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ABSTRACT
Chronic inflammation in response to Ap peptide deposits is a pathological hallmark of
Alzheimer's disease (AD). The inflammatory environment includes populations of reactive and
proliferating microglia and astrocytes and perturbed vasculature. However, the association
between activated glial cells and cerebrovascular dysfunction remain largely unknown. This
study has used A13 1 _42 intrahippocampal injection as an animal model of inflamed AD brain to
characterize mechanisms of glial-vasculature responses as a basis for chronic inflammation.
Preliminary findings suggested A131-42-injected brain demonstrated vascular remodeling
including evidence for formation of new blood vessels (angiogenesis). This result led to study of
the effects of the anti-angiogenic/anti-inflammatory compound, thalidomide on activated glial
cells and perturbations in the vasculature in an A3142 peptide-injected rat model. First, A31-42
injection was found to cause perturbations in vasculature including new blood vessel formation
and increased BBB leakiness. Second, thalidomide decreased the vascular perturbations and the
glial reactivity and conferred neuroprotection. Overall, these results suggest that altered cerebral
vasculature is integral to the overall inflammatory response induced by peptide.
Experiments then examined the level of parenchymal plasma proteins in brain tissue from
AD and nondemented (ND) individuals. AD, but not ND, brain tissue demonstrated high levels
of fibrinogen immunoreactivity (ir). A13 1 _42 injection into the rat hippocampus increased the level
of parenchymal fibrinogen, which was reduced by treatment with the defibrinogenating agent,
ancrod. In addition, ancrod also attenuated microglial activation and prevented neuronal injury.
Overall, these results demonstrate that extravasation of blood protein and a leaky BBB are
important in promoting and amplifying inflammatory responses and causing neuronal damage in
inflamed AD brain.
Microglial chemotactic responses to VEGF (vascular endothelial growth factor) receptor Flt1 were next studied. Treatment with a monoclonal antibody to Flt-1 (anti-Flt-1 Ab) in the
peptide-injected hippocampus diminished microglial reactivity and provided neuroprotection.
Secondly, anti-Flt-1 Ab inhibited the AI3142-induced migration of human microglia. These
results suggest critical functional roles for Flt-1 in mediating microglial chemotaxis and
inflammatory responses in AD brain.
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The overall conclusion from my work is that AP deposits induce microglial reactivity which
subsequently causes vascular remodeling resulting in an amplified inflammatory
microenvironment which is damaging to bystander neurons.
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CHAPTER 1: INTRODUCTION
1.1 ALZHEIMER'S DISEASE
Alzheimer's disease (AD) is a slowly progressive neurodegenerative disease of the brain,
characterized by significant loss of intellectual abilities such as learning and memory. Although
memory impairment may result from a variety of causes, AD is the most common cause of
memory loss and cognitive impairment. AD individuals present clinical signs including
progressive memory loss, difficulty of performing familiar tasks, disturbances in language and
perception, and personality changes (FOrstl and Kurz, 1999). AD is diagnosed as a
neuropathological condition based on the presence of the accumulation of senile plaques,
deposits of polymorphous amyloid (3-peptide (A(3) and neurofibrillary tangles consisting of
intracellular bundles of self-assembled hyperphosphorylated microtubule-associated proteins
(tau) (Kosik et al., 1986; Selkoe, 1994). Ap peptide is derived from enzymatic degradation of
amyloid precursor protein (APP, an integral membrane glycoprotein). APP can be proteolytically
processed by different secretase activity (a-, (3-, and y-secretases) via two distinct intracellular
metabolic pathways: non-amyloidogenic and amyloidogenic pathways. In the nonamyloidogenic pathway, APP is cleaved within the AP sequence by a-secretase, to yield a
soluble N-terminal fragment (sAPPa) and an intracellular C-terminal membrane-bound fragment
(CTFa) (Oltersdorf et al., 1990). Although the primary function of sAPPa is not known, it has
been implicated as a regulator of synaptogenesis, neurite outgrowth and neuronal survival
(Turner et al., 2003; Priller et al., 2006). CTFa is further cleaved by y-secretase, giving rise to a
soluble N-terminal fragment (p3) and a membrane-anchored C-terminal fragment (AICD, or
APP intracellular domain). The amyloidogenic pathways release amyloid-(3 (A(3, a 39- to 42amino acid peptide) which is derived from APP by sequential processing with 13-secretase (3-site
APP cleavage enzyme, BACE) and y-secretase (a multiprotein complex, comprised of presenilin,
nicastrin, anterior pharynx defective-1 and presenilin enhancer-2) (Vassar et al., 1999).
The causes of AD are not known, however, phospho-tau of the neurofibrillary tangles and
AP peptide deposits have received considerable attention as pathological mechanisms for AD.
Indeed, numerous studies have shown these histopathological patterns to be present in the brain
tissue of AD patients (Glenner, 1989; Akiyama et al., 2000; McGeer and McGeer, 2007). An
aggregation of filamentous tau has been suggested to be linked to the neuronal degeneration in
AD (Mandelkow and Mandelkow, 1998). An over-expression of human tau mutant in cultured
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neurons exhibited degenerative patterns of neurofilaments (Hall et al., 1997), and similar
patterns of neurofibrillary degeneration can be produced in vivo from chronic human tau
fillament aggregation (Hall et al., 2000). Nevertheless, the "tau-hypothesis" has not been
supported by much experimental evidence. Recent studies from tetracycline-regulated, mutant
human tau transgenic mice demonstrated that neurofibrillary tangles are not able to cause
neuronal degeneration in this model (Santacruz et al., 2005). A similar conclusion was reached
by Andorfer et al (2005) who investigated non-mutant human tau transgenic mice. Furthermore,
no clear evidence of correlation between tau filament formation and microtubule damage was
found in brain tissue from AD patients (Cash et al., 2003). These experimental and clinical
studies are not consistent with tau as a causative factor in AD pathogenesis.
Considerable evidence suggests that accumulated AP is the most important factor in AD
pathology. Genetic studies have identified the several inherited specific genes that are associated
with an increased risk for developing early- and late-onset familial forms of AD (familial AD,
FAD) (Pastor and Goate, 2004). Linkage and cloning analyses indicate that three dominantly
inherited genes of the amyloidogenic molecules: amyloid precursor protein (APP, chromosome
21), presenilin 1 (PS1, chromosome 14), and presenilin 2 (PS2, chromosome 1) are associated
with early-onset FAD (Goate et al., 1991; Sherrington et al., 1995; Levy-Lahad et al., 1995).
Extracellular deposition of (3-amyloid protein, the major component of amyloid plaques is
consistently present in early-onset AD patients with mutations of the genes encoding APP, PS1,
and PS2. This provides evidence for a relationship between the abnormal accumulation of
AP and the onset of AD (Czech et al., 2000). However, early-onset FAD comprises only about
5% of all AD cases, with most AD cases being late-onset (termed sporadic; developing after age
65). Although no obvious genetic inheritance pattern has been found in sporadic AD, previous
studies have identified an increased risk of developing sporadic AD in relation to the
apolipoprotein E (ApoE) gene (Corder et al., 1993; Tsai et al., 1994). Further studies found that
the APOE e4 allele is associated with an increased number of amyloid plaques, in brain tissue
from AD patients (Nagy et al., 1995; Polvikoski et al., 1995). Nevertheless, the e4 variant of the
ApoE gene is only involved in 50% of the AD cases (Katzman, 1994). Recent studies on the
AP processing pathways suggest that inherited variants of the SORL1 neuronal sorting receptor
are also associated with an accumulation of AP and late-onset AD (Lee et al., 2007; Rogaeva et
al., 2007).
Although neuropathological similarities have been observed between AD patient brains such
as neurofibrillary tangles and senile plaques in the neocortex, this brain disease does not exhibit
2

a single type of neurodegenerative disorder. Different contributing factors seem to be involved
including inheritance (familial or sporadic), rate of disease progression, age of onset and motor
deficit. Recently, clinical and biological studies have provided additional evidence for the
presence of subtypes and heterogeneity in AD patients. For example, studies with PET scans
have demonstrated that different regional cerebral glucose metabolic activity is associated with
heterogeneous patterns of cognitive deficit in AD patients. Neurochemical studies with human
AD brains have shown different degrees of neuronal damage in cholinergic, noradrenergic, and
serotonergic systems, which could be involved in the heterogeneous cognitive dysfunction seen
in AD patients (Reinikainen et al., 1988). AD brains can also exhibit considerable differences in
vascular abnormalities (Kalaria, 1996). Heterogeneous behavioral and neuropsychological
manifestations are also indicated in AD clinical studies.
Many associations have been noted between AD and various risk factors, with the latter
including female gender (Andersen et al., 1999), high blood pressure (Kehoe and Wilcock, 2007),
cerebrovascular disease (Stampfer, 2006), diabetes (Irie et al., 2008), head injury (Van Den
Heuvel et al., 2007) and elevated blood cholesterol (Sjogren et al., 2006). Population studies,
however, have not been able to differentiate between factors which may be causative and those
which are merely associative. The most important risk factor for the development of AD is
increasing age. The incidence of having AD increases substantially after the age of 65 and AD
will affect 50% of those who are over 85 years of age. According to recent studies, 26 million
people worldwide have AD today, and that number is expected to be more than 100 million
people by 2050 if no effective treatment is found for the disease (Ferri et al., 2005).
Previous studies have shown that both genetic and environmental factors contribute to the
accumulation of amyloid plaques in the brains of transgenic AD mice (Price and Sisodia, 1998;
Lazarov et al., 2005). In neuropathological examinations, however, the density of amyloid
plaques is not strongly correlated with the neuronal loss or severity of cognitive deficits in AD
(Gomez-Isla et al., 1996; Giannakopoulos et al., 2003). These findings emphasize the importance
of the interaction between other pathological processes in the AD brain. Accumulated amyloid
deposits are associated with an up-regulated immune response including activated glial cells,
microglia and astrocytes, and vascular pathologies (Kalaria, 1996; McGeer and McGeer, 2003).
The specific roles of the immune cells and the altered vascular function in AD pathology are not
well understood. Nevertheless, emerging evidence suggests that activated immune responses and
an altered vasculature are not just pathological consequences of AD but may also have
deleterious effects on disease progression (Humpel and Marksteiner, 2005; Zlokovic, 2005;
3

Wyss-Coray, 2006). Thus, in AD pathology inflammatory and vascular processes need to be
carefully characterized since they may guide the approaches used in AD therapy. These are
considered in more detail below.

1.1.1 Microglia and AD
Microglia are immune regulatory cells in the central nervous system (CNS) comprising about
10% of the brain's total glial cells. Microglia are of mesodermal origin and belong to the bone
marrow-derived myelomonocytic cell line (Cuadros and Navascues, 1998). Microglia are
generally divided into two types according to morphologies: ramified and amoeboid microglia.
Ramified microglia have small sized soma with numerous long processes extending in various
directions. The amoeboid microglia display larger soma size and show retracted processes. In
addition, microglia can be immunophenotypically identified by the use of several cell surface
antigens, including CD1 1 b, CD1 1 c, CD 14, CD45, CD68, and MHC class II (Guillemin and
Brew, 2004). Microglia are able to produce a broad spectrum of inflammatory mediators, such as
pro-inflammatory and pro-angiogenic factors (Table 1). The level of these factors secreted from
the microglia has been shown to influence the different cellular systems in the CNS, including
neurologic and vascular systems (de Vries et al., 1997; Akiyama et al., 2000)
Neuropathological studies of brains from AD patients revealed that amyloid plaques and
neurofibrillary tangles are associated with an accumulation of infiltrated microglia (McGeer et
al., 1988). Transgenic animal models of AD also provide strong evidence for the presence of
reactive microglia around the deposited amyloid plaques (Frautschy et al., 1998; Stalder et al.,
1999). 13-amyloid-injected models of AD have demonstrated that AP 1_42 injection produces
microglial activation (Giovannini et al., 2002; McLarnon et al., 2006). Previous studies have
identified a number of microglial receptors, which are activated by 13-amyloid including integrin
receptor (a 5 13 1 ), receptor for advanced glycation end-products (RAGE), serpin enzyme complex
(SEC), heparin sulfate proteoglycans (HSPGs), and scavenger receptor A (Bamberger and
Landreth, 2001). Interestingly, inhibiting microglial binding to fibrillar fl-amyloid reveals a
reduced microglial reactivity, by the lower production of inflammatory factors, reactive oxygen
species and pro-inflammatory cytokine (El Khoury et al., 1996; Bamberger et al., 2003).
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Table 1

Microglia-derived pro-inflammatory and pro-angiogenic mediators
Complement proteins
Cl—C9
Cytokines

IL-113, IL-6, TNF-a, TGF-0
Chemokines

IL-8, MIP-la, MCP-1
Enzyme

COX-2
Proteases

Thrombin, tPA, uPA
Lipid carrier protein

ApoE
Growth factor

VEGF, bFGF
Abbreviations: IL, interleukin; TNF, tumor necrosis factor; TGF, transforming growth factor;
MIP, macrophage inflammatory protein; MCP, monocyte chemotactic protein; COX,
cyclooxygenase; tPA, tissue plasminogen activator; uPA, urokinase plasminogen activator;
ApoE, apolipoprotein E; VEGF, vascular endothelial growth factor; bFGF, basic fibroblast
growth factor
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Therefore, microglia activation in AD is speculated to be strongly related to deposition of
amyloid plaques. In neuropathological studies of AD, as well as animal models of AD, amyloidassociated reactive microglia display up-regulated expression of pro-inflammatory mediators
including cytokines IL-1a and 13, IL-6, TNF-a; chemokines IL-8, MCP-1, MIP-1; complement;
and COX-2 (Akiyama et al., 2000; Wyss-Coray, 2006). In vitro study of cultured microglia taken
from the brains of AD patients have shown increased levels of chemotactic responses and
production of TNF-a and IL-6 in response to 13-amyloid stimulation (Strohmeyer et al., 2005).
Moreover, the increased level of inflammatory mediators derived from 13-amyloid stimulation of
microglia has been shown to induce neuronal injury (Combs et al., 2001; Floden et al., 2005).
Pro-angiogenic factors derived from activated microglia provide also strong evidence for the
involvement of microglia in the alteration of cerebrovasculature. In 13-amyloid-injected animal
model of AD, upregulation of microglia-mediated angiogenic factors was associated with
increased structural changes and permeability of cerebral blood vessels. These results suggested
activated microglia were involved in the alteration of vasculature (Zand et al., 2005; Ryu et al.,
Ryu and McLarnon, 2006, 2007).

1.1.2 Astrocytes and AD
Astrocytes are the most numerous type of glial cells in the CNS. They are generally divided
into two types according to their morphologies and distribution: protoplasmic astrocytes in grey
matter and fibrous astrocytes in white matter. Protoplasmic astrocytes have short, numerously
branched processes. Fibrous astrocytes have long, less frequently branched processes (Oberheim
et al., 2006). Astrocytes can be immunophenotypically identified by a number of key
intermediate filament proteins including glial fibrillary acidic protein (GFAP), vimentin, and
nestin. In the developmental stage, immature astrocytes express both vimentin and nestin but
following astrocyte maturation, GFAP and vimentin are localized on non-reactive astrocytes
(Pekny, 2001).
Astrocytes have many important roles in normal brain function. The cells are involved in
regulating the extracellular environment of neurons, providing structural support, neuronal
metabolic activity, and modulating synaptic transmission. Recent studies report that astrocytes
play an important role in maintaining the cerebrovascular system in the brain (Mulligan and
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MacVicar, 2004; Takano et al., 2006). Astrocytes can become activated in response to
pathological insults. The up-regulation of intermediate filament proteins and morphological
changes are evident in activated astrocytes. In pathological conditions, reactive astrocytes
migrate to the site of injury and are involved in glial scar formation (Saadoun et al., 2005).
In AD, increased numbers of astrocytes exhibit up-regulated intermediate filament protein
GFAP (Webster et al., 2006). A similar reactivity of astrocytes occurs around peptide deposition
areas in transgenic mice AD models (Calingasan et al., 2002; Heneka et al., 2005) and with Af3
injection into rodent brain (Weldon et al., 1998). Consistent with the AD pathological
examination, cultured astrocytes become activated in response to peptide treatment (Pike et al.,
1994), and release pro-inflammatory mediators (Hu et al., 1998). Although reactive astrocytes in
brain injury are involved in repair mechanisms by producing neurotrophic factors (Chen and
Swanson, 2003), some reports suggest that activated astrocytes in AD brain express a broad
spectrum of inflammatory factors including cytokines, complement proteins, complement
inhibitor proteins, protease inhibitors, and nitric oxide synthase (Walker and Beach, 2002). In
addition, the increased level of extracellular matrix protein chondroitin sulfate proteoglycans
(CSPGs) in astrocytes has been implicated in the inhibition of microglial phagocytosis of senile
plaques (DeWitt et al., 1998) and neuronal regenerative processes (Canning et al., 1993; DeWitt
and Silver, 1996). In such cases, astrocyte-derived CSPGs may play a deleterious role in the
progression of AD pathology.

1.1.3 Cerebrovascular dysfunction and AD
The structural and functional integrity of the CNS is maintained by the cerebrovascular
system controlling cerebral blood flow and providing a physical and metabolic barrier to harmful
substances in the blood. The BBB is comprised of the cerebrovasculature, together with the
physical support from astrocytes, having important roles in controlling toxic molecules that
might cross into the brain, and in providing the required biochemical and nutrient support for
cells in the brain (Abbott et al., 2006). Pathological conditions of the cerebrovasculature in AD
may include extracellular deposition of 13-amyloid in cerebral vasculature (Chalmers et al.,
2003), pathological angiogenic activity (Thirumangalakudi et al., 2006), microvascular injury
(Berzin et al., 2000), blood-brain barrier (BBB) leakiness (Bowman et al., 2007),
microinfarctions (Kalaria and Skoog, 2002), and cerebral hemorrhages (Jellinger and Mitter7

Ferstl, 2003). In particular, the cerebrovascular pathologies found in AD brain can mediate a
reduced cerebral blood flow (Farkas and Luiten, 2001), the extravasation of serum proteins
(Behrouz et al, 1991) and inflammatory responses (Miao et al., 2005) which, in turn, may disturb
the homeostatic environment required for neuronal survival and increase glial activation.
Recent studies suggest that vascular alterations are important in the pathogenesis of AD and
the progression of disease (Iadecola, 2004). Some authors suggest that genetic mutation (ApoE
84 allele) may be a primary mechanism causing vasculature dysfunction (Premkumar et al.,
1996; Chalmers et al., 2003; Fryer et al., 2005). Nevertheless, it remains unclear whether
vascular alterations are the pathological consequences, or a contributing factor for the
progression of the pathological severity of AD. On the basis of a broad spectrum of data derived
from basic science and clinical studies, sporadic AD has been suggested to be a primary vascular
disorder (de la Torre, 2000). The evidence for this idea includes a commonality of risk factors,
clinical symptoms, and the degenerative pathology seen in vascular dementia and AD. At
present; however, the specific relationship between vascular dysfunction and the processes
associated with, or the cause of, the progressive neurodegeneration seen in AD, remains largely
unresolved.
Detailed epidemiologic analyses have led to the characterization of common risk factors
shared between vascular dysfunction and AD (Breteler, 2000). The number of risk factors that
are common to vascular dementia and AD are both large and diverse and include cardiac-specific
dysfunctions (i.e., stroke) in addition to other factors such as alcoholism, migraine, elevated
serum homocysteine and diabetes mellitus (de la Torre, 2004). Pharmacological evidence
suggests that the use of agents such as non-steroidal anti-inflammatory drug products (NSAIDs),
which have some benefits in AD (Etminan et al., 2003), also have utility in preventing
impairment to cerebral vasculature (Grosser and SchrOder, 2003).
Another salient point is that many AD individuals show some degree of cerebrovascular
dysfunction such as diminished perfusion (Johnson et al., 2005). The argument that cerebral
hypoperfusion is a precursor to neurodegeneration in AD has been detailed (Ruitenberg et al.,
2005). Briefly, supporting data includes changes in microvasculature, appear prior to AD
pathology (Huang et al., 2002) and individuals with Down's syndrome exhibit a similar
impairment on cerebral perfusion, however, without the plaques and neurofibrillary tangles
which are hallmarks of AD (Aydin et al., 2007). Results from animal studies also indicate that
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cerebral hypoperfusion can induce a host of cognitive and behavioral defects in rats (Farkas and
Luiten, 2001). Risk factors, such as aging, have also been considered as aiding the progression of
vascular impairment leading to the progressive dysfunction seen in AD (Borenstein et al., 2005).

