TNF-a and IL-1pB assays. Fold increases'
in pro-inflammatofy mediator production with AB4;, CXCL8 (IL-8) and of combined
AB142 and CXCL8 (IL-8) stimulation compared to contr(;l are summarized in Table 5-2.
Overall, ABi42 (5 pM) alone significantly increased secretion of TNF-q (by 328%)
(Figﬁre 5-3A), IL-6 (by 191%) (Figure 5-3B), IL-1B (by 250%) (Figure 5-3C) and
CXCL8 (IL-S) (by 60%) (Figure 5-3D) all vélues p < 0.01. CXCLS8 (IL-8) in the
combined presence of ABQ; significantly enhanced additi;'ely the levels of TNF-a (by
79%), IL-6 (by 43%) and IL-1B (by 66%) as compared to ABI42_ stimulated levels (p <
0.05). CXCLS8 (IL-8) (100 ng/mlL) alone also increased IL-183, TNF-a, and IL-6 as
compared to céntrol, however, the increases were not significant (p. > 0.05). APg (6
pM) had no effect to increase secreted levels of IL-1B, TNF-a, IL-6 or CXCLS (IL-8)
compared to unstimulated conditions (p > 0.05). Addition of AP42-1 in combination with
CXCL8 (IL-8) did not significantly increase leveis of IL-iB, IL-6 and TNF-a as
compared to levels induced with CXCL8 (IL-8) alone (p > 0.05). Pro-inflammatory
cytokine production with AB142 and CXCLS8 (IL-8) co-stimulation was additive since the
sum of pro-inflammatory cytokine production induced with AP;4; and CXCL8 (IL-8) |
each alone was- equivalent to the effects of AP,4> and CXCL8 (IL-8) applied in

combination.
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Table 5-2. Fold increasés in pro-inflammatory mediator production induced by Ap;.
42, CXCLS8 (IL-8), AB142 + CXCL8 (IL-8) compared to levels in control

AB1a IL-8 ABra+IL-8
IL-1B 3.5 20 5.8%*
IL-6 2.9+ 16 4.0%
IL-8 1.7+
 TNF-o. 4.3+ 1.3 7.7%%

*p < 0.01; **p <0.001
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The production of COX-2 after stimulation with AB;4,, CXCL8 (IL-8) or AP
and CXCL8 (IL-8) combined was determined using immunocytochemistry (Figure 5-4).
O;/er the number of COX-2 positive microglia was determined from four representative
fields in three independent e);periments. A4 significantly increased the percentage of
nﬁcréglia expressing COX-2 by 230% from control levels (p < 0.001) (Figure 5-4B).
CXCLS (IL—8) incréased COX-2 production (Figure 5-4A) compared to unstimulated
cells but the increases ‘w'ere not significant (p > 0.05). Co-addition of CXCLS8 (IL-8) in
the presence of AfB142 enhanced additively the percentage of COX-2 positive microglia
(by 71%) as compared to AB;4, levels and the effect was significant (p < 0.001). AP,
also increased the percentage of COX-2 positive microglia compared to unstimulated
‘levels but this effect was not significant (p > 0.05). Reverse peptide, AP4,.; applied in
combination with CXCL8 (IL-8) increased COX-2 production as compafed‘to' levels

induced with CXCL8 (IL-8) alone but the increase was not significant (p > 0.05).
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Figure 5-4. Effects of AP;.42, CXCLS8 (IL-8) each alone or in combination on COX-2
expression in human microglia

(A) Representative figures of COX-2 positively stained microglia (green) and nuclei
of cells (blue). (B) The percentage of COX-2 positive microglia were measured in
microglia after 24 hr incubation with 5 pM A4, 100 ng/mL. CXCLS (IL-8) alone
or in combination with AB;_4, AB4>.1 alone or in combination with CXCLS8 (IL-8) or
with medium alone and data presented as mean + SEM. Significance was
determined using one-way ANOVA and Newman-Keuls multiple comparison post-
test (p < 0.05) (" indicates statistically significant from control; " indicates
statistically significant from Af;4; stimulated levels). Scale bar =50 pm.
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5.3 CONCLUSION