1.2 ANIMAL MODELS OF AD

Over the past few years, the development of AD animal models (with genetic mutation and
A(3 peptide injection) has been focused on the accumulation of pathogenic forms of (3-amyloid
and other pathological changes (i.e., tau hyperphosphorylation, formation of neurofibrillary
tangles, and neuronal loss) in the brain (Spires and Hyman, 2005). Possible environmental
factors may also be involved in AD development, in combination with genetic factors or the
physiological aging process.

1.2.1 Genetic models of AD

The inherited familial form of AD exhibits an early onset of disease in a small population of
AD cases. The majority of AD cases are sporadic and seem to result from the interaction of
multiple genetic and environmental factors. Several inherited specific genes have been identified
and found to be associated with an increased risk for developing early- and late-onset familial
forms of AD. These genes included APP, presenilins, and other APP-interacting genes (ApoE,
lipoprotein receptor-related protein (LPR), and n-site APP cleaving enzyme 1 (BACE1)) (Spires
and Hyman, 2005). Since these genes are involved in the generation of amyloid, their mutations
could give rise to an increased accumulation of (3-amyloid.
Transgenic mice, exhibiting a number of features of AD, were first generated using a
platelet-derived growth factor-(3 promoter for expressing a mutant form of human APP (APP
V717F). APP V717F transgenic mice express a (3-amyloid pathology (thioflavine S-fluorescent
AP deposits and formation of amyloid plaques), are associated with astrogliosis and
microgliosis, and exhibit synaptic dysfunction (Games et al., 1995). APP695-expressing
transgenic mice (Tg 2576), containing the double mutation (K670N/M671L), show agedependent amyloid deposits associated with marked neuritic dystrophy, as well as microglial
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activation and alteration of synaptophysin immunoreactivity (Hsiao et al., 1996). The APP23
transgenic mice, which express human mutated APP under control of a neuron-specific promoter
element, demonstrate congophilic amyloid plaques associated with neuritic changes and
microglial activation. The APP23 mice also produce hyperphosphorlyated tau protein and
develop CA1 neuronal loss (Sturchler-Pierrat et al., 1997). Most importantly, all of these
transgenic mice that overexpress APP (APP V717F, Tg 2576, and APP23) do not develop
neurofibrillary tangles (NFT), a pathological hallmark of AD (Hsiao et al., 1996). Human mutant
PSEN knock-in mice also do not develop NFT or exhibit 13-amyloid pathology, even though they
have an increased level of AI31-42 (Houlden et al., 2000). This finding could indicate that the
level of generated Af31-42 in the PSEN transgenic mice was not sufficient for the formation of
amyloid.
NFT formation has been attempted in tau-based transgenic mice that overexpress a fourrepeat form of human tau. Nevertheless, this tau-expressing model develops
hyperphosphorylation of tau without any apparent neurofibrillary pathology. The lack of NFT
formation in transgenic mice has been resolved in a recent transgenic study using pathogenic
mutations in tau cDNA transgenes; however, the tau-based transgenic mice do not exhibit A13
pathology (Probst et al., 2000). Although different double transgenic mice were used to increase
the levels of f3-amyloid, NFT formation was not seen (Van Dam and De Deyn, 2006). A triple
transgenic mice model (expressing mutant APP, PSEN, and tau) was generated by co-injection
of the APP and tau transgenes into a PSEN-1 knock-in line, which demonstrated many of the
features of AD, including AP pathology, NFT formation, inflammation, and synaptic
dysfunction (Oddo et al., 2003).
Although previous studies have found evidence for activated microglia and astrogliosis in
transgenic models of AD (Morgan et al., 2005), these mice show only a minimum level of
inflammation exclusively localized at sites of amyloid plaque deposition (Wegiel et al., 2001).
Neuropathological and chronic inflammatory reactivity, associated with various forms of
amyloid deposits in AD brain, is more widespread than just showing association with dense
amyloid deposits. These transgenic models would provide suitable experimental conditions for
investigating mechanisms of local tissue neuropathology associated with dense amyloid plaques.
In any case, previous studies using transgenic AD mice have demonstrated the usefulness of
these models for genetic manipulation of inflammation pathways. For example, inflammatory
mediators (PGE2 receptor EP2, complement pathway, CD40, and RAGE), with genetic
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manipulation, were shown to alter inflammatory processes in these mice (Wyss-Coray, 2006).
Moreover, in pharmacological studies of inflammation, the transgenic AD mice were useful in
investigating several anti-inflammatory compounds such as NSAIDs (Yan et al., 2003) and
minocycline (Fan et al., 2007).

1.2.2 Cerebrovascular pathology in transgenic mice models of AD
Cerebrovascular pathologies have been found in the neuropathology of AD. Several clinical
studies have demonstrated vascular changes in the brains of AD patients (Farkas and Luiten,
2001). Accumulation of 13-amyloid was reported in vessels, in addition to brain parenchyma, and
the vessels with amyloid deposits appeared to be more damaged. The exact mechanism by which
amyloid plaque accumulation takes place in vessels, to cause cerebral amyloid angiopathy is not
clear but evidence indicates that AD patients who carry the APP duplication (Rovelet-Lecrux et
al., 2006) or E4 allele of the ApoE gene have an increased risk of developing CAA (Chalmers et
al., 2003). Recent work with a transgenic mouse of cerebral microvascular amyloid show that
microvascular amyloid accumulation is accompanied by microglial activation and this vascularinflammation is correlated with behavioral impairment (Xu et al., 2007). Subsequent work on
this model using the anti-inflammatory compound minocycline showed a reduction in microglial
activation and cognitive deficits (Fan et al., 2007). Other evidence for vascular changes in the
transgenic AD mice that expresses mutant APP is increased levels of vascular density
(Schultheiss et al., 2006). A leakiness of the BBB in APP transgenic mice was also observed
(Dickstein et al., 2006). In summary, these transgenic AD mice studies provide a unique
experimental model to investigate the role of vascular amyloid-derived inflammation in the
progression of AD pathology.

1.2.3 The amyloid peptide injection model of AD
The increased deposition of amyloid plaques has emerged as a putative risk factor for AD
since major components of plaques, i.e., j3-amyloid, can cause pathological changes that are
relevant to AD. The role of (3-amyloid in AD is further elucidated by recent work involving
immunization therapy against 13-amyloid that can ameliorate the pathological changes in animal
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models of AD (Schenk, 2002). Extensive research has been conducted to demonstrate that
stimulation of microglia with 13-amyloid can produce a broad spectrum of neurotoxic molecules
(Akiyama et al., 2000). In this way, injection of 13-amyloid can produce 13-amyloid-associated
pathological changes in the injected brain. 13-amyloid of different lengths (Ar31-40, A31-42, A(3 25-35)
is injected into different brain regions, including hippocampus, cortex, or other regions. A single
injection or continuous infusion by osmotic pump has been used on rodent brains. The (3amyloid-injected brains showed that some of the features of AD can be produced by
administration of the peptide (e.g., neuronal degeneration, extensive inflammatory responses,
and cognitive impairment) (Yamada and Nabeshima, 2000). Interestingly, it has been observed
that A13 deposition is induced in 3-month-old APP transgenic mice by intracerebral injection of
dilute AD brain extract (Kane et al., 2000). Although intracerebral infusion of 13-amyloid does
not produce NFT formation or tau phosphorylation, animal models with (3—amyloid
injection support the hypothesis of a pathogenic role of A.
(3-amyloid injection models have been shown to activate inflammatory cells including
microglia and astrocytes. This cellular activation leads to upregulation of pro-inflammatory
cytokines, such as IL-6, IL-113, TNF-a, and inflammatory enzymes iNOS and COX-2 (Weldon
et al., 1998; Heneka et al., 2002; Clarke et al., 2007; Medeiros et al., 2007). Blockade of peptideinduced immune responses with pharmacological compounds supports the deleterious role of
activated glial cells-derived mediators in mediating 13-amyloid-induced neurotoxicity
(Giovannini et al., 2002; Ryu et al., 2004). These studies suggest that inflammation is an
important contributing factor in 13-amyloid-induced neurodegeneration. Overall, the 13-amyloid
injection model provides considerable insight into mechanisms of (3-amyloid-induced toxicity.

1.2.4 Cerebrovascular pathology in amyloid peptide-injected brain

It has been suggested that cerebrovascular pathology is associated with the vascular
deposition of f3-amyloid in AD (Jellinger, 2002). Nevertheless, a recent clinical study of AD
patients with no history of CAA, showed that the BBB integrity is impaired in correlation with
disease progression (Bowman et al., 2007). This evidence implies that parenchymal deposition
of 13-amyloid is associated with altered vascular function in the AD brain. No clear evidence,
however, supports a link between parenchymal amyloid plaque deposition and vascular
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alteration in the brain. Previous findings in this laboratory have shown that intrahippocampal
amyloid injection led to marked angiogenic activity characterized by the up-regulation of the
vascular extracellular matrix protein, laminin (Zand et al., 2005). This p-amyloid injection model
of AD also showed evidence for enhanced permeability of the BBB, with leakiness to serum
proteins (Ryu and McLarnon, 2006). In addition, recent study in Ai31_42-injected rat hippocampus
has found that peptide-derived microglial activation can contribute to vascular perturbations
(Ryu and McLarnon, 2006). We used pharmacological inhibition of TNF-a with thalidomide (an
anti-angiogenic and anti-inflammatory) to inhibit microglial derived vascular alterations (Ryu
and McLarnon, 2007). Future studies using this p-amyloid injection model might help to
elucidate the detailed mechanisms of activated glial-derived vascular injury stimulated by 13amyloid deposition.

1.3 CEREBROVASCULAR ABNORMALITIES IN AD

Chronic inflammatory responses could constitute a driving force for sustained
cerebrovascular perturbations in AD brain. The presence of senile plaques, containing deposits
of A13 peptide, is a characteristic of diseased brains. This peptide is a potent stimulatory agent for
activation of microglia. Stimulated microglia are sources of numerous inflammatory mediators
including cytokines, chemokines, proteases, excitatory amino acids, and reactive oxygen species.
Importantly, the products of stimulated microglia/macrophages also include a host of proangiogenic factors including vascular endothelial growth factor (VEGF) (SunderkOtter et al.,
1994). Examination of AD brains reveals evidence for ongoing inflammation and inflamed
brains have populations of reactive microglia and astrocytes. A critical general question concerns
the roles of inflammatory responses and disturbed vascular responses in contributing to the
pathophysiology of AD. In a recent study, increased CSF levels of VEGF were measured in AD
and vascular dementia brains, in comparison to controls (Tarkowski et al., 2002). The authors
concluded that up-regulation of this vascular factor suggests a common underlying pathogenesis
for AD and vascular dementia. Evidence suggesting that VEGF is a potential contributory factor
in the pathophysiological processes of AD includes its ability to increase vascular permeability
(Senger et al., 1986) and also chemoattractive microglial response (Forstreuter et al., 2002).
Recent work has also demonstrated the co-localization of VEGF with Al3 peptide plaques in AD
brains (Yang et al., 2004). These investigators suggest that excessive VEGF, associated with
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plaques, leads to low levels of VEGF in cerebral hypoperfusion and ultimately, to
neurodegeneration. Abundant VEGF immunostaining was reported to be localized to astrocytes
in cases of cerebrovascular disease and AD (Kalaria et al., 1998).

1.3.1 Inflammation and vascular remodeling
Several recent studies have suggested that vascular remodeling including angiogenic activity
and increased permeabillity of BBB could contribute to the pathological processes evident in AD
brain (Vagnucci and Li, 2003). The authors indicate that a diversity of agents, with effects to
reduce inflammatory components (the risk of AD), are all inhibitors of angiogenesis. Thus,
several mechanisms may account for angiogenesis as being an inducer of inflammatory reaction
for neurodegeneration, such as: vascular endothelial cell production of amyloid precursor
protein leading to a progressive build-up of Af3 peptide, with accumulation of immune cells (Xu
et al., 2007) and the direct cerebral microvessel secretion of putative pro-inflammatory factors
(Suo et al., 1998; Stanimirovic and Satoh, 2000). Also, putative mechanisms may be involved
that could initiate and sustain angiogenesis in AD brain, such as during inflammation.
Examination of AD brains shows that the increased angiogenic marker laminin are associated
with the deposition of amyloid plaques and reactive microglia (Fig. 1-1).
Another possible initiating process is hypoperfusion in aged brain, which leads to hypoxia
and the subsequent activation of a diversity of angiogenic stimulatory factors. A gene profiling
study examined the expression of angiogenic factors in AD brains, and found the up-regulation
of a host of pro-angiogenic and pro-inflammatory genes in disease (Pogue and Lukiw, 2004).
This enhancement of angiogenic factors could possibly act as a compensatory mechanism for
cerebral hypoperfusion in AD. The subsequent angiogenesis could then serve as an integral
component, leading to the progression, and possible severity, of the immune responses of AD.
AD brains show considerable evidence of inflammation with vascular remodeling often a
prominent component of inflamed lesions (Perlmutter et al., 1991; Farkas and Luiten, 2001).
Inflamed brains also exhibit marked increases in proliferation and activation of microglia and
astrocytes. Because of microglial-mediated inflammatory responses and the proximity of
astrocytes to the BBB, glia are suggested to contribute to angiogenic activity. Furthermore,
reactive glia are observed to be co-localized with cerebral microvessels in AD brains (Perlmutter
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ND

AD

Figure 1-1. Photomicrographs of human frontal cortical sections
immunostained for vascular matrix protein laminin combined with amyloid
plaques and HLA-DR+ microglia. Laminin antibody was used for the indicative
of angiogenic activity (a part of vascular remodeling). Frontal cortical sections
were obtained from nondemented person (upper panels) and from an AD patient
(lower panels). Scale bars = 50 f.tm. Note that markedly increased laminin
immunoreactivity associated with deposition of amyloid plaques and HLA-DR+
microglia in AD brain sections compared with ND sections.

15

et al., 1992; Uchihara et al., 1997). Glial-mediated inflammatory responses are particularly
suitable for stimulatory actions that could promote neovascularization (SunderkOtter et al.,
1994). For example, glia, activated by stimuli such as hypoxia, can secrete a diversity of
angiogenic agents including VEGF, bFGF, TNF-a, MMPs, and IL-8 (Xiong et al., 1998;
Crowther et al., 2001). In a study using a mouse model of retinal neovascularization, it was
concluded that underlying processes included contributions by TNF-a, mediated by
inflammatory responses from activated microglia (Yoshida et al., 2004). Reactive oxygen
species also have potent pro-angiogenic and pro-inflammatory actions on tissue and can
contribute to processes in disease pathology (Tojo et al., 2005; Kim et al., 2006). Even though
the mechanisms of angiogenic activity for pro-inflammatory mediators are not well known,
recent work suggests that inflammatory cytokine-induced angiogenesis is required to induce the
activation of an inducible COX-2 (Kuwano et al., 2004). Evidence also suggests that angiogenic
activity and inflammatory responses can damage neurons. In an in vitro study, a loss of cortical
or cerebellar neurons was seen after direct exposure to AD microvessels or conditioned medium
from vessels (Grammas et al., 1999). Subsequent reports from this same laboratory suggested
several inflammatory mediators from cerebral microcirculation in the AD brain as being putative
mediators of neuronal damage (Grammas and Ovase, 2001, 2002). These mediators included the
chemokine, MCP-1, the pro-inflammatory cytokine, IL-1(3 and TNF-a. Direct vasoactivity of Ala
on cerebral microvessels has been attributed to the activation of a pro-inflammatory pathway
involving COX-2 and p38 MAPK (Paris et al., 2000). Overall, the results are consistent with a
dysfunctional vasculature producing neurotoxic inflammatory products. Chronic inflammatory
conditions are sustained by the stimulated glial release of a host of pro-angiogenic factors
leading to neovascularization and progressive damage to neurons.

1.3.2 Inflammation and damage to the BBB in AD
One of the prominent cerebrovascular pathologies of AD is the leakiness of BBB. Recent
work has reported increased albumin concentration in the cerebrospinal fluid (CSF) of patients
with AD, resulting from an alteration in BBB permeability (Algotsson and Winblad, 2007;
Bowman et al., 2007). The BBB alteration assumed different degrees of severity, in the
pathological stages of AD, and was often observed prior to the onset of cognitive impairment of
patients with AD (Bowman et al., 2007). Pathological examination of the brains of patients with
16

AD indicated that the amyloid plaque that is deposited on vessels had a structural alteration of
endothelial cells and a degeneration of smooth muscle cells (Farkas and Luiten, 2001). The
detection of blood-derived serum proteins in AD brain sections also provided evidence for the
leakiness of the BBB in AD (Tomimoto et al., 1996).
(3-amyloid deposition has been considered as a causative factor in the BBB alteration.
Consistent with this notion, transgenic AD mice, expressing mutant human APP gene, develop
cerebro-amyloid angiopathy (CAA) and associated BBB damage at an early stage (Ujiie et al.,
2003). Recent clinical studies; however, show that all patients with AD that have BBB damage
may not have any signs of CAA (Bowman et al., 2007). In this patient population, BBB
disruption was not associated with genetic mutations of the genes responsible for AD. Although
the direct effect of fl-amyloid on endothelial cell function cannot be excluded, activation of
immune cells can provide an alternative explanation for the BBB damage in patients with AD.
Furthermore, since physiological function of the BBB includes a number of homeostatic
processes, any alteration of the BBB in AD brain would likely influence glial function. Our
results and the work of others on the pathological AD brain indicate that accumulated activated
microglia and astrocytes are located at the site of BBB damage in patients with AD, compared
with controls (Fiala et al., 2002; Ryu et al, 2006). A broad spectrum of pro-inflammatory factors,
derived from activated glial cells could increase the endothelial cell susceptibility in the presence
of amyloid plaques at the pathological site. In AD brains, the level of pro-inflammatory
mediators, including: cytokines, chemokines, ROS, and NO are increased by the activated
microglia and reactive astrocytes that are found around the amyloid plaque and vasculature in
AD (Akiyama et al., 2000). In vitro studies of cultured endothelial cells, and the glial-derived
pro-inflammatory mediators have been shown to damage or alter endothelial cell function (Mark
et al., 2001; Argaw et al., 2006). Furthermore, impaired cerebrovasculature can provide a route
for the entry of blood-derived components including: serum proteins, blood-borne immune cells,
and circulating pro-inflammatory mediators (Abbott et al., 2006). These factors are not normally
found in the normal brain with an intact cerebrovascular barrier, but in pathological conditions
such as AD, factors may enter the parenchymal regions of brain and stimulate brain
inflammation of microglial activation and astrogliosis, leading to the production of more
neurotoxic molecules causing neuronal damage and further cerebrovascular injury. The
degeneration of the cerebrovasculature also causes decreased levels of CSF, leading to a lack of
blood-derived factors, which are required for maintaining the neuronal homeostatic environment
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(Zlokovic, 2005). Under such pathological vascular conditions, damaged neurons produce a
broad spectrum of signaling molecules, including chemokines (Ubogu et al., 2006). Several lines
of evidence show that these chemotactic molecules can recruit immune cells and cause further
inflammatory responses (Weiss et al., 1998; Davalos et al., 2005). Thus, vascular alteration can
indirectly influence glial activation through the pathological neuronal conditions. These results
described above provide a framework for the putative f3-amyloid scheme linking vascular
impairment and inflammatory reaction to neuronal damage (Fig. 1-2).
Evidence suggests that the cerebrovasculature plays an important role in regulating the level
of 13-amyloid in the brain (Deane and Zlokovic, 2007). The I3-amyloid clearance mechanism
involves several transport binding proteins, including: apolipoprotein E, apoJ, transthyretin,
lipoproteins, a2-macroglobulin, and LDL receptor-related protein-1 (Holtzman and Zlokovic,
2007). Because an increase in levels of 13-amyloid concentration in the brain has been
demonstrated in AD transgenic mice that exhibited impairment of these transport binding
proteins (Shibata et al., 2000; Sagare et al., 2007), conceivably, cerebrovascular damage is
responsible for the accumulation of 13-amyloid, to cause the significant inflammation responses
associated with amyloid deposits.

1.4 CURRENT TREATMENTS IN AD

A number of therapeutic approaches have been taken to inhibit inflammation in AD (WyssCoray, 2006). Inhibition of immune responses has been used in experimental animal models of
AD, including transgenic mice and 13-amyloid peptide-injected animals (Yan et al., 2003; Ryu et
al., 2004). The general results from animal studies indicate that anti-inflammatory drugs show
significant action to protect neurons. In contrast to the experimental animal results, clinical
treatments of AD patients using a number of anti-inflammatory compounds (i.e., the
glucocorticoid prednisone, the anti-malarial immunomodulating drug hydroxychloroquine, the
selective COX-2 inhibitors celecoxib and rofecoxib) have shown little or no beneficial effects in
preventing or delaying disease progression (Aisen et al., 2000; Sainati et al., 2000; Van Gool et
al., 2001; Thal et al., 2005).
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Figure 1-2. The sequence of pathological events in neuronal degeneration
associated with cerebrovascular pathology and inflammatory reaction in AD.
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Effects of NSAIDs (non-steroidal anti-inflammatory drugs) in AD have been extensively
studied (Weggen et al., 2007). In a current long-term follow-up (7-year) study of patients at risk
for AD, treatment with NSAIDs revealed an important therapeutically effective time course. In
the trial, patients who were exposed to NSAIDs for two or more years before onset of dementia
had less chance of developing AD pathology (in t' Veld et al., 2001). Results from other clinical
trials using NSAIDs have also reported some benefits in cognitive function with these
compounds (McGeer and McGeer, 2007). Overall, however, the inhibition of inflammation
using anti-inflammatory compounds has shown limited utility as a treatment in AD. The
underlying reasons for limited efficacy are not known but may involve the complexity in
multifactorial cellular pathways underlying inflammatory responses in AD brains. The work
presented in this thesis suggests the importance of pharmacological modulation of microglialvasculature processes as a relevant future strategy to attenuate chronic inflammation in AD
brain.
Cholinesterase inhibitors are used in the treatment of AD. The rationale for their use came
from earlier observations that the cognitive decline seen in AD was associated with reduced
levels of the neurotransmitter acetylcholine due to loss of cholinergic neurons. However, trials
with anti-cholinesterase compounds (rivastigmine, donepezil, galantamine) showed that these
compounds produce small benefits to improve cognition of patients with mild to moderate
dementia (Raschetti et al., 2007). In recent years, interest in the possible role of excitotoxicity in
AD pathology has led to several clinical trials with memantine, a N-methyl-D-asparate (NMDA)
antagonist. One randomized controlled trial using this compound has demonstrated moderate
effects to improve cognitive performance (Bakchine and Loft, 2007). Ongoing studies with
memantine should lead to a better understanding of the NMDA receptor as a target for drugs in
AD brain.
Epidemiological studies have linked cholesterol-lowering compounds, such as statins, to
lower rates in the incidence of AD in the elderly (Jick et al., 2000; Wolozin et al., 2007). Clinical
studies using the statins have been initiated to treat AD patients and early results suggest these
compounds delay the appearance of cognitive decline (Sparks et al., 2005) and reduce
neuropathological changes in AD patients (Li et al., 2007). The potential therapeutic
mechanisms of statins in AD are not well understood but recent studies have found that these
compounds can regulate APP processing and AP generation (Pedrini et al., 2005). Further
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studies are required to determine if cholesterol-lowering compounds will be useful therapy in
AD.
Active and passive amyloid vaccinations have been used to treat AD (Schenk et al., 1999;
Lemere et al., 2006;). Results have shown these procedures capable of initiating microglial
phagocytic responses resulting in decreased Af3 plaque burden. However, the procedures also
caused an increase in inflammatory responses in some individuals resulting in the development
of meningoencephalitis (Nicoll et al., 2003; Ferrer et al., 2004). To overcome limitations of
amyloid vaccination, differing doses of Al3 peptide-anti-A(3 peptide adjuvants and AP gene
vaccination are currently being explored.
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1.5 RESEARCH HYPOTHESIS
Chronic inflammation is a critical component in the pathology of AD. The hypothesis of the
proposed research is that Al3 intrahippocampal injection stimulates a chronic inflammatory
microenvironment in brain which is characterized by populations of mobile and reactive
microglia, a perturbed vasculature, including enhanced expression of angiogenic factors and a
leaky BBB, and a diminished viability of neurons. It is postulated that activated microglia
initiate vascular remodeling and that abnormalities in vasculature, such as extravasation of
plasma proteins into parenchyma, help sustain inflammatory reactivity resulting in damage to
bystander neurons. Pharmacological inhibition of microglial and vascular inflammatory
responses is posited as a rational therapeutic approach to diminish neuronal damage in AD
brain.
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1.6 SUMMARY OF PROPOSED RESEARCH OBJECTIVES
The overall thesis objective was to examine roles of microglia in modulating vascular
processes and neuronal viability in an amyloid beta-peptide (A(31_42)-injected animal model of
inflamed Alzheimer's disease (AD) brain and how glial-vascular interactions contribute to
chronic inflammation in AD. In addition to in vivo studies, my work also includes analysis of
AD and nondemented (ND) brain tissue and in vitro analysis of microglial functional
inflammatory responses. The specific objectives are listed below.
1. To investigate levels of 3-nitrotyrosine (3-NT, a marker for peroxynitrite formation) and
intactness of blood-brain barrier (BBB) in Ai31_42-injected rat hippocampus. To examine effects
of the broad spectrum anti-inflammatory agent, minocycline or the iNOS inhibitor, 1400W on
glial-derived 3-NT and BBB damage in A131_42-injected rat hippocampus.
2. To investigate the effects of the anti-angiogenic/anti-inflammatory compound thalidomide on
microglial responses and association of microgliosis with vascular perturbations in A(31.42injected rat hippocampus. To determine effects of thalidomide on the proinflammatory/angiogenic factor, tumor necrosis factor-a (TNF-a) expression in

AP _4 2-injected

rat hippocampus and in A131_42-stimulated adult human microglia.
3. To assess extravasation of the blood protein fibrinogen through a perturbed BBB in
inflammatory conditions related to AD. These conditions include fibrinogen leakiness in tissue
obtained from AD brains (versus control tissue from ND individuals) and rat hippocampus
injected with A13 1 _42 (versus controls saline and reverse peptide injection). To examine effects of
the defibrinogenating agent ancrod and microglial inhibitor anti-Mac-1 antibody as a modulator
of fibrinogen-associated inflammation in vivo.
4. To investigate microglial expression and function of VEGF (vascular endothelial growth
factor) receptor-1 (Flt-1) in A31_42-injected rat hippocampus, in peptide-stimulated human adult
microglia and in brain tissue obtained from AD patients. To determine Flt- 1 -dependent
microglial chemotaxis in vitro (using a transwell migration assay) and in vivo (using transplanted
enhanced green fluorescent protein (EGFP)-labelled microglia). Pharmacological modulation of
chemotaxis will be examined using anti-Flt-1 antibody treatment to alter mobility of microglia.
The specific objectives 1 to 4 are presented in thesis chapters 2 to 5.
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CHAPTER 2: MINOCYCLINE OR INOS INHIBITION BLOCK 3-NITROTYROSINE
INCREASES AND BLOOD-BRAIN BARRIER LEAKINESS IN AMYLOID-BETA
PEPTIDE-INJECTED RAT HIPPOCAMPUS

1

2.1 INTRODUCTION
Inflammation has been suggested as a contributing factor in the pathological processes of
Alzheimer's disease (AD) (Akiyama et al., 2000). Results from analysis of postmortem AD
brains (McGeer and McGeer, 2003) and transgenic animal models of AD (Heneka et al., 2005)
show upregulation of inflammatory components in AD brain compared with age-matched
controls. Importantly, a diversity of pharmacological agents sharing a commonality in reducing
risk of AD, show anti-inflammatory effects with long-term application (Aisen et al., 2002). In
vitro, results from a number of studies have reported enhanced inflammatory responses in A(31-42stimulated microglia (Combs et al., 2001; Lue et al., 2001; Xie et al., 2002).
Alterations in properties of the cerebrovasculature have been suggested as contributing to the
pathogenesis in AD (Vagnucci and Li, 2003; Zlokovic et al., 2005). Indeed, impaired cerebral
circulation, vascular inflammation and BBB dysfunction have been identified in the brains of
AD patients (Farkas and Luiten, 2001). The functional importance of cerebrovasculature in AD
is based on its ability to maintain a homeostatic environment, crucial to the viability of neurons
(Hawkins and Davis, 2005). Inflammatory responses, mediated by activated glia, could play an
important role in perturbing cerebrovascular functions in AD.
We have previously demonstrated that blockade of A0 1 _42-derived microglial activation by
minocycline, a second-generation tetracycline derivative with anti-inflammatory and
neuroprotective properties (Domercq and Matute, 2004) can enhance neuronal survival in the rat
hippocampus (Ryu et al., 2004a). In the present study we report that the peptide-injected
hippocampus exhibits marked elevation of nitrotyrosine (3-NT), an indicator for peroxynitrite
formation, and increased leakiness of the BBB. Minocycline, or the iNOS inhibitor 1400W, have
then been examined for effects to inhibit glial-derived 3-NT and maintain the integrity of the
BBB.

I A version of this chapter has been published. Ryu, J.K. and McLarnon, J.G. (2006) Minocycline
or iNOS inhibition block 3-nitrotyrosine increases and blood-brain barrier leakiness in amyloidbeta peptide-injected rat hippocampus. Exp Neurol. 198:552-557.
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2.2 MATERIALS AND METHODS
2.2.1 Animal care and surgery
All animal experiments were approved by the Committee on Animal Care of the University
of British Columbia. Adult male Sprague Dawley rats (Charles River Labs, St. Constant,
Quebec; 260-280 g) were anesthetized with ketamine hydrochloride (72 mg/kg, i.p.) and
xylazine (9 mg/kg, i.p.) and then mounted in a stereotaxic apparatus (David Kopf Instruments,
Tujunga, CA). Rats (n = 4 per group) received unilateral stereotaxic injection of A131_42 or
reverse peptide A1342_1 (1 nmol in 2 1_11; California Peptide Research, Napa, CA) into dentate
gyrus of hippocampus (AP: -3.6 mm, ML: -1.8 mm, DV: -3.2 mm) as described previously (Ryu
et al., 2004a). Nonlesioned animals served as control. Minocycline (Sigma, St. Louis, MO) was
injected intraperitoneally at 50 mg/kg immediately following and 12 hr after A131_42 injection and
then 25 mg/kg daily for 7 days (Ryu et al., 2004a) (n = 4). 1400W (Sigma) was dissolved in
saline and injected subcutaneouly at a dose of 10 mg/kg immediately following and 12 hr after
A131_42 injection and then daily for 7 days (Parmentier et al., 1999) (n = 4). Control rats and rats
injected with AI3142, but not Af342_1, were administered with minocycline or 1400W. All animals
were sacrificed at 7 days.

2.2.2 Immunohistochemistry
The preparation of tissue (40 gm serial coronal sections) and immunohistochemical
procedures followed published procedures (Ryu et al., 2004b). Briefly, free-floating sections
were incubated overnight at 4°C with the primary antibodies; rabbit anti-3-nitrotyrosine
(indicative of peroxynitrite formation, 1:500, Upstate Biotechnology, Lake Placid, NY). Sections
were then incubated at room temperature (RT) with biotinylated secondary antibody (1:500;
Vector, Burlingame, CA), avidin-biotin-peroxidase kit (ABC, 1:200, Vector), and 3,3'diaminobenzidine (Sigma). As positive control for 3-NT staining, sections were preincubated
with 24 mM peroxynitrite and processed as above. Specificity of 3-NT antibody was confirmed
by incubating the primary antibody with a 10 mM nitrotyrosine. The permeability of BBB was
assessed using IgG immunohistochemistry with brain sections incubated at RT with rat anti-IgG
(1:500; Vector), ABC, and DAB (Sigma).
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2.2.3 Double immunofluorescence staining
For double immunofluorescence staining (Ryu et al., 2004b), sections were incubated (24 hr
at 4°C) with a mixture of two primary antibodies: mouse anti-CR3 (OX-42, indicative of
microglia/macrophages, 1:500; Serotec, Oxford), mouse anti-GFAP (indicative of astrocytes,
1:1000, Sigma) or mouse anti-NeuN (indicative of neurons, 1:500, Chemicon, Temecula, CA) in
combination with 3-NT (1:500; Upstate Biotechnology). Sections were then incubated with
fluorescence-conjugated goat secondary antibodies (Alexa Fluor antibodies; Molecular Probes,
Eugene, OR) at RT for 2 hr in the dark.

2.2.4 Quantitative analysis of immunohistochemical staining
Three hippocampal sections (AP: -3.6 mm, equally spaced 80 pm intervals) were used for
quantitative analysis. For 3-NT and IgG immunoreactivity, gray scale pixel values were
measured in the dentate gyrus using Northern Eclipse software (Empix Imaging) as described
previously (Ryu et al., 2004a). The number of 3-NT expressing microglia/macrophages,
astrocytes and neurons in the dentate gyrus were counted using a 40X objective under a Zeiss
Axioplan-2 fluorescence microscope with Northern Eclipse software (Empix Imaging) (Ryu et
al., 2004b).

2.2.5 Statistical Analysis
All quantitative analyses were carried out in a blinded manner with values expressed as
means ± SEM. Statistical significance was assessed using analysis of variance (ANOVA),
followed by Student-Newman-Keuls multiple comparison test (GraphPad Prism 3.0).
Significance was set at p < 0.05.
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2.3 RESULTS
Initial experiments examined the induction of 3-nitrotyrosine (3-NT) at 7 d following A131-42
injection into rat hippocampus. As shown in Fig. 2-1A, numbers of 3-NT-positive cells were
significantly increased with A131_42 injection relative to nonlesioned control. Both minocycline or
iNOS inhibitor 1400W treatments were effective in reducing numbers of 3-NT-positive cells in
A13 1 _42 -injected brain. Little or no induction of 3-NT was found in the hippocampus after
injection of reverse peptide Af342_1 (Fig. 2-1A), or minocycline or 1400W alone (data not shown).
Quantitative analysis (Fig. 2-1B) showed AP1-42 injection increased 3-NT immunoreactivity (ir)
194-fold relative to nonlesioned control and this increase was significantly reduced in
minocycline (by 56%) or 1400W (by 66%) administered animals. As shown in Fig. 2-1B, 3-NT
ir was very low with reverse peptide (A(3 42 _ 1 ) injection or in animals receiving minocycline or
1400W in the absence of A131-42.
We next assessed the effects of minocycline or 1400W on A13 1 _42 -induced 3-NT induction in
specific cell types; microglia/macrophages, astrocytes and neurons. Representative results from
double immunofluorescence analysis (Fig. 2-2A and B) showed that at 7 d following API-42
injection into rat brain, 3-NT ir in OX-42-positive microglia/macrophages (Fig. 2-2A, top row
and second column) and GFAP-positive astrocytes (Fig. 2-2B, top row and second column) was
considerably increased relative to nonlesioned control. Both minocycline and 1400W treatments
were effective in attenuating expressions of 3-NT in both microglia/macrophages and astrocytes
(Fig. 2-2A and B). Injection of A11 42_ 1 (bottom low and second column) or minocycline or
1400W alone (data not shown) had little or no effect to alter the 3-NT expression in glial cells. In
addition, no 3-NT ir was observed in NeuN-positive neurons at 7 days post-A1342_1 injection (data
not shown).
Overall, intrahippocampal AP 1 _42 injection significantly increased 3-NT expression in
microglia/macrophages (by 31-fold) and astrocytes (by 58-fold) compared with nonlesioned
control (Fig. 2-2C). In A(3 1 _42 -injected hippocampus, administration of minocycline significantly
reduced 3-NT expressions in glia (by 57% for microglia/macrophages and by 22% for
astrocytes) relative to A13 1 _42 alone. 1400W treatment also inhibited induction of 3-NT in
microglia/macrophages (by 70%) and astrocytes (by 38%) relative to A131-42 alone; actions of the
iNOS inhibitor were significant.
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Figure 2-1. Effects of minocycline and 1400W on Af3 142 -mediated 3-NT
induction. (A) Representative photomicrographs of 3-NT-immunoreactive
cells in the dentate gyrus from nonlesioned control, 4 142 -injection at 7 days
in the absence and presence of minocycline (MC) or 1400W, and for Af3 42 _ 1
injection. Scale bar = 30 IAM. (B) Quantification of 3-NT immunoreactivity;
data are mean ± SEM (n=4). *p < 0.05 vs. nonlesioned control. **p < 0.05 vs.
A[3 142 -injected rats.
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Figure 2-2. Effects of minocycline and 1400W on Af3 1.42 -induced 3-NT
induction in activated glial cells. (A) Double immunofluorescence staining of
3-NT (green) with OX-42-positive microglia/macrophages (red) or (B) GFAPpositive astrocytes (red) in the dentate gyrus obtained from nonlesioned control
animals, AP 142 -injected rats for 7 days in the absence or presence of
minocycline (MC) or 1400W, and rats injected with AP 42 _ i alone. Scale bars =
20 1.1M. (C) Quantification of the number of microglia/macrophages or
astrocytes expressing 3-NT. Data are mean ± SEM (n=4). *p < 0.05 vs.
nonlesioned control. **p < 0.05 vs. Af3 142 -injected rats.
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Intrahippocampal injections with any of A1342_1, minocycline or 1400W had little effect on
number of 3-NT immunoreactive glial cells compared to control (Fig. 2-2C).
An important aspect of this study was to examine properties of vasculature in A(31_ 42-injected
hippocampus. Immunohistochemical staining showed prominent 3-NT ir located in proximity to
cerebral blood vessels (indicated by V) with A13 1 _42 injection for microglia/macrophages (top
row) and astrocytes (bottom row) compared with nonlesioned control (first and second columns,
Fig. 2-3A). Injection of minocycline (third column) or 1400W (fourth column) with A13 1 _42
considerably reduced 3-NT ir in the vicinity of blood vessels. No induction of 3-NT was found
in animal brains injected with A13 424 (Fig. 2-3A, fifth column), or minocycline or 1400W
separately (data not shown).
We also measured BBB permeability in A[31_42-injected hippocampus using
immunohistochemical analysis with IgG antibody. Figure 2-3B (top row) presents representative
(low magnification) IgG-stained hippocampal regions showing no IgG ir for nonlesioned control
but high levels of IgG staining in the dentate gyrus of Af31_42-injected hippocampus. This
increased IgG staining was markedly diminished by minocycline or 1400W treatment and absent
with A13424 injection. The regions denoted by asterisks (top row, Fig. 2-3B) are presented at
higher magnification (lower row, Fig. 2-3B). The results show a high degree of IgG infiltration
in regions adjacent to blood vessels (V) at 7 days after A13 1 _42 injection (Fig. 2-3B, bottom row
and second column) relative to nonlesioned control (Fig. 2-3B, bottom row and first column).
However, IgG ir in the vicinity of blood vessels (marked as V) was markedly reduced in the
hippocampus of rats receiving minocycline (third column) or 1400W (fourth column) with A(3 1 _
42.