The principle novel ﬁndiﬁg of this aspect of my study is that CXCL8 (IL-8)
enhances AfB;4;-induced human microglial expression and secretion of pro-inflammatory
mediators. Stimulation with ABI_‘” and CXC>L8 (IL-8) together led to significantly
enhanced expression (Figure 5-2A) and additive effects to increase production (Figure 5-
3, 5-4) of IL-6, IL-1PB, TNF-a and COX-2 as compared to levels with AP;4 applied
alone. Importantly, expression of the anti-inflammatory cytokines IL-10 and TGFp,
were unchanged by microglial treatment with peptide or peptide plus CXCL8 (IL-8)
(Figure 5-2B). Overall, the results suggest that CXCL8 (IL-8) chemokine activity could
enhances additively Apy42-induced pro-inflammatory responses mediated by activated
microglia in AD brain (see below).

Overall, the results from semi-quantitative RT-PCR analysis for expression
(Figure 5-2) and ELISA analysis for prpduction (Figure 5-3) showed reasonable
agreement for CXCL8 (IL-8) enhancement of AP;4; stimulation of the inflammatory
'mediators. However, the results in F’ig. 5-2A also show CXCLS8 (IL-8) alone could
induce expression of IL-6, TNF-a, IL-18, CXCL8 (IL-8) and COX-2. Interestingly, the
changes in expression of the pro-inflammatory cytokines and COX—2 by CXCLS8 (IL-8)
alone were not accompanied by incréased production of the agents (Figure 5-3A-C; 5-4).
On the basis of preliminary findings, optimal expression of the pro-inflammatory
cytokines were evident with 8 hrs stimulation of microgiia, however, at this time point
little or no production of cytokines were observed. For production of cytokines,
microglia were stimulated for 24 hrs in accord with previous studies using 'human

microglia (Lee et al., 1993). Differences between CXCL8 (IL-8) effects on expression
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and production could also reflect tight control of post-transcriptioﬁal events in microglia
since previous work has shown similar behaviour for this chemokine applied to human
neutrophils (Martinez et al., 2004).

A previous study has reported that amyloid 'peptide elicited functional responses
in monocytes via a distinct signaling pathway from that induced by chembkines
(Badolato et al., 1995). Our results are consistent with separate pathways for CXCL8
(IL-8) and ABl42—mduced stimulation of human microglia. As shown in Figure 5-3A-C
(for cytokines) and Figure 5-4 (for COX-2), CXCL8 (IL-8) applied in combination with
APi42 produced additive responses. An interesting possibility is that an autocrine
feedback system ma-y play a role in CXCLS8 (IL-8) potentiation of A4 effects. In this
case, APi142 mediated release of CXCLS8 (IL-8) (Fig. 5-3D) could stimulate microglia
since receptors for this chemokine have been reported‘ in these cells (Lee et al., 2002).

As evider;t in Figure 5-1A, hurﬁan microglia exposed to serum-free medium
exhibit a general profile of ramified morphology. After exposure of human microglia to
APz, célls show a trend to ameboid morphology (Figure 5-1C). This result is consistent .
with results from previous work where treatment of microglia with A4, caused a shift
from ramified to ameboid shape (Walker et al., 2001). Interestingly, in the preseflt study
I observed no changes in cell morphology after exposure to CXCL8 (IL-8) treatment
where cells exhibited a predominant ramified shape similar to unsﬁmulated conditioﬁs
(Figure 5-1B). Since CXCLS8 (IL-8) induced the éxpression of cytokines, our results
suggest some dissociation between morphology »ar}xd priming effects of CXCLS8 (IL-8).
This point is important since ramified and ameboid morphologies have been considered

as indicative of resting and activated states of microglia (Ling and Wong, 1993).
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‘Previous work has demonstrated APi42-induced microglial expression of pro-
inflammatory cytokines (Lue et al., 2001a; Walker et al., 1995; 2001) and COX-2

(Hoozemans et al., 2001; 2002b). Reports by Lee et al., 2002 and Nagai et al., 2001

indicate that unstimulated human microglia in a high serum (5 % horse serum) containing

medium express basal levels of IL-1B, IL-6 and TNF-o. and a prominent ameboid

morphology. Since I found no basal expression of pro-inflammatory cytokinf;s and a