Little or no IgG ir was evident in the hippocampus of animals injected with A13424 (Fig. 2-3B,

bottom row and fifth column) or either of minocycline or 1400W alone (data not shown).
Quantification in the level of IgG ir is presented in Fig. 2-3C with minocycline and 1400W
showing significant reductions of IgG ir (by 59% for minocycline and by 73% for 1400W
relative to control). Minocycline or 1400W alone, in the absence of A13 1 _42 , showed little or no
IgG ir. Reverse peptide A1342_1 had only a small effect on IgG ir.
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Figure 2-3. Effects of minocycline and 1400W on M3 142 -induced BBB
leakiness. (A) Double immunofluorescence staining of 3-NT (green) and OX42-positive microglia/macrophages (red) or GFAP-positive astrocytes (red) in
the vicinity of blood vessels (labelled V): nonlesioned control, Af3 142 -injected
animals at 7 days in the absence or presence of minocycline (MC) or 1400W,
and rats injected with A(3 42 _ 1 . Scale bars = 30 i.tm. (B) IgG immunoreactivity in
the hippocampus of nonlesioned control and lesioned hippocampus obtained
from AI3 142 -injected rats at 7 days in the absence or presence of MC or 1400W
and rats injected with A(42-1 (top row). Highly magnified photomicrographs of
IgG immunoreactivity around blood vessels (V) are presented (bottom row,
corresponding to region indicated by asterisk (*) in top row). Scale bars = 1
mm (top row) and 50 (bottom row). (C) Quantification of IgG
immunoreactivity; data are mean ± SEM (n=4). *p < 0.05 vs. nonlesioned
control. **p < 0.05 vs. A131-42-injected rats.
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2.4 DISCUSSION
In this study we demonstrate for the first time that administration of minocycline or a
selective iNOS inhibitor decreases 3-NT induction in activated microglia/macrophages and
reactive astrocytes following intrahippocampal AI3 142 injection. Of particular importance was the
finding that activated glial cells expressing 3-NT were spatially associated with blood vessels.
IgG permeability through BBB was markedly increased with AI3142 injection indicative of
leakiness of this barrier. Both minocycline or iNOS inhibition were highly effective in restoring
the integrity of the BBB.
The present results suggest that A13 1 42 injection is associated with a spectrum of
inflammatory responses including changes in functional properties of BBB. Furthermore,
reactive nitrogen species, induced by stimulation of both microglia/macrophages and astrocytes,
appears to play a role in mediating perturbations in BBB. The decreased 3-NT it in glial cells in
response to minocycline treatment may be due to the ability of this compound to reduce the
activity of oxidative enzymes such as COX-2, NADPH-oxidase and iNOS; involvement of the
latter factor is also indicated by the efficacy of 1400W to reduce 3-NT. Findings from highperformance liquid chromatography (HPLC) (Hensley et al., 1998) and immunohistochemical
(Smith et al., 1997) analysis and proteonomic studies (Castegna et al., 2003) of AD brain have
demonstrated increased levels of nitrotyrosine in affected brain regions. Previous work has
reported minocycline-induced inhibition of 3-NT production is correlated with reduction of glial
oxidative enzyme activity in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Wu et al.,
2002) or LPS-injected animals (Tomas-Camardiel et al., 2004).
Our results show similar spatial patterns of 3-NT and clusters of IgG immunostaining in the
vicinity of blood vessels suggesting the possibility that glial cell-derived nitrogen species such as
peroxynitrite may be involved in the alteration of blood vascular function. Administration of
minocycline or 1400W decreased 3-NT induction in glial cells in the vicinity of blood vessels
(Fig. 2-3A) and decreased the permeability of the BBB to IgG (Fig. 2-3B). These observations
are consistent with a reduction in glial activation leading to a diminished peroxynitrite formation
and increase in the intactness of the BBB. Recent studies have reported that peroxynitrite is
capable of causing alterations in BBB integrity (Knepler et al., 2001; Tan et al., 2004). Although
the specific pathological roles of BBB dysfunction in the pathogenesis of AD are not known,
previous studies have indicated alterations in BBB permeability may increase risk of neuronal
damage in AD (de Vries et al., 1997).

50

The present results suggest the utility of future studies to correlate the effects of changes in
BBB functional properties with neuronal viability and to examine pharmacological modulation
of BBB for neuroprotection in A13142-injected brain. Minocycline, which exhibits antiangiogenic properties (Tamargo et al., 1991), is a candidate therapeutic compound to inhibit
inflammation and cerebrovascular alterations in AD.
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CHAPTER 3: THALIDOMIDE INHIBITION OF PERTURBED VASCULATURE AND
GLIAL-DERIVED TUMOR NECROSIS FACTOR-a IN AN ANIMAL MODEL OF
INFLAMED ALZHEIMER'S DISEASE BRAIN 2

3.1 INTRODUCTION
Alzheimer's disease (AD) is an age-dependent brain disorder characterized by the
progressive degeneration of neurons in brain regions involved in learning, memory and cognitive
function. Chronic inflammatory processes are associated with the pathogenesis of AD with
affected brain areas containing deposits of amyloid-beta (A(3) peptide, neurofibrillary tangles and
activated microglia, the immune responding cells of brain (McGeer and McGeer, 1999; Akiyama
et al., 2000; Hardy and Selkoe, 2002). Stimulation of microglia by AP has been considered as a
critical component of inflammatory responses in AD (Akiyama et al., 2000; Rogers et al., 2002)
with an assemblage of inflammatory mediators released from peptide-activated cells (Lue et al.,
2001). Importantly, products of microglia may be involved in neurodegeneration (Banati et al.,
1993; Combs et al., 1999, 2001; Mrak and Griffin, 2005; Franciosi et al., 2006).
The use of anti-inflammatory agents such as NSAIDS has shown some clinical benefits in
treatment of AD individuals (Breitner et al., 1995; McGeer and McGeer, 2006). However, the
overall effectiveness of such medications has generally been limited (Eikelenboom and van
Gool, 2004) possible indicating that inhibition of multiple processes resulting from activation of
microglia may be required in order to optimally block inflammatory responses. An interesting
possibility, not well-studied in terms of pharmacological modulation, is that activated microglia
could signal changes in properties of vascular processes as a critical component of an
inflammatory response. Such actions could lead to altered responses of endothelial cells and
perturbations to the blood-brain barrier (BBB) which in turn could stimulate and shape
microglial responses sustaining a chronic inflammatory environment in AD brain. Results from
previous work have indicated altered properties of BBB in inflamed AD brain including
evidence for increased vascular permeability (Prat et al., 2001; Ujiie et al., 2003), hypoperfusion
(de la Torre, 2000, 2002; Zlokovic, 2005), angiogenic activity (Vagnucci and Li, 2003),
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upregulation of pro-angiogenic factors (Tarkowski et al., 2002; Pogue and Lukiw, 2004) and
endothelial cell damage (Grammas et al., 2006). In this laboratory, we have reported increased
angiogenic activity (Zand et al., 2005) and leakiness of BBB (Ryu and McLarnon, 2006) in A(3injected rat hippocampus.
The present study has investigated microglial responses and association of microgliosis with
vascular perturbations in Af31_42-injected hippocampus. Thalidomide has been used as a
pharmacological modulator since the compound exhibits anti-inflammatory actions (Corral and
Kaplan, 1999) and effects on vascular processes (Bartlett et al., 2004). Although multiple
thalidomide actions in tissue have been reported (see Discussion), one particular mechanism for
the compound is inhibition of the pro-inflammatory factor TNF-a (Moreira et al., 1993). In this
work we have addressed the possibility that anti-inflammatory effects of thalidomide to block
TNF-a from activated microglia may be associated with effects of the agent to alter vascular
processes. Since TNF-a is a potent angiogenic agent (Sunderkotter et al., 1994), we hypothesized
that inhibition of the pro-inflammatory cytokine could be effective in modulating vascular
remodeling in peptide-injected brain. Our findings indicate altered cerebral vasculature as an
integral component of inflammatory responses with thalidomide an effective inhibitor of
microglial-derived TNF-a leading to neuroprotection in a model of inflamed AD brain.
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3.2 MATERIALS AND METHODS
3.2.1 Animal care and surgery
All animal procedures were approved by the University of British Columbia Animal Care
Ethics Committee, adhering to guidelines of the Canadian Council on Animal Care. Male
Sprague-Dawley rats (280-300 g) were obtained from Charles River Laboratories (St. Constant,
Quebec). Animals were anesthetized with intraperitoneal (i.p.) injection of a mixture of ketamine
hydrochloride (72 mg/kg; Bimeda-MTC, Cambridge, Ontario, Canada) and xylazine
hydrochloride (9 mg/kg; Bayer Inc., Etobicoke, Ontario, Canada) and placed in a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA). Stereotaxic unilateral injection of betaamyloid (A(3) peptide (see below) was performed as previously described (Ryu et al., 2004;
Franciosi et al., 2006) using a 10 111 Hamilton syringe fitted with a 26-gauge needle. Injection
coordinates were chosen according to the atlas of Paxinos and Watson (2005): anteriorposterior
(AP): -3.3 mm, mediallateral (ML): -1.6 mm, dorsoventral (DV): -3.2 mm, from bregma. All
efforts were made to minimize animal suffering and to reduce the number of animals used.

3.2.2 Preparation and application of amyloid-beta peptide and thalidomide
Peptides (full length A131_42 or reverse peptide A(342-1; California Peptide, Napa, CA) were
prepared following published procedures (Lue et al., 2001; Franciosi et al., 2005, 2006). The
compounds were first dissolved in 35% acetonitrile (Sigma) and further diluted to 500 pM with
incremental additions of PBS with vortexing. The peptide solution was subsequently incubated
at 37°C for 18 hr to promote fibrilization and aggregation and stored at -20°C. Peptides (2 nmol
in 1 IAD were slowly injected (0.2 µl/min) into the dentate gyrus of hippocampus for a duration of
7 d.
The preparation of thalidomide followed published work (Kenyon et al., 1997). Thalidomide
(Biomol, Plymouth Meeting, PA) was emulsified in 0.5% carboxymethylcellulose in PBS
(CMC) and administered i.p. at a dose of 100 mg/kg at the time of A3 142 injection followed by
daily injection of 100 mg/kg for 7 days. Control animals were injected with CMC vehicle. The
dose and treatment protocol for thalidomide in this study was well tolerated by the animals and
has been previously reported to be effective in inhibition of angiogenic activity (Kenyon et al.,
1997; Kaicker et al., 2003).
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3.2.3 Immunofluorescence and Immunohistochemistry
At seven days post-injection, the animals were transcardially perfused with heparinized cold
saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (0.1 M PB, pH 7.4) under
anesthesia. Brains were removed from the skull, postfixed in the same fixative overnight and
then placed in 30% sucrose for cryoprotection. The brains were then rapidly frozen in powdered
dry ice and stored at -70°C. Coronal sections (40 um) were cut on a cryostat throughout the
hippocampus and stored in cryoprotectant solution. Free-floating sections were processed for
single immunofluorescence staining as described previously (Ryu et al., 2007). Briefly, sections
were incubated in PBS containing 1% bovine serum albumin (BSA; Sigma, St. Louis, MO), 10%
normal goat serum (NGS) and 0.2% Triton X-100 (Sigma) for 1 hr. Sections were then incubated
overnight at 4°C with the following primary antibodies: mouse anti-endothelial cell antigen
(RECA-1, a marker for endothelial cells, 1:1000; Serotec Ltd, Kidlington, Oxford, UK), rabbit
anti-laminin (laminin, a marker for vascular basement membrane protein, 1:1000; Sigma), goat
anti-tumor necrosis factor-alpha (TNF-a, 1:500; Cedarlane Laboratories Ltd. Hornby, ON,
Canada), rabbit anti-ionized calcium binding adapter molecule-1 (Iba-1, a marker for microglia,
1:500; Wako Chemicals, Richmond, VA), mouse anti-glial fibrillary acidic protein (GFAP, a
marker for astrocytes, 1:1000; Sigma), or mouse anti-neuronal nuclei (NeuN, a marker for
neurons, 1:1000; Chemicon, Temecula, CA). Sections were rinsed in PBS with 0.5% BSA and
incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:200; Invitrogen Canada Inc.,
Burlington, Ontario, Canada), Alexa Fluor 594-conjugated goat anti-mouse IgG (1:200;
Invitrogen) or Alexa Fluor 594-conjugated donkey anti-goat IgG (1:200; Invitrogen) at room
temperature (RT) for 2 hr in the dark.
Double immunofluorescence staining was performed as described previously (Ryu et al.,
2004). Free-floating sections were incubated overnight at 4°C with a mixture of two primary
antibodies: RECA (1:500; Serotec) in combination with laminin (1:1000; Sigma) or Iba-1
(1:1000; Wako); TNF-a (1:500; Cedarlane Laboratories Ltd) in combination with Iba-1 (1:1000;
Wako) or rabbit anti-GFAP (1:1000; Sigma). Sections were then incubated in a mixture of Alexa
Fluor 488 and Alexa Fluor 594 conjugated secondary antibodies (1:200; Invitrogen) at RT for 2
hr in the dark. For the detection of RECA or Iba-1 associated with altered vasculature,
hippocampal sections in which the vessels were labeled by perfusion of FITC-albumin (Sigma,
10 mg/kg, intracardial injection; Cavaglia et al., 2001) were incubated overnight with primary
antibody to RECA (1:1000; Serotec) or Iba-1 (1:1000; Wako), followed by incubation of Alexa
Fluor conjugated secondary antibody (1:200; Invitrogen).
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3.2.4 Quantitative analysis of immunohistochemical staining
Three coronal hippocampal sections were used for immunohistochemical analysis (Ryu et
al., 2004). In order to ensure consistency within and between groups, matched hippocampal
tissue sections were always processed and all microscopy parameters were kept constant
throughout the experiments. Digitized images of immunostained sections were acquired using a
Zeiss Axioplan-2 light microscope equipped with a DVC camera (Diagnostic Instruments,
Sterling Heights, MI). These images were then analyzed using Northern Eclipse software (Empix
Imaging, Mississauga, Ontario, Canada). In each stained section, the hippocampal subregion
boudaries were outlined (Fig. 1A, upper left panel). The granule cell layer (GCL) region was
defined as the superior blade of the dentate gyrus. The molecular layer (ML) region was defined
as the area between GCL border and the hippocampal fissure. Four fields within the GCL and
ML regions were then selected in each section (magnification of 40x). Vascular area density (the
fraction of the total given area occupied by the vascular wall and lumen) and vessel diameter
(measured as the outside diameter of longitudinal vascular images) was measured on RECAimmunostained sections (n = 5 rats per group). For FITC-albumin (measure of vascular
permeability) and laminin (measure of vascular basement membrane and angiogenic activity)
staining, intensity of pixels above a predetermined threshold level of staining intensity was
measured (n = 5 rats per group). The measurements of microglial activation (Iba-1 marker),
astrogliosis (GFAP marker), inflammatory/angiogenic factor expression (TNF-a), and neuronal
survival (NeuN marker) were made on immunostained sections by counting the number of
immunoreactive cells (n = 5 rats per group). All quantitative analyses were performed in a blind
manner.

3.2.5 Consideration of vascular fluorescence markers used in this study
RECA-1: Anti-RECA-1 has been developed as a cell-specific monoclonal antibody to rat
endothelial cell surface antigen (Duijvestijn et al., 1992). In this work, the specificity of antiRECA-1 was shown by immunofluorescence staining of paraformaldehyde-fixed rat tissue
sections. Anti-RECA-1 antibody reacted with all vascular endothelium in the rat tissues but not
with other cell types. The affinity of this antibody to rat endothelial cells was further
demonstrated by intravenous injection of RECA-1 antibody localization with rat endothelial cells
(Ghabriel et al., 2000). Other evidence has shown anti-RECA-1 antibody association with rat
vascular endothelium under different physiological and pathological brain conditions (Cao et al.,
2004; Gursoy-Ozdemir et al., 2004; Hellsten et al., 2005).
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Laminin: Anti-Laminin is an affinity isolated antigen specific antibody developed as a
glycoprotein-specific probe to laminin from the basement membrane. Previous
immunohistochemical and immunoelectron microscopy work provided clear evidence of
localization of laminin in endothelial basement membrane but not in pericytes or other cell types
(Sobel et al., 1998). Recent double immunofluorescent staining of laminin with several vascular
markers also demonstrated laminin is strongly associated with blood vessels (Hellsten et al.,
2005).
Albumin: FITC-albumin is an albumin labeled with fluorescein isothiocyanate for use in
perfusion studies in animals. Therefore, permeability of the blood-brain barrier can be evaluated
by the detection of extravasated FITC-albumin after systemic injection (Cavaglia et al., 2001). A
previous study (Pietra and Johns, 1996) has examined fluorescent and immunoelectron
microscopy staining of FITC-albumin in leaky arterial endothelium. The results showed
considerable agreement in staining patterns of localization of FITC-albumin in the perivascular
interstitial space using the two different methods.

3.2.6 Reverse Transcription-PCR in vitro in adult human microglia
Human microglia were provided by Douglas G. Walker (Laboratory of Neuroinflammation,
Sun Health Research Institute, Sun City, AZ) and cultured as described previously (McLarnon et
al., 2006; Walker et al., 2006). Cells were maintained in Dulbecco's modified Eagle's medium
(DMEM; Life Technologies, Gaithersburg, MD) supplemented with 10% fetal bovine serum
(FBS, Hyclone, Logan, UT) and 50 pg/ml gentamicin. Human microglia were plated on 12-well
multiplates and incubated in serum free media for 48 hr to reduce cell activation (Walker et al.,
2006). Cell treatments (for 8 hr) included A13 1 _42 (5 1.1M), preincubation with thalidomide (50
pg/m1) for 1 hr before A131_42 exposure, thalidomide alone, PBS control and reverse peptide A1342(5 p,M). Total RNA was isolated from microglial cultures using TRIzol Reagent (Invitrogen)
according to the manufacture's protocol. RNA was reverse transcribed (RT) to cDNA using
Moloney Murine Leukemia Virus (MMLV) reverse transcriptase (Invitrogen). For negative
control, MMLV reverse transcriptase was omitted. The PCR primers (human TNF-a and
GAPDH) used in this study were described previously (Franciosi et al., 2006). PCR was
performed under the following conditions: initial denaturation at 95°C for 6 min followed by 35
cycles of denaturation at 95°C for 45 s, annealing at 55-60°C for 1 min and extension at 72°C for
1 min. A final extension at 72°C for 10 min was included. The amplified DNAs were identified
using 1.5% agarose gels containing ethidium bromide (EtBr) and visualized under UV light.
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3.2.7 Statistical Analysis
Values are expressed as means ± SEM. Statistical significance was assessed by ANOVA,
followed by Newman-Keuls multiple comparison test (GraphPad Prism 3.0). Significance was
set at p < 0.05.
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3.3 RESULTS
3.3.1 Effects of thalidomide on Al142-induced neovasculature

Previous work has reported the formation of newly formed blood vessels in Afl 1 42 injected
rat hippocampus (Zand et al., 2005). In this study we have used two different experimental
designs to examine anti-angiogenic activity of thalidomide in this animal model of inflamed AD
brain. In one procedure single staining immunohistochemistry was used to measure
immunoreactive (ir) areas of the specific endothelial cell marker RECA-1 and in a subsequent
study single staining of laminin, together with double staining of laminin with RECA-1, was
used to characterize changes in vasculature. Since RECA-1 ir is a measure of both new and preexisting blood vessels, the interpretation of our data in terms of neovascularization is discussed
below.
Thalidomide modulation of ir for RECA-1: The hippocampal area used for analysis is indicated
in Figure 3-1A (upper left panel) and spans the granular cell layer (GL) and molecular layer
(ML). Vascularization was measured at a single time point (7 d post-peptide injection) and
representative RECA-1 immunostaining is presented in Figure 3-1A for controls (PBS, upper
middle panel and reverse peptide A(3 424 , upper right panel). Both controls showed a low level of
staining with a pattern of diffuse and thin blood vessels. This morphological appearance of
RECA-1 (+)ve vessels in controls was different from that observed following A13142 injection
(lower left panel) which was characterized by the presence of thick tubular-like structures. We
attributed these large tubular structures to indicate areas of angiogenic activity induced by
peptide injection (see Discussion). Administration of thalidomide was effective in reducing API_
42-induced RECA-1 ir (lower middle panel) and was featured by the general absence of the
tubular-shaped large vessels. Thalidomide injection alone (lower right panel) showed a pattern of
RECA-1 ir very similar to that observed with controls.
Quantification of total RECA-1 ir areas (Fig. 3-1B) and diameters of vessels (Fig. 3-1C)
were used as measures of vascular angiogenic activity. Overall, RECA-1 ir was significantly
increased in A13 1 .42-injected dentate gyrus by 292% and 211% relative to PBS and reverse
peptide injections, respectively (n = 5 animals). Treatment with thalidomide, in the presence of
Af31_42, significantly reduced the percentage of RECA-1 (+)ve area by 43%, compared with API-42
application alone.
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Figure 3-1. Effects of thalidomide on cerebrovascular responses in AP 1-42injected rat hippocampus. (A) Representative hippocampal section stained
with cresyl violet showing the regions of interest for measurements GCL,
granular cell layer; ML, molecular layer and H, hilus (upper left panel).
Representative immunofluorescence staining of RECA (+)ve vessels in the
hippocampal GCL and ML subregions at 7 d post-injection for the following:
controls (PBS and reverse peptide, Al3 42-1': upper middle and right panels,
respectively), AP 1 4 (lower left panel), AP 1 _42 with thalidomide (lower middle
panel) and thalidomide alone (lower right panel). Scale bar: 300 um. (B)
Quantification of RECA-1 area density for the different injections. (C) Vessel
diameter for the treatments. Thalido, thalidomide. *P < 0.05 compared with
PBS-injected group. Data are mean ± SEM (n = 5 rats per group). < 0.05
compared with AP 142 -injected group.
,
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Similar extents of RECA-1 ir were measured with injections of PBS, reverse peptide or
thalidomide applied alone. Vessel diameter was increased with A0142 injection, by respective
values of 64% and 63%, compared with PBS and reverse peptide (Fig. 3-1C). In peptide-injected
hippocampus, vessel diameter was significantly reduced (by 30%) in the presence of
thalidomide. Control injections or thalidomide applied separately yielded very similar mean
values for diameters of vessels.

Thalidomide modulation of ir for laminin and laminin plus RECA-1: Laminin is a protein
marker for extracellular matrix (ECM) and has been used in vascular remodeling to identify the
formation of new blood vessels (Casella et al., 2002; Zand et al., 2005). Representative laminin
ir for the different injections is presented in Figure 3-2A and shows minimal immunostaining for
controls (PBS or reverse peptide; upper left and middle panels of Fig. 3-2A) or with thalidomide
applied alone (upper right panel). Neovascularization was indicated by the high levels of laminin
ir following 7 d of A0 142 injection (lower left panel) with effects of thalidomide treatment to
reduce marker expression in peptide-injected brain (lower right panel). In total (n = 5 animals),
in the presence of thalidomide, laminin ir in Afl 1 _42—injected hippocampus was reduced by 52%
(Fig. 3-2B).
Double immunofluorescence staining was then used to investigate areas of overlap between
laminin and RECA-1 ir (Fig. 3-2C). At 7 d following peptide injection (left panel) considerable
areas of laminin ir (green staining) appeared coincident (merged yellow staining) with RECA-1
ir (red staining). Thalidomide injection with peptide (right panel) effectively diminished the
extents of merged (yellow) staining. Overall, the results indicate localized regions of angiogenic
activity in Afl 1 _42-injected brain which were reduced in size if thalidomide was administered with
peptide.

3.3.2 Effects of thalidomide on leakiness of BBB
The increased angiogenic activity in peptide-injected dentate gyms could be associated with
an increased permeability of BBB. Indeed, leakiness of BBB following intra-hippocampal
peptide injection has recently been demonstrated and associated with enhanced levels of the
nitrogen product, peroxynitrite, produced by activated glial cells
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Figure 3-2. Effect of thalidomide on laminin and RECA-1 immunoreactivity
(ir) in Aii 142 -injected hippocampus (7 d post-injection). (A) Representative
immunofluorescence images of laminin (+)ve vascular basement membrane in the
hippocampal ML subregion with intrahippocampal injections with PBS (upper left
panel), reverse peptide (upper middle panel), thalidomide alone (upper right panel),
AP 1 _42 (lower left panel), and AP 142 with thalidomide (lower right panel). Scale bar:
300 urn. (B) Quantification of fluorescence intensity of laminin (+)ve vascular
basement membrane at 7 d after peptide injection. Thalido, thalidomide. Data are
mean ± SEM (n = 5 rats per group). *P < 0.05 vs. PBS-injected group. #P < 0.05 vs.
AP 142 -injected group. Scale bar: 300 um. (C) Typical laminin and RECA-1 ir for
Ap 1 _42 (left panel) and AP 1 _42 with thalidomide (right panel) treatments.
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(Ryu and McLarnon, 2006). Extravasation of the blood protein albumin was used as a measure
of vascular permeability. Representative fluorescence images of FITC-albumin for control
injections, with PBS or reverse peptide, are presented in Figure 3-3A (upper left and middle
panels, all injections for 7 d). Injection of thalidomide alone (upper right panel) showed a similar
FITC-albumin staining pattern as for controls. The patterns of staining were similar to that
observed with RECA-1 (Fig. 3-1A) showing outlines of thin blood vessels. However, a very
different profile was evident with AP142 injection (Fig. 3-3A, lower left panel) where localized
diffuse areas of FITC-albumin leakage were apparent (see arrows in panel) in regions adjacent to
blood vessels. In addition, FITC-albumin-labeled vessels were large and tubular in shape in
contrast to controls. Fluorescence images for thalidomide injection with peptide (lower right
panel) exhibited few regions of diffuse FITC-albumin.
The extent of diffuse FITC-albumin-derived fluorescence was used as a measure of vascular
permeability. Semi-quantitative analysis (n = 5 animals) showed little evidence for the presence
of diffuse FITC-albumin in controls or with thalidomide alone (Fig. 3-3B). However,
considerable increased areas of diffuse FITC-albumin leakage were observed following AP1-42
injection (by 14-fold compared to PBS control). Thalidomide treatment was found to
significantly reduce FITC-albumin leakage area in the hippocampus (57% decrease relative to
Api_42)•

Double staining with FITC-albumin and RECA-1 was also done using higher magnification
photomicrographs to denote vasculature changes following peptide injection with and without
thalidomide. Typical patterns of immunofluorescence staining for FITC-albumin and RECA-1
are shown in Figure 3-3C in the absence (left panel) and presence (right panel) of thalidomide
treatment. Considerable areas of overlaps for the two markers were evident in both cases with
peptide injection alone characterized by larger diameter vessels and diffused FITC-albuminderived fluorescence compared to A131_42 with thalidomide application.
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Figure 3-3. Effect of thalidomide on FITC-albumin in AP 142 -injected
hippocampus (7 d injection). (A) Representative images of FITC-albumin in
the hippocampal ML subregion with intra-hippocampal injections of PBS (upper
left panel), reverse peptide (upper middle panel), AP142
(lower left panel), A13 1-42
with thalidomide (lower right panel) and thalidomide alone (upper right panel).
The arrows show examples of albumin leakage from vessels in peptide-injected
hippocampus. Scale bar: 300 pm. (B) Quantitative analysis of FITC-albumin
fluorescence intensity; Thalido, thalidomide. Data are mean ± SEM (n = 5 rats
per group). *P < 0.05 vs. PBS-injected group. 4/3 < 0.05 vs. A13 142 -injected
group. (C) Double immunofluorescence images for FITC-albumin and RECA
(+)ve vessels show thalidomide treatment (right panel) reduces AP 1-42 - induced
vascular leakage (left panel). Scale bar: 100 tim.
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3.3.3 Effects of thalidomide on microgliosis and astrogliosis
Glial cell responses to peptide injection could serve functional roles as signals for changes in
vasculature including angiogenic activity and an increased vascular permeability. Experiments
were designed to initially investigate co-localization of vasculature markers (RECA-1 and FITCalbumin) with microglia, a result predicted from previous work (Ryu and McLarnon, 2006).
Subsequently, microglial and astrocytic responses to peptide injections and thalidomide
treatment were studied and quantified. Additional studies then examined involvement of the glial
cells in producing a potent vascular modulatory factor, TNF-a.
Association of vascular markers with microglia: Representative double staining is shown for
microglia with RECA-1 and FITC-albumin at 7 d after peptide injection (left panels, Fig. 3-4).
Well-defined areas of association of lba-1 (+)ve microglia with both vascular markers were
evident (indicated by merged yellow staining). The effects of thalidomide treatment in A(3142injected hippocampus are also presented (right panels, Fig. 3-4). In the presence of thalidomide,
numbers of microglia were considerably reduced and regions of merged staining with RECA-1
or FITC-albumin were markedly attenuated.
Thalidomide modulation of microgliosis: Representative immunohistochemical staining (7 d

post-injections) for Iba-1 (microglial marker) is presented in Figure 3-5. Control (PBS, upper left
panel) and reverse peptide (A1342-1, upper right panel) injections were associated with a low level
of Iba-1 ir. Injection of Ar3 1 _42 caused a proliferative response of microglia (middle, left panel)
which was considerably attenuated if animals also received thalidomide treatment (middle, right
panel). Immunoreactivity of the microglial marker with thalidomide alone was similar to control
level (lower panel). Morphologically, microglia in A(31-42-injected brain showed predominant
ameboid shapes with roundish cell bodies and retracted processes indicative of an activated state
(inset, middle left panel). Cells in PBS-injected hippocampus displayed a resting state profile of
ramified shapes with thin bodies and long fine processes (inset, upper left panel). Interestingly,
microglia showed an admixture with both types of morphology in the hippocampus following
application of thalidomide with A131-42 (inset, middle right panel). Quantification of data (Fig. 35B) from n = 5 animals showed that A13 1 _42 markedly increased the number of Iba-1 (+)ve
microglia (by 560%), relative to PBS injection. Thalidomide treatment significantly reduced Iba1 ir (by 39%) compared to peptide injection. The number of microglia with thalidomide
treatment alone was not significantly different from controls (PBS or A(3424 injections).
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Figure 3-4. Effect of thalidomide on microglial-vasculature responses in
Af3 1 _42 -injected hippocampus (7 d injection). Representative double
immunofluorescence imaging is shown for A13 1 _42 -injection (left panels) and
AP 1 _42 -injection with thalidomide (right panels) for Iba-1 (+)ve microglia and
RECA-1 (+)ve vessels (upper panels) and Iba-1 (+)ve microglia and FITCalbumin (lower panels) in the hippocampal ML subregion. Scale bars: 100
rim. Note that Iba- 1 -immunolabeled microglial cells were visualized with
goat anti-rabbit secondary antibody (IgG) conjugated to Alexa Fluor 488
(green) or Alexa Fluor 555 (red).
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Figure 3-5. Effect of thalidomide on microgliosis in AP 142 -injected
hippocampus (7 d injection). (A) Representative immunofluorescence staining
for Iba-1 (+)ve microglia in the hippocampal GCL and ML subregions with
injection of PBS or A10142-1 (upper panels), A13 1 _42 or A3 142 with thalidomide
(middle panels) and thalidomide alone (lower panel). Scale bar: 120 pm. The
insets in panels show high magnification of Iba-1 staining; scale bar: 10 pm.
GCL, granular cell layer; ML, molecular layer; H, hilus. (B) Quantification of
the number of Iba-1 (+)ve microglia. Thalido, thalidomide. Data are mean ±
SEM (n = 5 rats per group). *P < 0.05 compared with PBS-injected group. #P <
0.05 compared with A(3 142 -injected group.

69

Thalidomide modulation of astrogliosis: Representative results for astrocytic ir (GFAP marker)

are presented in Figure 3-6A. GFAP ir was uniformly low in controls with hippocampal
injections of PBS or reverse peptide (upper panels). However, injection with A131_42 caused an
increase in numbers of astrocytes (middle left panel) which was partially attenuated in animals
receiving thalidomide treatment with peptide injection (middle, right panel). Overall (n = 5
animals), GFAP ir was increased by 205% with A13 1 _42 , compared with PBS, injection (Fig. 36B). Thalidomide application with peptide had a small (36%), but significant, effect to decrease
astrogliosis. Levels of GFAP ir were similar between injections of PBS, reverse peptide and
thalidomide alone.

3.3.4 Effects of thalidomide on the pro-inflammatory/angiogenic factor, TNF-a
The pronounced effects of A131_42 injection to cause marked microglial and moderate
astrocytic inflammatory responses and the induction of changes in expression of vasculature
properties and markers prompted studies to examine putative underlying signaling factors. One
plausible candidate derived from activated glia, is the pro-inflammatory and pro-angiogenic
cytokine TNF-a (Sunderkotter et al., 1994).
Thalidomide modulation of TNF-a in microglia and astrocytes: Typical patterns of TNF-a ir

are presented in Figure 3-7A and indicate markedly elevated expressions of the cytokine at 7 d
after Ar31_42 injection (lower left panel) compared with PBS-injected control (upper left panel).
Thalidomide treatment was effective in reducing TNF-a ir in the Af3 1 _42 -injected hippocampus
(lower right panel, Fig 3-7A). Overall (Fig. 3-7B), the TNF-a ir in the granule cell layer of
dentate gyrus was elevated in A131_ 42 -injected hippocampus (by 25.9-fold) compared to PBS
control (n = 5). A significant reduction in TNF-a ir (by 47%), relative to Af3 1 _42 alone, was found
if peptide injection included treatment with thalidomide. Reverse peptide or thalidomide alone,
had no effect to alter levels of the pro-inflammatory cytokine relative to PBS control.
Cellular association of TNF-a with glia were also examined using double
immunofluorescence staining. Extents of association of TNF-a ir with microglia (Iba-1 marker)
and astrocytes (GFAP marker) were determined in 7 d peptide-injected hippocampus.
Representative double staining for TNF-a with the cell-specific markers are illustrated in Figure
3-7C. The results show that TNF-a ir was primarily observed in microglia (left panel, Fig. 3-7C)
with a small extent of the cytokine associated with astrocytes (right panel, Fig. 3-7C).
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Figure 3-6. Effect of thalidomide on astrogliosis in AP 142 -injected rat
hippocampus (7 d injection). (A) Representative immunofluorescence
imaging for GFAP (+)ve astrocytes in the hippocampal GCL and ML
subregions with injection of PBS or A13 47 _ 1 (upper panels), AP I _42 or A13 1 , with
thalidomide (middle panels) and thalidomide alone (lower panel). Scale bar:
120 um. GCL, granular cell layer; ML, molecular layer; H, hilus. (B)
Quantitative analysis for the number of GFAP (+)ve astrocytes. Thalido,
thalidomide. Data are mean ± SEM (n = 5 rats per group). *P < 0.05
compared with PBS-injected group. #P < 0.05 compared with A p 1 _42 -injected
group.
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Figure 3-7. Effect of thalidomide on TNF-a in A(3 1 _42 -injected rat
hippocampus (7 d injection) and on peptide-stimulated human microglia. (A)
Representative immunofluorescence for TNF-a it after injection of PBS (upper
left panel), thalidomide alone (upper right panel), API-42 (lower left panel) or
AP 142 with thalidomide (lower right panel). Scale bar: 80 pm. (B) Quantitative
analysis for the number of TNF-a (+)ve cells; Thalido, thalidomide. Data are
mean ± SEM (n = 5 rats per group). *P < 0.05 vs. PBS. 413 < 0.05 vs. AP142' (C)
Double immunofluorescence staining for TNF-a (+)ve microglia (left panel) and
TNF-a (+)ve astrocytes (right panel) in A(31-42-injected hippocampus. Scale bar:
30 pm. (D) The bar graph shows percentage of TNF-a (+)ve cells coexpressed
with Iba-1 or GFAP. (E) Representative expression of TNF-a after human adult
microglial 8 hr exposure to PBS, reverse peptide A13 42 _ 1 (5 mM), AR 1-42(5 mM)
and AP 142 with thalidomide (at 50 mg/ml, 1 hr pretreatment prior to peptide
stimulation) and thalidomide alone. GAPDH was used as an internal standard
control. (F) Relative mRNA levels for TNF-a with the different treatments (n = 3
independent samples per group). *P < 0.05 vs. PBS. #P < 0.05 vs. AP 142 .
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Quantification of double-stained cells (Fig. 3-7D) showed that 77% of TNF-a (+)ve cells were
coexpressed with Iba-1 and 2 1% with GFAP; a small amount of cytokine ir was not associated
with either glial cell. These results suggest that in AP 1_42-injected rat hipppcampus, TNF-a is
mainly produced from microglia.

In vitro effects of thalidomide on TNF-a in All 1_42-stimulated adult human microglia:
We also investigated thalidomide efficacy in modulating TNF-a expression in peptidestimulated adult human microglia. Cultured microglia were treated with A131_42 (5 1.1M for 8 hr) in
the presence or absence of thalidomide (50 µg/ml). RT-PCR analysis was performed with
representative results shown in Figure 3-7E. Human microglia exposed to A131_42 exhibited
increased levels of TNF-a gene expression relative to controls (PBS or A13 42 _ 1 ) with thalidomide
treatment inhibiting peptide-induced expression of TNF-a (Fig. 3-7E). Low levels of gene
expression for TNF-a were observed with thalidomide applied alone.
The results from semi-quantitative analysis of RT-PCR band intensities are presented in
Figure 3-7F (n = 3 independent samples per group). Overall, the expression of TNF-a was
increased by 159% in human microglia stimulated with

A131_42

compared with PBS-treated cells.

Thalidomide treatment significantly inhibited TNF-a (by 35%) when added with A13 1 _42 peptide.