- ramified morphology in control, it seems likely that differences could reflect our use of

serum-free medium. The lack of effect of stimuﬁ including amyloid peptide on
expression of the anti-inflammatory cytokines IL-10 and TGFp, in microglia (F igUr‘e 5-
2B) in the present study are in agreement with previous reports (Meda et al., 1999;
Walker et al., 2001). These results would indicate that although microglia exhibit a pro-
inflammatory profile as a result of amyloid peptide stimulation in tﬁe presence or absence
of CXCL8 (IL-8), their anti-inﬂammatory properties are preserved. Enhancement of A
responses has also been reported préviously with the- agents interferon-y (Meda et al.,
1996), macrophage colony stimulating factor (M-CSF) (Murphy et a]., 1998), Clq and

serum amyloid P (Veerhuis et al., 2003). However, available evidence indicates that

. microglia produce little or no amounts of these factors (McGeer and McGeer, 1995; '

Yasojima et al., 2000; Lue et al., 2001a).
Our results have particular significance to inflammatory responses mediated by

microglia in AD. CXCL8 (IL-8) has been observed as the most prominent factor

expressed by adult human microglia stimulated with ABi4> (Walker et al., 2001) and

CXCLS8 (IL-8) is highly elevated in AD brain (Galimberti et al., 2003). Taken together,

these findings suggest that autocrine release of CXCL8 (IL-8) from microglia enhances
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ABi—4; stimulation of cells and that this cytokine could function to exacerbate
inflammatory responses in AD brain. The inhibition of CXCL8 (IL-8) actions could
constitute an effective strategy for therapeutic intervention in slowing the progression of

AD.
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Chapter 6: DISCUSSION OF THESIS RESEARCH AND FUTURE DIRECTIONS

The studies presented in this thesis focused on determining the effects of acute
and chronic treatment with full length, AB;42, on intracellular signaling pathways and
functional responses of microglia usiﬁg eléctrophysiology, calctum spectrofluorometry,
RT-PCR; ELISA; immunocytocherhistry and immunohistochemistry techniques. The
hypothesis of my research was that inhibition of A‘BMz-induced microglial mediated
intracellular signaling pathwayé would downregulate inflammatory functional responses
of microglia which éould serve as a therapeutic strétegy for AD. The results pregented in
this thesis support this \hypothesis.

I first investigatéd the effects of AB42 on human micfoglial membrane potential
and membrane current expression using electrophysiology. AP;4» acutely applied to
human microglia induced the expression of a novei outward K" current which was
sensitive to the non-selective K* channel blocker 4-aminopyridine (4-AP). YA current

similar in properties was observed with intracellular application of the non-hydrolyzable

| ‘analogue of GTP, GTPyS. This would suggest that the outward K* current induced by

acute ABMz was iﬁduced via a G protein. Molecular biology studies indicated that the K*
channel induced by AP;.4> was likely due to Kv3.1. Also, AB;4; increased the expression
of the Fcyll receptor. Other studies using electrophysiology indicated that acute
application of AB;4; induced a transient depolarization in human microglia; inhibition of
the Fcyll receptor inhibited this depolarization suggesting a link between the Feyll

receptor and A4, effects on cell potential. From these studies, I established that AB;4
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alters membrane current expressions in microglia and that 4-AP could serve as a potential .
modulator of AP;.4;-induced microglial inflammatory and neurotoxic responses.

I then examined the effects of 4-AP on AB;.4, induced Ca*" responses in human
microglia using the calcium spectrofluorometry technique. I was able to show thét ABM;;_‘
induces an increase in [Ca®']; through an unidentified influx pathway. 4-AP inhibited this
Ca** mﬂux pathway activated by acute APj;42. These result would indicate that the
unidentified Ca®* influx pathway induced by acute ABHZ m human microglia is sensitive
to membrane potential.