3.3.5 Effects of thalidomide on neuronal viability
An important question in this study was the possibility that thalidomide could also exhibit
neuroprotective effects in peptide-injected hippocampus. This point was investigated using
NeuN antibody as a marker for viable neurons. Representative photomicrographs of NeuN ir are
presented in Figure 3-8A and show a considerable reduction in the number of neurons in the
granular cell layer of dentate gyrus following A131_42 injection (middle left panel). Thalidomide
was effective in protecting neurons from the neurotoxic effects of A13 1 _42 (middle right panel).
Numbers of neurons with injection of PBS (upper left panel), reverse peptide A1342-1 (upper right
panel) and thalidomide alone (lower panel) were similar and showed an intact granular cell layer.
Quantitative analysis (Fig. 3-8B; n = 5 animals) revealed that A131_42 injection diminished
NeuN (+)ve neurons in the superior blade of dentate gyrus (by 45%) compared to control PBS
injection. The number of viable neurons was significantly increased (by 29%) when thalidomide
treatment accompanied A13142 injection. No significant neuronal loss was measured with either
Af3 42 _1 or thalidomide alone, compared with PBS, injection.
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Figure 3-8. Effect of thalidomide on neuronal loss in A13 1 _42 -injected rat
hippocampus (7 d injection). (A) Representative fluorescence imaging of
NeuN (+)ve neurons in the hippocampal GCL after injection with PBS (upper
left panel), reverse peptide (upper right panel) AP 1 _47 (middle left panel), AP 1 _42
with thalidomide (middle right panel) and thalidomide alone (lower panel). GCL,
granular cell layer; ML, molecular layer; H, hilus. Scale bar: 80 pm. (B)
Quantitative analysis for the number of NeuN (+)ve neurons in GCL at 7 d after
peptide injection; Thalido, thalidomide. Data are mean ± SEM (n = 5 rats per
group). *P < 0.05 compared with PBS-injected group. #P < 0.05 compared with
A3 142 -injected group.
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3.4 DISCUSSION
The overall results of this work suggest perturbations in vasculature as an integral component
of inflammatory response following intra-hippocampal injection of A13 1 _42 peptide. Acute
injection of A131-42 elicits a marked activation and proliferation of microglia and our findings
indicate that glial-mediated inflammatory processes are associated with perturbations in
properties of vasculature including formation of new blood vessels and leakiness in BBB.
Furthermore, the anti-inflammatory/angiogenic compound thalidomide was found to exhibit a
broad spectrum of actions including inhibition of microgliosis and astrogliosis, blocking vascular
remodeling and conferring neuroprotection in peptide-injected brain. As discussed below, our
data are consistent with an effect of thalidomide to reduce microglial-derived levels of TNF-a.
The finding of altered vasculature in /431_42-injected hippocampus is particularly intriguing
given the evidence for abnormalities in vascular properties in AD brain (de la Torre and Stefano,
2000; Zipser et al., 2007). The changes in vasculature induced by A131_42 peptide included an
increased permeability of BBB and evidence for formation of new blood vessels. In the latter
case, angiogenic activity was suggested by the proliferation of RECA-1 (+)ve endothelial cells
and an altered structure of cells with blood vessels exhibiting large diameters and tubular shapes
in peptide-injected brain. These patterns of RECA-1 ir were not observed with controls (injection
of PBS or reverse peptide). Although RECA-1 does not differentiate between old and new
vessels, the immunostaining data suggest induction of localized regions of neovascularization in
peptide-injected brain. The findings with laminin (Fig. 3-2) support this conclusion since
injection of AP1-42, but not PBS or reverse peptide, led to a diffuse and marked increase in
laminin ir. The enhanced laminin expression shows changes in extracellular matrix with patterns
of immunostaining indicative of vascular remodeling and angiogenic activity in peptide-injected
hippocampus (Casella et al., 2002; Zand et al., 2005).
Vascular remodeling and angiogenic activity could be correlated with regions of increased
vascular permeability. This point was examined by measuring infiltration of the blood protein
albumin as an indicator for leakiness in BBB (Fig. 3-3A). With PBS or reverse peptide
injection, FITC-albumin-derived fluorescence was constrained to blood vessels with the latter
exhibiting a similar morphology of thin structures to that observed with controls for RECA-1
immunostaining (Fig. 3-1A). A very different pattern was evident after peptide injection where
intravascular FITC-albumin fluorescence demonstrated large tubular shaped vessels; in addition
extravascular leakage of FITC-albumin was apparent with regions of diffuse fluorescence
appearing outside of vessels.
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As noted above, vascular changes could be secondary to, or part of, an inflammatory
response. Thalidomide was employed as a pharmacological modulator since it has reported antiinflammatory (Kumar and Anderson, 2005) and anti-angiogenic (D'Amato et al., 1994; Dredge
et al., 2002) actions. Thalidomide treatment of A(31_42-injected animals was highly effective in
blocking perturbations and abnormalities in vascular processes. Staining patterns using RECA-1
(Fig. 3-1) showed cellular proliferation and size of individual blood vessels were diminished to
similar extents by thalidomide. Laminin staining, absent in controls, was significantly reduced
with thalidomide administration with A13 1 _42 peptide (Fig. 3-2). Double immunostaining with
RECA-1 and laminin (Fig. 3-2C) showed considerable regions of overlap for the two markers
with thalidomide effective in decreasing the extent of merged areas of staining. Thalidomide
treatment was also highly effective in blocking the areas of diffuse fluorescence of FITCalbumin and also restoring structure of vessels to the thin, spindly shapes observed with controls.
Although immunogold electron microscopy staining was not carried out in this work, the use of
the fluorescent markers RECA-1, laminin and albumin yielded consistent results for changes in
properties of vasculature and BBB.
The results of our study are consistent with glia activity as cellular mediators to induce
vascular remodeling. As demonstrated by double staining (Fig. 3-4), overlaps of Iba-1 (+)ve
microglia with RECA-1 and albumin were evident. Marked microgliosis (Fig. 3-5) and
astrogliosis (Fig. 3-6) were found with Af3 1 _42 injection with a low basal it for both types of glia
demonstrated in controls consistent with previous results (Ryu and Mclarnon, 2006).
Thalidomide was effective in blocking the glial proliferative responses. Glial-derived TNF-a
could mediate changes in vascular processes. In particular, double staining results showed a high
extent of association of the pro-inflammatory/angiogenic cytokine TNF-a with microglia (Fig. 37). We speculate that TNF-a could act in an autocrine manner to amplify inflammatory
responses in activated microglia and also as a paracrine signaling factor to induce
neovascularization and perturbed BBB in A(3 1 .42 -injected brain.
At 7 d post-peptide injection, a considerable extent of neuronal damage was evident in the
granular cell layer of dentate gyrus (Fig. 3-8). Interestingly, thalidomide conferred a modest, but
significant, degree of neuroprotection. At present, mechanisms underlying the increased
neuronal viability are not known. One possibility, consistent with the hypothesis of interactions
between activated microglia and perturbed BBB, is that neuroprotection is secondary to
thalidomide inhibition of microglial inflammatory responses. Blocking microglial activation
could reduce the output of inflammatory mediator, including TNF-a, which could damage
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neurons. At present, however, our data are not conclusive as to the specific mechanism
underlying thalidomide protection of hippocampal neurons in inflamed brain.
Our findings with thalidomide as a modulator of vasculature, gliosis, levels of TNF-a and
neuronal viability in inflamed brain are novel. The compound has been reported to chelate metal
ions (Cuajungco et al., 2000), inhibit histone deacetylase (Shinji et al., 2005) and block
cyclooxygenase-2 activity (Fujita et al., 2001). Thalidomide was originally used as a sedative but
subsequently banned due to adverse effects causing teratogenicity and dysmyelia (McBride,
1961; Lenz, 1962). However, the compound subsequently received approval for treatment of
moderate to severe erythema nodosum leprosum (Calabrese and Fleischer, 2000) and multiple
myeloma (Singhal et al., 1999; Richardson and Anderson, 2006). Recent work has reported
thalidomide reduction of inflammatory factors leading to improved motor performance in
transgenic amyotrophic lateral sclerosis (ALS) animals (Kiaei et al., 2006). Thalidomide
analogues have recently been developed for anti-cancer therapy (Teo et al., 2005) and our results
suggest possible utility of these compounds in inflamed AD brain.
The use of A131_42 injection in this and other work (El Khoury et al., 2003; Ryu et al., 2004;
Dinamarca et al., 2006) emphasizes the induction of an inflammatory response with relevance to
AD brain. However, pro-inflammatory responses in AD represent a manifestation in the
sustained effects of multiple factors including amyloid plaques and neurofibrillary tangles and
cannot be simulated by acute injection of peptide. In essence, the model of inflamed brain, using
a short term amyloid-beta peptide insult, represents a simplified scheme incorporating reactive
microglia, vascular modulatory factors, perturbed BBB, astrogliosis and neuronal damage.
Nevertheless, the findings from this work provide a framework for future studies addressing
neuroprotective efficacy in the pharmacological modulation of specific microglial-vasculature
signaling pathways in other animal models of AD. These include transgenic animal models
which can exhibit low levels of inflammation (Van Dam and De Deyn, 2006). Indeed, in certain
circumstances enhanced inflammation can even be considered beneficial (Simard and Rivest,
2006; Wyss-Coray, 2006) and ongoing work is evaluating effects of Ar3 immunization to reduce
plaque burdens in AD (Schenk et al., 1999). Immunomodulatory agents acting to modify
microglial-vasculature processes, including thalidomide or its analogues, are novel candidates
for testing in inflamed brain.
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CHAPTER 4: A LEAKY BLOOD-BRAIN BARRIER AND FIBRINOGEN
INFILTRATION IN INFLAMED ALZHEIMER'S DISEASE BRAIN

3

4.1 INTRODUCTION
Blood proteins such as fibrinogen, plasminogen and thrombin have essential functions in the
maintenance of integral vasculature homeostatic processes involved in blood clotting. However,
under pathological conditions a weakened blood-brain barrier (BBB) could allow extravasation
of plasma proteins into parenchymal regions of the brain. A likely consequence of increased
infiltration of proteins is the exacerbation of inflammatory responses mediated by the resident
immune responding cells, microglia. At present, limited experimental evidence is available to
characterize the links between abnormalities in properties of BBB, increased levels of plasma
proteins in parenchyma, microglial inflammatory reactivity and neuronal degeneration and their
contributions to chronic brain inflammation.
Elevated levels of fibrinogen are reported in neurodegenerative diseases. Inflammatory
lesions in multiple sclerosis (MS) indicated fibrin deposits in association with regions of active
demyelination (Kwon and Prineas, 1994) and in experimental encephalomyelitis (EAE), an
animal model of MS, infiltration of fibrinogen was found as an early response preceding
inflammatory damage (Floris et al., 2004). Subsequent work, using a transgenic mouse model of
MS, has shown fibrin depletion as an effective strategy to inhibit inflammation and the onset of
demyelinating lesions (Akassoglou et al., 2004). Recent work has demonstrated fibrin deposition
and damaged vasculature in three different transgenic animal models of AD (Paul et al., 2007).
In this work enhanced levels of fibrinogen exacerbated vascular damage whereas inhibition of
fibrinogen attenuated neurovascular pathology.
We have previously reported intrahippocampal injection of A131_42 peptide induces
considerable vascular remodeling including evidence for angiogenic activity and increased
permeability of BBB (Ryu and Mclarnon, 2006, 2007). Microgliosis, both proliferation and
activation of cells, accompanied the vascular changes suggesting that microglial inflammatory
responses could be involved, or even causative, for the perturbations in vascular processes and
also for the neurodegeneration evident in peptide-injected brain. Treatment of animals with the
anti-angiogenic and anti-inflammatory compound thalidomide was effective in reducing
3A

version of this chapter has been submitted for publication. Ryu, J.K. and McLarnon, J.G. A

leaky blood-brain barrier and fibrinogen infiltration in inflamed Alzheimer's disease brain.
84

microgliosis, inhibiting vascular remodeling, diminishing expression of the pro-inflammatory
cytokine TNF-a and conferring neuroprotection.
In the present study we have used immunohistochemical analysis to investigate
inflammatory reactivity and permeability of BBB to the glycoprotein fibrinogen in tissue
obtained from AD patients and in A13142-injected rat brain. The strategy was to initially examine
entorhinal cortical tissue obtained from AD and ND (nondemented) brains for leakiness of BBB,
as measured from extents of fibrinogen and IgG immunoreactive (ir) regions, for abnormalities
in blood vessels as indicated by staining for the endothelial cell glycoprotein, von Willebrand
factor (vWF), and for association of vascular factors with activated microglia and astrocytes.
Subsequently, peptide-and peptide plus fibrinogen-injected rat brain was studied for similar
vascular remodeling, gliosis and neuronal viability with two different pharmacological
interventions; using the defibrinogenating compound ancrod or using the monoclonal antibody,
anti-Mac-1, to inhibit microglial activation. Overall, our results suggest the novel possibility that
A13 deposits could initially induce microglial immunoreactivity which subsequently initiates
vascular remodeling, including angiogenic activity and extravasation of fibrinogen through a
leaky BBB, which then amplifies and sustains a chronic inflammatory environment toxic to
bystander neurons.
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4.2 MATERIALS AND METHODS
4.2.1 Human brain tissue and immunohistochemistry
Postmortem brain tissues containing the entorhinal cortex from seven ND cases (60-80 years
of age; postmortem intervals, 4-24 hr) and eight AD cases (67-78 years of age; postmortem
intervals, 4-10 hr) were obtained from the Kinsmen Laboratory brain bank at the University of
British Columbia (UBC, Vancouver, BC). All cases of AD were confirmed by the clinical
criteria for AD, as defined by the National Institute of Neurological and Communicative
Disorders, and the Stroke/Alzheimer's Disease and Related Disorders Association. ND cases
had no clinical or pathological history of AD.
In this study, single/double immunohistochemical methods (visualized using 3,3'diaminobenzidine (DAB) and nickel-ammonium sulfate as the chromogen) and double
immunofluorescent staining (visualized by fluorescent secondary antibody) were applied for
human tissue section staining as described below. Single immunohistochemistry was performed
as described previously (Arai et al., 2006). Free-floating sections (30 gm) from ND and AD
tissues were treated for 30 min with 0.3% hydrogen peroxide (H 2 02) solution in phosphate
buffered saline with Triton X-100 (PBST; 0.01 M phosphate-buffered saline, pH 7.4, containing
0.3% Triton X-100) and transferred into 5% skim milk in PBST for 1 hr. Sections were then
incubated for 48 hr at 4°C with the following primary antibodies: anti-fibrinogen (1:800;
DakoCytomation, Carpinteria, CA) or anti-human IgG (1:100; Serotec, Oxford, UK). Sections
were washed and incubated with the appropriate biotinylated secondary antibody (1:1000;
DakoCytomation) followed by incubation with avidin-biotinylated horseradish peroxidase
complex (ABC Elite, Vector Labs, Burlingame, CA) for 1 hr. Peroxidase labeling was
visualized by incubation of the sections in 0.01% 3,3'-diaminobenzidine (Sigma-Aldrich, St
Louis, MO) containing 0.6% nickel ammonium sulfate, 50 mM imidazole and 0.001% H 2 0 2 in
0.05 M Tris-HC1 buffer, pH 7.6. When a dark purple color developed, sections were washed,
mounted on glass slides, and coverslipped with Entellan (E Merck, Darmstadt, Germany).
For double immunohistochemical staining for CR3/43 (HLA-DR, a marker for microglia;
DakoCytomation) and P-amyloid (A(3, clone 6F/3D; DakoCytomation) in ND and AD tissues,
pretreatment of tissue sections with 100% formic acid (Sigma) was performed for 15 min, prior
to primary antibody incubation (Guo et al., 2006). Sections were incubated for 24 hr at 4°C with
anti-HLA-DR polyclonal antibody (1:1000, DakoCytomation) followed by incubation with a
biotinylated secondary antibody and ABC solution. After the DAB/nickel ammonium sulfate
reaction, sections were washed in PBST and incubated in blocking solution (5% skim milk) for
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1 hr. Sections were then incubated for 24 hr at 4°C with the anti-AP monoclonal antibody
(1:200; DakoCytomation), followed by incubation with a biotinylated secondary antibody and
ABC solution. The developing reaction was done in DAB solution.
For double immunofluorescent staining of ND and AD brains (Guo et al., 2006), freefloating sections were incubated with a mixture of two primary antibodies: Fibrinogen (1:500;
DakoCytomation) in combination with beta-amyloid (AP, 1:100; DakoCytomation), vWF
(1:500; Santa Cruz Biotechnology, Santa Cruz, CA), HLA-DR (1:500, DakoCytomation) or
GFAP (1:1000, DakoCytomation). After a rinse in PBST, the sections were then incubated with
appropriate fluorescence secondary antibodies (Molecular Probes, Eugene, OR) for 2 hr.
To test the specificity of the primary antibodies (anti-fibrinogen and anti-IgG), preincubation
of the primary antibody with the epitope specific peptide was performed prior to ND and AD
tissue staining. For all immunohistochemical staining, control sections were prepared by
following the same procedure except that the primary antibody was omitted.
4.2.2 Immunohistochemical analysis of human ND/AD tissue
Tissue sections from ND and AD cases were used for the quantification analysis. The
boundaries of entorhinal cortex were defined as described by Insausti et al. (1995). Images from
five nonoverlapping random fields of superficial layers (layer II and III) in the entorhinal cortex
were collected using a Zeiss Axioplan-2 light microscope equipped with a DVC camera
(Diagnostic Instruments, Sterling Heights, MI) at 400x magnification under a constant
predefined light setting. The digitized images were then analyzed using Northern Eclipse
software (Empix Imaging, Mississauga, ON). The areas occupied by blood proteins fibrinogen
and IgG in cases of ND (n = 7) and AD (n = 8) were quantified by measuring the number of
pixels per image above a predetermined threshold level of intensity. The measurement of pixel
intensity is represented as percent area density defined as the number of pixels (positively
stained area) divided by the total number of pixels (sum of positively and negatively stained
area) in the imaged field.
4.2.3 In Vivo studies: animals and surgical procedures
All animal procedures were carried out according to protocols approved by the UBC Animal
Care Ethics Committee, adhering to guidelines of the Canadian Council on Animal Care. Male
Sprague-Dawley rats (250-300 g; Charles River Laboratories, St. Constant, PQ) were
anesthetized with intraperitoneal (i.p.) injection of ketamine hydrochloride (72 mg/kg; Bimeda87

MTC, Cambridge, ON) and xylazine hydrochloride (9 mg/kg; Bayer Inc., Etobicoke, ON) and
placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). A midline skin
incision was made in the scalp to expose the skull and stereotaxic unilateral injection of betaamyloid (A(3) peptide was performed as previously described (Ryu et al., 2004; Franciosi et al.,
2006). Injection coordinates for the hippocampus were as follows: anteriorposterior (AP): -3.3
mm; mediallateral (ML): -1.6 mm; dorsoventral (DV): -3.2 mm, from bregma. Peptides (2 nmol
in 1 pi) were slowly injected (0.2 µl/min) into the superior blade of the dentate gyrus of
hippocampus.

4.2.4 Preparation and administration of amyloid-beta peptide and fibrinogen
Amyloid-beta peptide (A131_42): Peptides (full length A13 1 _42 or reverse peptide AP42-1;

California Peptide, Napa, CA) were prepared as previously described (Lue et al., 2001; Franciosi
et al., 2006). The compounds were first dissolved in 35% acetonitrile (Sigma, St. Louis, MO)
and further diluted to 500 iiM with incremental additions of PBS with vortexing. The peptide
solution was subsequently incubated at 37°C for 18 hr to promote fibrilization and aggregation
and stored at -20°C.
Fibrinogen: In some experiments fibrinogen was injected, in addition to

AP1-42,

as an

inflammatory stimulus. These studies used fibrinogen at a concentration of 4 mg/ml (dissolved in
PBS; Sigma). This concentration of fibrinogen employed for stereotaxic in vivo injection was
selected based on a previous analysis of normal fibrinogen concentration in the blood, which
ranged from 1.5-4 mg/ml (Lip, 1995; Adams et al., 2004).

4.2.5 Administration of pharmacological modulators
In this study we have employed two different pharmacological strategies to modulate
inflammatory responses using the defibrinogenating compound ancrod and a monoclonal
antibody for CD11 b (anti-Mac-1) expressed in monocyte-macrophage cells. In this work we
refer specifically to microglia as the cells expressing CD1 lb.
Ancrod: This compound is derived from the venom of the Malayan pit viper. Ancrod cleaves

the A-chains of fibrinogen resulting in generation of soluble fibrin degradation products that are
removed from the circulation (Dempfle et al., 2000). Ancrod was obtained from the National
Institute for Biological Standards and Control (NIBSC, Potters Bar, UK) and dissolved in
distilled water at a concentration of 55 I.U. Animals were injected i.p. with ancrod at 10 I.U.
88

(ml/kg) one day before the A3 1 _42 peptide injection, followed by twice daily injections for 7 d.
This administration regimen for ancrod has previously been reported effective in defibrination
(Chowdhury and Hubbell, 1996; Sun et al., 2004).
Anti-Mac-1 antibody: This neutralizing monoclonal antibody against rat adhesive receptor

Mac-1 was obtained from BD Pharmingen (San Diego, CA). It reacts with the a-chain of rat
Mac-1 (CD1 1 b/CD18, cc[M]f32 integrin) and is reported to block the binding of fibrinogen to
Mac-1 on microglia (Flick et al., 2004). Anti-Mac-1 (10 lag) was injected into the
intracerebroventricle at 30 min prior to peptide treatment. Rat IgG2b was used as the isotype
control antibody for A13 1 _42 peptide-injected animals.

4.2.6 Immunohistochemistry of rat brain
The procedure followed here used previously published protocols (Ryu et al., 2004, 2007).
Animals were transcardially perfused with heparinized cold saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (0.1 M PB, pH 7.4) under ketamine/xylazine
anesthesia. Brains were removed from the skull, postfixed in the same fixative overnight and
then placed in 30% sucrose for cryoprotection. The brains were then rapidly frozen in powdered
dry ice and stored at -70°C. Coronal sections (40 pm) were cut on a cryostat throughout the
hippocampus and stored in cryoprotectant solution. Free-floating sections were processed for
single immunohistochemistry. Briefly, sections were permeabilized by incubation in PBS
containing 1% bovine serum albumin (BSA; Sigma-Aldrich), 10% normal goat serum (NGS)
and 0.2% Triton X-100 for 1 hr. Sections were then incubated overnight at 4°C with the
following primary antibodies: anti-fibrinogen (a marker for BBB damage, 1:1000;
DakoCytomation), anti-CR3R (OX-42, a marker for microglia/macrophages, 1:500; Serotec),
anti-glial fibrillary acidic protein (GFAP, a marker for astrocytes, 1:1000; Sigma-Aldrich), antiionized calcium binding adapter molecule 1 (Iba-1, a marker for microglia, 1:500; Wako
Chemicals, Richmond, VA), or anti-neuronal nuclei (NeuN, a marker for neurons, 1:1000;
Chemicon, Temecula, CA). Sections were rinsed in PBS with 0.5% BSA and incubated with
Alexa Fluor 488- or 594-conjugated secondary antibody (1:200; Molecular Probes, Eugene, OR)
for 2 hr. To determine the integrity of the BBB, immunoglobulin G (IgG) immunostaining was
performed according to the method described previously (Ryu et al., 2006). For the
immunostaining control, primary antibody was omitted from the staining procedures.
Double immunofluorescence staining was performed as described previously (Choi et al.,
2007). Free-floating sections were incubated overnight at 4°C with a mixture of two primary
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antibodies: Fibrinogen (1:1000; DakoCytomation) in combination with OX-42 (1:500; Serotec)
or GFAP (1:1000; Sigma-Aldrich); and NeuN (1:500; Chemicon) in combination with Iba-1
(1:500; Wako Chemicals). Sections were then incubated in a mixture of Alexa Fluor 488- and
594-conjugated secondary antibodies (1:100; Molecular Probes) for 2 hr.

4.2.7 Immunohistochemical analysis of rat brain
Quantitative image analysis for the immunostained rat hippocampal sections was performed
on three equally spaced sections. In each stained section, the hippocampal subregion boundaries
were outlined as previously described (Ryu and McLarnon, 2007) with immunohistochemical
analysis carried out in the superior blade of the granule cell layer (GCL) of the dentate gyrus.
The molecular layer (ML) region refers to the area between the GCL border and the
hippocampal fissure. Four fields within the GCL and ML regions were then selected in each
section at a magnification of x400. For measurement of vascular permeability (fibrinogen and
IgG markers) and astrogliosis (GFAP marker), the area of positive staining above a threshold
intensity was quantified (n = 6 rats/group) in GCL and ML regions, which was represented as the
percent area density. The measurements of microglial activation (Iba-1 marker) and neuronal
survival (NeuN marker) were made on immunostained sections by counting the number of
immunoreactive cells (n = 6 rats/group) in GCL. All quantitative analyses were performed in a
blind manner.

4.2.8 Statistical Analysis
Values are expressed as means ± SEM. Statistical significance was assessed by Student's ttests or ANOVA, followed by Newman-Keuls multiple comparison test (GraphPad Prism 3.0).
Significance was set at p < 0.05.
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4.3 RESULTS
4.3.1 Patterns of fibrinogen staining in AD and ND brain sections
An impetus for this study was the finding of a marked enhancement in expression of
fibrinogen immunoreactivity (ir) in AD, compared to ND, brains. Representative staining for
fibrinogen in entorhinal cortical regions is presented for AD/ND brain tissue in Fig. 4-1 A with
the left and middle panels showing respective, low (4X) and high (40X), magnifications. AD
tissue was characterized by a diffuse pattern of fibrinogen ir, which was generally absent in ND
tissue. In ND brain, fibrinogen ir appeared restricted to the lumens of blood vessels, whereas, in
AD brain tissue, the glycoprotein showed intense staining both within and external to vessels.
The inset in Fig. 4-1A (right panel) shows a typical pattern of fibrinogen ir in AD tissue with
most staining localized to regions in proximity to blood vessels (arrow indicates one example).
In this work, the specificity of fibrinogen antibody staining was demonstrated by the findings of
negligible staining with either omission of the primary antibody or with pre-incubation of
antibody with fibrinogen prior to tissue incubation with antibody (data not shown; see Methods).
The quantification of fibrinogen immunoreactivity (ir) is presented as area density in Fig. 4-1B
with data collated from a total of 8 AD and 7 ND brain entorhinal cortical samples. Overall,
fibrinogen positive ir areas were increased 4.5-fold in AD, compared to ND, tissue.
We also examined for fibrinogen association with deposits of AP. ND brain sections showed
very low levels of AP (upper left panel, Fig. 4-1C) and no evidence for any double staining of
fibrinogen with AP (upper right panel, Fig. 4-1C). However, AD brain tissue demonstrated
considerable areas of both AP deposition and fibrinogen ir (lower left and middle panels, Fig. 41C). The patterns of fibrinogen ir indicated regions where the serum protein was in proximity to
amyloid plaque deposits (see magnified inset in lower right panel) and regions with no evident
colocalization of markers (lower right panel).

4.3.2 Patterns of vascular staining (vWF ir) and BBB leakiness (IgG permeability) in AD
and ND brain sections
To provide a more detailed investigation of changes in vasculature, we also employed
immunohistochemical staining for von Willebrand factor (vWF), a glycoprotein produced by
endothelial cells, in the same tissue sections used for fibrinogen expression. Additionally,
integrity of BBB was examined by measuring permeability of IgG through the barrier.
Representative double staining for vWF and fibrinogen in AD and ND sections are presented in
Fig. 4-2A. The vWF staining in ND tissue was characterized by clearly delineated blood vessels
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Figure 4-1. Fibrinogen immunostaining of tissues from the entorhinal
cortex of ND and AD brain. (A) Low (left panels, scale bar = 500 1,1m) and
high (right panels, scale bar = 100 p.m) magnifications of fibrinogen
immunoreactivity (ir). ND brain was characterized by low levels of
fibrinogen ir localized to blood vessels (top panels) whereas AD sections
showed intense and diffuse patterns of fibrinogen staining. The single panel
(right) shows a detailed view of an AD section with arrow indicating
fibrinogen ir in proximity to a blood vessel. (B) Quantification of fibrinogen
ir in ND (n = 7 cases) and AD (n = 8 cases) brain tissue; * indicates p < 0.05
difference. (C) Representative double staining of fibrinogen with Af3 peptide
deposits. Scale bar represent 200 um. The magnified inset in the lower right
panel (scale bar: 30 Lim) shows a detailed view of an AD section indicating
fibrinogen ir in proximity to peptide.
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(upper left panel) whereas in AD sections vWF ir showed a pattern of discontinuous and
distorted vessel staining with accumulation of vWF particles outside the vessel (lower left
panel). The appearance of small clusters of vWF has been interpreted as indicative of
abnormalities and dysfunction of endothelium (Lip and Blann, 1997). In ND brain, fibrinogen ir
showed considerable areas of overlap with vWF (upper right panel) indicating well-defined
blood vessels. AD tissue demonstrated diffuse regions of fibrinogen ir with considerable extents
of staining located external to blood vessels and separate from vWF ir (lower right panel). The
overall results point to a generalized pattern of vascular abnormalities in AD tissue including
evidence for leakiness of BBB to endogenous blood proteins.
The pattern of fibrinogen staining in parenchymal entorhinal cortical regions of AD brain
tissue indicated leakiness and increased permeability of BBB. This point was further investigated
by staining for IgG as a marker for integrity of the barrier (Ryu and McLarnon, 2006). A low
magnification photomicrograph of entorhinal cortical IgG ir is presented for ND and AD
sections (Fig. 4-2B). A considerably increased intensity of IgG staining was evident in AD,
relative to ND, brain. The overall density of IgG, from analysis of 8 AD and 7 ND samples, is
presented in Fig. 4-2C. AD tissue demonstrated a 2.4-fold increase in IgG ir compared with ND
tissue.

4.3.3 Association of fibrinogen expression with rnicrogliosis and astrogliosis
We have recently demonstrated activated microglia are associated with vascular remodeling
and leaky BBB in peptide-injected rodent brain (Ryu and McLarnon, 2007). We used double
immunostaining to qualitatively examine association of fibrinogen ir with expression of HLADR (+)ve microglia and GFAP (+)ve astrocytes. For microglia, relatively low levels of
fibrinogen and HLA-DR ir were evident in ND tissue (top panels, Fig. 4-3A) whereas AD tissue
exhibited considerably elevated levels of both markers (lower panels, Fig. 4-3A). Areas of
overlap between cellular and glycoprotein ir were evident in AD tissue (merged staining in lower
right panel) and which were absent from ND entorhinal cortical sections (upper right panel).
A low level of astrocyte ir was observed in ND tissue sections (upper panels, Fig. 4-3B) with
enhanced reactivity demonstrated in AD tissue (lower panels, Fig. 4-3B). In the latter case
regions of overlap of fibrinogen with GFAP (+)ve astrocytes was demonstrated. Overall,
however, microglia exhibited a considerably larger extent of co-association with fibrinogen,
compared with astrocytes, in AD brain tissue.
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Figure 4-2. Representative fluorescent double staining for fibrinogen,
vWF and IgG. (A) Double immunofluorescent staining for vWF (red, left
panels) and fibrinogen (green, middle panels) in the entorhinal cortex of ND
and AD sections; the merged image is presented in right panels. Scale bar
shown is 60 nm. (B) IgG ir for ND/AD tissue with low magnification._scale
bar = 100 um. (C) Quantification of IgG ir in ND (n = 7 cases) and AD (n = 8
cases) sections. * indicates p < 0.05 difference.
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Figure 4-3. Representative double immunofluorescence staining of
fibrinogen with microglia (HLA-DR marker) and astrocytes (GFAP
marker) in the entorhinal cortex of ND and AD brain. (A) ND tissue
(upper panels) showed low levels of fibrinogen it with microglia whereas AD
tissue (lower panels) was characterized by extensive areas of diffuse
fibrinogen deposition in association with microglia. Scale bar = 100 um. (B)
Representative staining for astrocytes in ND (upper panels) and AD (lower
panels) sections. Double staining shows merged areas of markers. Scale bar =
1001.1m.
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4.3.4 Patterns of staining for vessels, microglia and AP
We were interested in the question as to whether AD sections would show a composite of
association between vessels, Af3 and microglia. Additionally, we examined if microglia in AD
brain exhibited a morphology that was consistent with their activation. Representative high
magnifications of ND and AD entorhinal cortical sections are presented in Fig. 4-4. The blood
vessel (V) in ND brain shows only a low level of associated A13 ir, with no evident interactions
with HLA-DR (+)ve microglia. Moreover the few microglia evident in the panel exhibit a
ramified morphology with extensive processes (Fig. 4-4, upper panel). Ramified shapes have
been suggested as indicative of quiescent microglia (Conde and Streit, 2006). A very different
profile was observed in AD sections where deposits of Af3 were localized in close apposition to
vessels. Furthermore, microglia were characterized by a predominant ameboid morphology,
distinguished by retracted processes and swollen cell bodies, indicating reactive cells (Fig. 4-4,
lower panel). These patterns of immunostaining were consistent throughout entorhinal cortical
regions.

4.3.5 Effects of AP1-42 intrahippocampal injection on microgliosis, astrogliosis and
vasculature
The results described above indicate AD brain tissue is characterized by an inflammatory
microenvironment including evidence for an increased vascular permeability to the blood protein
fibrinogen and also infiltration of IgG, abnormalities in vessels indicated by patterns of vWF
staining and the presence of activated and proliferating microglia. These findings prompted a
detailed analysis of these factors and neuronal viability using an in vivo animal model of
inflamed brain with hippocampal injection of A131_42 peptide. A particular focus of these
experiments was the investigation of effects of pharmacological modulations targeting reduction
of levels of fibrinogen or inhibition of microglial activation.
We initially examined fibrinogen ir and microglial responses at time points of 1, 3 and 7 d
post-peptide injection. Two controls were employed in the experiments; injection of PBS or
reverse peptide A1342_1 (for 7 d). Representative double staining for fibrinogen and OX-42 (+)ve
microglia for the two controls are presented in Fig. 4-5A (upper two panels). A low level of ir
was demonstrated for fibrinogen or microglia with either PBS or Af342_1 injection. Infrahippocampal A13 1 -42 injection caused time-dependent (3-7 d post-injection) increases in
fibrinogen ir and numbers of microglia (lower 3 panels). At 7 d of peptide injection, double
staining showed considerable overlaps between areas of fibrinogen and microglial staining
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Figure 4-4. Representative double immunohistochemical staining for
microglia (HLA-DR marker) and A13 (6F/3D marker) in the entorhinal
cortex of ND and AD tissue. Sections were incubated with HLA-DR and AP
followed by visualization using DAB/nickel ammonium sulfate (anti-HLA-DR,
dark purple color) or DAB (anti-Ap, brown color). Staining shows blood
vessels (v) with AD tissue demonstrating close association between A13,
microglia and vessel. Scale bar represents 50 um. Note the predominant
ramified and ameboid morphologies of microglia in ND and AD tissue,
respectively.
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A1342-1
(7 d)

A(3, -42
(1 d)

AI31-42
(3 d)

A131-42
(7 d)

B
(7 d)

Figure 4-5.^Fibrinogen and microglia (OX-42) double
immunofluorescent staining in A131
^rat hippocampus. (A) In

2nd
controls (7 d injection of PBS, upper panel or reverse peptide A13 ^
421'
panel) low levels of fibrinogen (left column) and numbers of microglia
(middle column) are evident. The right column shows merged staining.
Subsequent vertical panels show progressive time-dependent changes in
fibrinogen/OX-42/merged it for 1, 3 and 7 d durations of Af3 1 _47 peptide
injection. Scale bar represents 200 Jm. (B) Double staining for A13 1.42 and
fibrinogen (7 d post-peptide injection). Scale bar = 80 um.
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(lower right panel, Fig. 4-5A). Areas of fibrinogen ir appeared associated with AP as indicated in
the double staining photomicrograph (Fig. 4-5B). Previous work from this laboratory has
demonstrated colocalization of microglia with AP-immunoreactive plaques (McLarnon et al.,
2006).
Astrocytic responses were also examined with fibrinogen at the single time point of 7 d postpeptide injection. Double staining for controls (PBS or reverse peptide injection) indicated little
or no association of fibrinogen ir with GFAP (+)ve astrocytes (right panels, Fig. 4-6).
Representative staining following peptide injection (lower panels, Fig. 4-6) indicated astrocyte
proliferative responses with some evidence for areas of overlap with fibrinogen staining. Overall,
regions of coincident fibrinogen staining with astrocytes were considerably less than observed
with microglial-fibrinogen association.

4.3.6 Effects of the defibrinogenating compound, ancrod on vascular integrity, gliosis and
neuronal integrity in peptide-injected hippocampus
Ancrod and vascular integrity: The results presented above point to vascular remodeling

allowing glycoprotein extravasation in AD tissue and as a component of inflammatory response
in peptide-injected rat hippocampus. Evidence also suggested microgliosis was correlated with
perturbations in vasculature including leakiness in BBB. We next investigated effects of
pharmacological intervention on the components of inflammation. Two different approaches
were employed in these experiments; use of the specific defibrinogenating compound, ancrod, to
inhibit systemic circulating levels of the glycoprotein (see Methods) and anti-Mac-1 to inhibit
microglial activation (see below).
Representative staining for fibrinogen and IgG, in the absence and presence of ancrod
treatment with 7 d injection of A3142, are presented in Fig. 4-7A. Both vascular markers
exhibited intense staining following peptide injection with considerable extents of ir colocalized
with vessels. Ancrod treatment reduced ir levels for both markers. Quantification for the effects
of ancrod intervention on the vascular proteins are presented in Fig. 4-7B (overall results from
n=6 animals). Ancrod was highly effective in reduction of fibrinogen ir with a decrease of 80%
compared with no drug treatment of peptide-injected hippocampus. The corresponding reduction
in IgG levels with ancrod was 52% also representing a significant decrease.
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Figure 4-6. Fibrinogen and astrocyte (GFAP) double immunofluorescent
staining in peptide-injected (7 d) hippocampus. GFAP it (middle panels)
was increased with A13 1 _ 42 compared to controls (PBS and AR
- 42-1-) ' Typical
merged staining is shown in the right panels. Scale bar = 200 lim.
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Figure 4-7. Effects of the defibrinogenating compound, ancrod, on
parenchymal fibrinogen and IgG in Af3 1-42—injected hippocampus. (A)
Representative ir for fibrinogen (upper left panel) and IgG (lower left panel) in
7 d peptide-injected hippocampus. Effects of ancrod treatment with peptide are
presented in the right panels. The IgG staining includes examples showing
blood vessels. Scale bars are 100 Lim (for fibrinogen) and 50 Lim (for IgG). (B)
Quantification of ancrod effects on fibrinogen ir (upper bar graph) and IgG ir
(lower bar graph). Data are means ± SEM from 6 animals. * denotes
significant difference for p < 0.05.
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Ancrod effects on gliosis and neuronal integrity: Typical patterns of microglial (Iba-1),

astrocyte (GFAP) and neuronal (NeuN) staining are shown in Fig. 4-8A with PBS (left panels),
A0 1 _ 42 alone (middle panels) and peptide with ancrod treatment (right panels). Markers for
microgliosis (Iba-1) and astrogliosis (GFAP) showed high intensity staining in Ar31_42, but not
PBS, injected brain. Ancrod treatment of peptide-injected animals reduced both gliotic markers.
Quantification of data (n=6 animals) showed microgliosis significantly diminished (by 44%) in
the presence of ancrod (Fig. 4-8B). Although astrogliosis was lower in ancrod-injected animals
(by 17%), this effect did not reach significance.
Neuronal viability in the granule cell layer was determined by measuring NeuN ir for the
three different animal groups. Representative data (lower panels, Fig 4-8A) show a considerable
decrease in numbers of neurons in

A(31-42-injected

hippocampus compared to control PBS

injection. Treatment of peptide-injected animals with ancrod was effective in increasing viability
of neurons. Quantitative analysis (n = 6 animals) demonstrated the efficacy of ancrod treatment
in providing a significant degree of neuroprotection with the numbers of dentate gyrus neurons
increased by 26% compared with PBS-injected animals (Fig. 4-8B).