Using a series of in vitro (RT-PCR, ELISA, immunocytochemistry) and in vivo
assays (immunohistochemistry), the effects of AB;4, on functional responses of human
microglia including potential neurotoxicity was investigated. In vitro, 1 was able to show

that 4-AP inhibited A4, effects to activate p38 MAP kinase, NFxB, the expression and -

-production of pro-inflammatory cytokines IL-1B, IL-6, TNF-a, the chemokine CXCL8

(IL-8) and inducible enzyme COX-2 as well as microglial mediated neurotoxicity. More
importantly, 4-AP reduced neuronal damage and microglial activation induced by AP;.4>

in vivo which strongly supports the in vitro actions of 4-AP as a modulator of AB142

- mediated pro-inflammatory responses. These results suggest that 4-AP modulates Af;.4-

induced intracellular signaling pathways and functional responses in human microglia
including microglial-mediated neurotoxicity.

The final set of studies examined the effects of the chemokine CXCL8 (IL-8) on

ABj42-induced expression and production of the pro-inflammatory cytokines IL-6, IL-1p,

TNF-a, the inducible enzyme COX-2 and chemokine CXCL8 (IL-8). Microglial

treatment with CXCL8 (IL-8) added with AB;4; led to enhancement in both expression
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and production of all of these pro-inflammatory factors compared with peptide alone.
The expression of the anti-inflammatory cytokines IL-10 and TGFf(; remained
unchanged from basal levels with stintulatipn using either ABt42, CXCLS8 (IL-8) or the
peptide together with CXCL8 (IL-8). Since CXCL8 (IL-8) is elevated in AD brain and
highly expressed by AB stimulated microglia, these results would suggest that other
factors such as CXCLS8 (IL-8)‘ could be acting in eoncert with APj42 to additively
enhance inflammatory responses by microglia in AD.

The results summarized above illustrate tltat inflammatory stimuli such as AP,
have profound signaling effects otl microglia and that modulating these intracellular
signaling pathways can either inhibit (as shown with 4-AP) or potentiate (as shown with
CXCL8 (IL-8)) the pro'—inﬂe.mm_atory effects of microglia. These results offer further
insight into the interactions that tnicroglia have with surfounding stimuli, the importance
~of particular intracellular signaling pathways.in mediating microglial responses and most
importantly, how modulation of these signaling pathways inhibits microglial
inflammatory responses. The significance of these results is that modulating microglial
mediated inflammatory functional responses to stimuli such as AP;4, with agents that
tnhjbit intracellular signaling pathways could serve as a therapeutic strategy for use in
neurodegenerative diseases such as AD.

i Results from this thesis work indicate that 4-AP would be a suitable candidate for
the treatment of AD. 4-AP has favourable properties over other K* channel inhibitors
since it is able to cross the BBB. It should be noted that 4-AP has been used clinically for
the treatment of AD with some positive results. However, careful censideration must be

taken in its use clinically since 4-AP has unwanted side effects most notably at higher
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doses. Thus, 4-AP could be used at low doses or as an adjunctive therapy in the
treatment of AD. Further studies on the potential use of specific K* channel blockers,
such as a specific blocker of Kv3.1, in inflammatory diseases of the CNS should also be
considered.

Future research could also be carried out to deterrhine the nature of the Ca**
influx pathway induced by AP;4, in human microglia. It would also be of interest to
determine the role of the FcyRII receptor in mediating microglial inflammatory responses
and whether inhibition of the FcyRII receptor could serve as potential modulator of
microglial functional responses. Since several intracellular factors are implicated in
linking AP to functional responses of -microglia including [Ca®];, p38 MAPK and
NFkB, each of these factors could serve as potential modulatory sites‘ of microglial
ﬁmétional responses. Fﬁrthermore, an inhibitor of CXCL8 (IL-8) could be used as a
modulator of microglial mediated inflammatory responses vin AD. Moreover, the
potential modulatory actions of combination therapies i.e. a K" channel inhibitor in the
presence of another modulatér of Apj42-induced intracellular signaling, could be
investigated using in vitro assays of AP;4;-induced microglial mediated inflammatory
responses as well as in transgenic AD animals.

The positive results reported in this thesis of modulating microglial mediated
inflammatory responses both in vitro and in vivo by using an inhibitor of stimulus-
induced signaling will hopefully lead to further studies on potential modulators of
intracellular signaling pathways in microglia. Ultimately, it is. hoped that potential
modulatorg of micrpglial mediated inflammatory responses with significant beneficial

effects in vitro and in vivo will be developed for application in a clinical setting.
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