4.3.7 Effects of enhanced in vivo stimulation with AP142 combined with fibrinogen and
inhibition of microglial activation using anti-Mac-1
The presence of fibrinogen ir in parenchymal regions for both AD brain and in vivo
following injection of Afl 1 _ 42 into the rat hippocampus, suggested the relevance in testing for the
effects of combining peptide plus fibrinogen as an enhanced stimulus for microgliosis, vascular
remodeling and intactness of BBB and neuronal damage. We further hypothesized that
inflammatory responses mediated by activated microglia could be involved in perturbations in
vascular processes. Thus, we also investigated for effects of reducing microglial activation using
anti-Mac-1 antibody (Flick et al., 2004), in the presence of peptide plus fibrinogen stimulation.
Initial experiments examined the effects of combined stimulation (A0 142 + fibrinogen for 7
d) and use of anti-Mac-1 on microgliosis (Iba-1 marker). Representative staining shows
relatively low expression of Iba-1 in controls (PBS and reverse peptide, left panels of Fig. 4-9A).
Microgliosis was increased with peptide injection (upper middle panel) and further amplified in
the presence of the combined stimuli (upper right panel). Anti-Mac-1 administration was
effective in inhibiting Iba-1 ir for both A13 1 _42 (lower middle panel) and for Afl 1 _42 + fibrinogen
(lower right panel), injections.
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Figure 4-8. Effects of ancrod on gliosis and neuronal viability in A13 1.42injected hippocampus. (A) Representative microglial (Iba-1 marker, upper
panels), astrocyte (GFAP marker, middle panels) and neuronal (NeuN marker,
lower panels) staining at 7 d with PBS, A13 14 , and A131-42 plus ancrod treatment.
Scale bars represent 100 Lim. (B) Quantification of ancrod effects on
microgliosis (upper bar graph), astrogliosis (middle bar graph) and neuronal
viability (lower bar graph). Data are means ± SEM from 6 animals. * denotes
significant difference for p < 0.05.
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Figure 4-9. Microglial (lba-1 marker) and neuronal (NeuN marker)
staining following 7 d intra-hippocampal injection of A13 1 _ 42 and A13
142 plus
fibrinogen in the absence/presence of anti-Mac-1 treatment. (A) Controls
(left panels) show that PBS and AB 421 injections are associated with low
numbers of microglia. Injection of A13 1 _4 , (upper middle panel) or A131-42 plus
fibrinogen (upper right panel) progressively increases microgliosis. Effects of
anti-Mac-1 on microgliosis with peptide (lower middle panel) and peptide plus
fibrinogen (lower right panel) injections. Scale bar represents 100 um. (B)
Quantification (n = 6 animals) of lba-1 ir for the different treatments. *p <
0.05 vs. PBS; #p < 0.05 vs. A 13 1-42 or A131-42 plus fibrinogen; **p < 0.05 vs.
A13142. (C) Representative NeuN ir for controls (left panels), A13 1 _ 42 and A13 1-42
plus fibrinogen (middle and right upper panels, respectively) and A 13 142 and
-42 plus fibrinogen with anti-Mac-1 treatment (middle and right lower
A131.42
panels, respectively). Scale bar represents 100 um. (D) Quantification (n = 6
animals) of NeuN ir for the different treatments. *p < 0.05 vs. PBS; #p < 0.05
vs. AR 1-42 or A13 1 _42 plus fibrinogen; **p < 0.05 vs. AB 1-42'
•
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Quantification of data (n = 6 animals) is presented in Fig. 4-9B. Expression of Iba-1 was
increased 45% with the combined stimulation compared with peptide alone with anti-Mac-1
effective in reducing this expression (by 24%). Administration of anti-Mac-1 also significantly
inhibited Iba-1 ir with peptide injection alone (by 44%). Control injections with PBS or reverse
peptide demonstrated regions of intact dentate gryrus neurons (left panels, Fig. 4-9C).
Considerable neuronal loss accompanied peptide injection, which was further exacerbated with
inclusion of fibrinogen with peptide (upper middle and right panels, Fig. 4-9C). Administration
of anti-Mac-1 protected against neuronal loss for both combined stimuli (lower right panel, Fig.
9C) and A131_42 alone (lower middle pane, Fig. 4-9C).
Quantification of data (Fig. 4-9D) showed A/31_42 + fibrinogen injection increased neuronal
loss by 45% compared to peptide alone. Treatment with anti-Mac-1 increased numbers of
neurons by 35% with stimuli combined and by 26% with peptide injection; these values
represented significant degrees of neuroprotection with anti-Mac-1.
Intactness of BBB was also determined in these experiments using staining for IgG. Low
levels of IgG activity were measured in PBS and reverse peptide controls (left panels of Fig. 410A) with AP142 + fibrinogen exhibiting an enhanced IgG ir (upper right panel) compared with
peptide injection alone (upper middle panel). Anti-Mac-1 treatment reduced expression of IgG
with both combined stimulation and with peptide injected alone (right and middle lower panels).
Overall (n = 6 animals), the area density of IgG was increased by 98% with AP142+
fibrinogen compared with A13 1 _42 alone (Fig. 4-10B). IgG expression was attenuated by 38% by
anti-Mac-1 in the presence of the combined stimuli. The corresponding value for anti-Mac-1
inhibition of IgG with peptide injection alone was 65%. These reductions in IgG levels, induced
by the inhibition of microglial activation, were significant.
Data were also obtained with fibrinogen injected alone, in both the absence and presence, of
anti-Mac-1 treatment. The results (data not shown) showed modest, but significant, increases in
vascular and inflammatory processes relative to control values. These increases were attenuated
with application of anti-Mac-1 treatment (data not shown).
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Figure 4-10. Effects of anti-Mac-1 on IgG staining in AO 1.42 and A13 1-42
plus fibrinogen-injected hippocampus. (A) Typical patterns of IgG ir in
controls (left panels) and with peptide (upper middle panel) and peptide plus
fibrinogen (upper right panel). Effects of anti-Mac-1 are shown in lower
middle and right panels. Scale bar represents 100 pm. (B) Quantification (n
= 6 animals) of IgG ir for the different treatments. *p < 0.05 vs. PBS; #p <
0.05 vs. A[3 142 or A13142 plus fibrinogen; **p < 0.05 vs. A13 142 .
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4.4 DISCUSSION
Our results provide novel evidence for correlations between microglial immunoreactivity,
vascular remodeling, fibrinogen extravasation and neuronal viability in AD brain tissue and in
AP 142-injected hippocampus. Overall, the data support the premise that perturbations in
vasculature and elevated parenchymal plasma glycoproteins are integral components of
inflammatory reactivity in AD brain. We employed a strategy whereby findings of altered gliosis
and vasculature in AD brain tissue provided a framework in testing for similar processes, and for
measuring their modulations and extents of neuronal damage with pharmacological interventions,
in vivo. The results suggest that intrahippocampal injection of peptide induces an inflammatory
microenvironment in brain which is attenuated by increasing BBB integrity and reducing
microglial reactivity.
Immunohistochemical analysis demonstrated AD, but not ND, brain tissue expressed
considerable levels of fibrinogen ir. The expression of this plasma protein appeared diffusely in
parenchymal regions in proximity to blood vessels. Fibrinogen ir within vessels was co-localized
with vWF, an endothelial glycoprotein, as shown by the representative staining in Fig. 4-2A.
However, the patterns of vWF staining also showed irregularities in vessel walls with small
fragments of extraneous particles suggesting abnormalities in vasculature in AD tissue. Increased
levels of extravascular vWF in brain have been suggested as indicating damaged endothelium
(Lip and Blann, 1997). Considerable extents of fibrinogen ir appeared in association with
deposits of AP in AD brain (Fig. 4-1C) indicating that AP deposits may serve as a locus for
inflammatory reactivity. Elevated levels of fibrinogen have been reported in AD, relative to ND,
brain (Fiala et al., 2002) with increased plasma fibrinogen reported to increase the risk of AD
and vascular dementia (van Oijen et al., 2005). Recently, fibrin brain deposition has been
documented in several animal models of AD (Paul et al, 2007), a result considered in detail
below.
The patterns of staining for both fibrinogen and vWF suggested an increased permeability of
BBB in AD, compared to ND, tissue. Infiltration of IgG was used as an independent marker to
indirectly measure leakiness of BBB. AD , but not ND, brain tissue exhibited patterns of intense
IgG ir in parenchyma with prominent staining near vessels (Fig. 4-2B). Previous work has
reported elevated levels of IgG in AD brain tissue (D'Andrea, 2003, 2005) and in peptideinjected rat hippocampus (Ryu and Mclarnon, 2006). Overall, our data implicate perturbed and
abnormal blood vessels as a component of inflammatory response in AD brain (Rogers and Lue,
2001).
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Gliosis, both micro-(Fig. 4-3A) and astro-(Fig. 4-3B) were considerably higher in AD,
compared with ND, brain tissue. Double staining analysis indicated areas of overlap of
microgliosis with fibrinogen ir in AD brain (Fig. 4-3A). Interestingly, representative patterns of
staining showed numerous examples where microglial-fibrinogen ir was in apparent association
with blood vessels. Instances of colocalization of microglia with AP were also documented in
AD tissue and representative double staining included examples where microglia-AP ir was in
apposition to blood vessels (Fig 4-4). Although microglial ir with fibrinogen, AP or vessels was
not quantified in AD brain tissue, such associations were relatively common. The predominant
ameboid morphology of AD microglia suggested cells were activated (Walker et al., 2001;
Conde and Streit, 2006).
The findings from analysis of AD and ND tissue prompted detailed in vivo experiments
using intrahippocampal injection of API-42, alone or combined with fibrinogen and
pharmacological modifications of fibrinogen levels and microglial activation. Injection of
peptide caused time-dependent (3-7 d) increases in expression of fibrinogen and microgliosis
whereas controls (7 d injection of PBS or A(3 42 . 1 ) exhibited low levels of both (Fig. 5A). Double
staining showed areas of association of fibrinogen with proliferating microglia which increased
with duration of peptide injection. Merged staining also indicated evidence for fibrinogen
expression coincident with A131_42 ir (Fig. 4-5B). Overall, the in vivo patterns of gliosis were
similar to those observed in AD brain tissue.
The administration of ancrod, a protease acting to reduce vascular fibrinogen, was
investigated for effects on parenchymal levels of fibrinogen and IgG, numbers of microglia and
astrocytes and for neuroprotection in peptide-injected (7 d) brain (Fig. 4-7). Ancrod treatment
significantly attenuated fibrinogen and IgG ir, which is consistent with a common effect of the
compound to diminish permeability of BBB to these proteins. Ancrod was also highly effective
in reducing microgliosis, but not astrogliosis, in peptide-injected hippocampus (Fig. 4-8).
Importantly, ancrod also demonstrated an efficacy for protection of hippocampal neurons. One
possibility consistent with these data, is that reduced levels of fibrinogen diminished microglial
inflammatory responses resulting in an increased viability for bystander neurons. Although
plasma fibrinogen levels were not measured after ancrod application, similar treatments have
been reported to reduce plasma fibrinogen levels or fibrinogen-dependent processes by 60-70%
(Chowdhury and Hubbell, 1996; Sun et al., 2004).
A number of studies have suggested a damaged BBB could contribute to lesions in CNS
pathology including MS (Akassoglou et al., 2004; Vos et al., 2005; Adams et al., 2007) and AD
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(Dickstein et al., 2006; Zipser et al, 2007). As noted, the analysis of several mouse models of AD
(Paul et al, 2007) has demonstrated fibrin deposition as a mediator of neurovascular pathology
with increased levels of AP peptide and microgliosis implicated in vascular damage. Increased
fibrin was associated with enhanced vascular damage in cortical and hippocampal regions with
inhibition of plasma fibrinogen, using ancrod treatment, diminishing neurovascular pathology.
Neuroinflammatory responses to the accumulation of parenchymal fibrin were indicated as
primary contributors to the abnormalities in BBB; interestingly, no evidence for
neurodegeneration was found in the transgenic animals. Our present study suggests the critical
nature of fibrinogen extravasation in AD brain and in peptide-injected rat hippocampus in
mediating chronic inflammation. It is noteworthy that we measured significant loss of granule
cell neurons in rat brain.
It was hypothesized that if microglial responses to A131_42 contributed to vascular remodeling
and neuronal damage, then pharmacological inhibition of microglial activation could confer
neuroprotection and also reduce vascular abnormalities. Furthermore, we postulated that
injection of fibrinogen with A131_42 could enhance inflammatory reactivity and neuronal damage
relative to that measured with peptide injection alone. Both premises were examined using antiMac-1 antibody, which binds to the same microglial CD 1 1 b/CD 18 integrin as does fibrinogen
(Flick et al., 2004). Microgliosis was markedly increased with A131-42, compared with PBS,
injection (Fig. 4-9B) and increased further with the combination of fibrinogen plus peptide. AntiMac-1 was effective in reducing microglial activity for both stimuli combined and for peptideinjection alone. Neuronal viability was significantly lower, relative to controls, with peptide
injection alone and further diminished with fibrinogen plus peptide (Fig. 4-9D). In both cases
anti-Mac-1 was effective in providing a significant degree of neuroprotection. Although these
data are necessarily correlative, the results could implicate microglial inflammatory responses as
a putative contributing factor for neuronal degeneration.
We considered that if microglial reactivity underlied the changes in neuronal damage, then
decreasing the severity of brain insult using peptide alone (compared with peptide plus
fibrinogen) and inhibiting cell activation (with anti-Mac-1) could have effects to increase the
integrity of BBB. In these experiments permeability of BBB was determined by extents of IgG
infiltration. IgG it was minimal in controls but markedly increased following A13 1 _42 injection and
enhanced further in the presence of both stimuli (Fig. 4-10). Inclusion of anti-Mac-1 was highly
effective in diminishing IgG for both combined stimuli and peptide alone. These results are
consistent with a reduced microglial reactivity linked to an increased intactness of BBB.
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Our data provide evidence that microglial responses to peptide can lead to extensive vascular
remodeling which induces BBB leakage and subsequent plasma protein infiltration. Thus,
microglia may not only initiate an inflammatory response to peptide but also amplify and sustain
inflammation in response to fibrinogen extravasation. In this case a chronic inflammatory
environment could be maintained by reciprocal signaling between activated microglia and
perturbed vasculature. It is noteworthy that our study showed considerable consistency between
results obtained in vivo and from analysis of AD brain tissue. Clearly, injection of

MI-42

combined with fibrinogen, or for that matter peptide alone, represents only an approximate
model of AD brain. Nevertheless, the model could have particular utility in emphasizing a
localized inflammatory microenvironment in AD brain (Akiyama et al., 2000; Combs et al.,
2001). This point is demonstrated by the utility of anti-Mac-1 to not only inhibit microglial
reactivity but also to decrease BBB permeability and provide neuroprotection.
Overall, our results suggest reciprocal interactions between activated microglia and a leaky
BBB help sustain a chronic inflammatory environment in peptide-injected brain. At present, our
data are best interpreted as providing correlations between inflammatory responses, intactness of
BBB, infiltration of glycoproteins such as fibrinogen and neuronal viability. However,
correlative relationships between these processes compose an integral framework for future
investigation into the underlying mechanisms and factors, which link microglial inflammatory
responses to perturbations in vasculature and neuronal damage and loss of cognitive function in
AD brain.
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CHAPTER 5: MICROGLIAL VEGF RECEPTOR RESPONSE IS AN INTEGRAL
CHEMOTACTIC COMPONENT IN ALZHEIMER'S DISEASE PATHOLOGY 4

5.1 INTRODUCTION
Vascular endothelial growth factor (VEGF) is a potent stimulator for the development of new
blood vessels (angiogenesis) (Leung et al., 1989) and concomitantly can increase vascular
permeability in tissue (Ferrara et al., 1998; Bates et al., 1999). Three receptors have been found
to transduce VEGF actions and have been designated, VEGF receptor-1 (Flt-1), VEGF receptor2 (KDR/Flk-1) and VEGF receptor-3 (Flt-4) (Ferrara et al., 2003). Both the Flt-1 and KDR/Flk1-type receptors are highly expressed by endothelial cells. In particular, a prominent role for
KDR/Flk-1 as a mediator of endothelial proliferative responses and for formation of new blood
vessels has been reported (Millauer et al., 1993). Some evidence has suggested that the Flt-1
subtype of VEGF receptor may serve a function in mediating chemotactic responses of immune
responding cells. These studies have associated activation of Flt-1 with increased migration of
monocyte/macrophage-type cells (Barleon et al., 1996; Forstreuter et al., 2002).
In addition to physiological roles in chemotaxis, the results from several studies have
indicated that Flt- 1 -mediated signaling could contribute to pathological conditions in disease
(Skold et al., 2005). Elevated VEGF expression has been documented in asthma (Hoshino et al.,
2001) and sepsis (Yano et al., 2006) and eosinophil inflammatory responses are dependent on
activation of Flt-1 (Feistritzer et al., 2004). In a model of rheumatoid arthritis (RA), blockade of
Flt-1 was effective in reducing symptoms of disease whereas inhibition of the Flk-1 subtype of
VEGF receptor was without effect (De Bandt, 2003). Recently, a number of pathological
inflammatory responses have been found to be attenuated in Flt- 1 -deficient mice compared to
their wild type cohorts in a murine model of RA (Murakami, 2006). It was concluded that
enhanced inflammation in this disease was mediated by Flt-1 -dependent signaling in activated
monocytes/macrophages.
At present, functional roles for Flt-1 in neurodegenerative brain disease have not been
addressed. Deposition of amyloid-beta peptide (A13) is considered a critical aspect in the
induction of inflammatory responses and neuronal damage in AD brain (Combs et al., 2001;
4A

version of this chapter has been submitted for publication. Ryu, J.K., Choi, H.B., Cho, T.,
Wang, Y.T. and McLarnon, J.G. Microglial VEGF receptor response is an integral chemotactic
component in Alzheimer's disease pathology.
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Hardy and Selkoe, 2002; Spires et al., 2005). An impetus for our study was the finding in this
laboratory that intra-hippocampal injection of full-length peptide (A(31-42) increased
inflammatory reactivity and vascular remodeling with the latter indicating evidence for the
formation of new blood vessels (angiogenesis) (Zand et al., 2004) and leakiness of blood-brain
barrier (BBB) (Ryu et al., 2006). Furthermore, separate in vivo experiments have shown
increased expression of VEGF, neovascularization and neurodegeneration in inflamed rat brain
(Tran et al., 2005). Double staining analysis showed VEGF expression was primarily associated
with microglia, the resident immune-responding cells of brain. Thus, our data indicate that
activated microglia could act both as a source (paracrine signal) and as a responder (autocrine
signal via Flt-1) to VEGF.
Overall, our findings suggested the possibility that Flt-1 and VEGF-dependent mobilization
of microglia and cellular chemotactic responses could serve specific functions as a component of
inflammatory reactivity. To test this premise we have used intra-hippocampal injection of AP1-42
in rat brain and peptide stimulation of cultured human microglia and analyzed postmortem brain
tissue and microglia obtained from Alzheimer's disease (AD) and non-demented (ND)
individuals, to investigate expression and function of microglial Flt-1 in inflammatory conditions
relevant to AD brain.
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5.2 MATERIALS AND METHODS
5.2.1 Preparation of human ND and AD sections
Entorhinal cortical sections from six ND cases (ages from 40 to 85 years, postmortem
intervals, 4-24 hr) and seven AD cases (ages from 67 to 87 years, postmortem intervals, 5-10
hr) were obtained from the Kinsmen Laboratory brain bank at the University of British
Columbia (UBC, Vancouver, BC). All cases of AD met the clinical criteria and postmortem
confirmation for AD.

5.2.2 Reverse transcription-PCR in microglia from human ND and AD brains
Adult human microglia from frontal neocortex of ND and AD brains were provided by Dr.
Douglas G. Walker (Laboratory of Neuroinflammation, Sun Health Research Institute). In one
set of experiments, expressions of Flt-1 and VEGF mRNA in microglia from ND (n = 8 cases)
and AD brains (n = 6 cases) were examined. In another set of experiments, human microglia
from ND samples (n = 4 individuals) were plated on 12 well multiplates and incubated in serum
free medium for 48 hr (McLarnon et al., 2006; Ryu and McLarnon, 2007) prior to treatment with
PBS or A13142 (8 hr exposure to 5 1.LM peptide). Reverse transcription (RT)-PCR analysis was
performed as described previously (McLarnon et al., 2006) using specific human primers for Flt1, VEGF and GAPDH: human Flt-1 (sense primer, 5'-TGCCACCTCCATGTTTGATG-3' and
antisense primer 5'- CAGCTGGAATGGCAGAAACTG-3'; 188 bp), human VEGF (sense
primer, 5'-GCACCCATGGCAGAAGGAGG-3' and antisense primer, 5'CCTTGGTGAGGTTTGATCCGCATA-3'; 263 bp), and GAPDH (sense primer, 5'CCATGTTCGTCATGGGTGTGAACCA-3' and antisense primer, 5'GCCAGTAGAGGCAGGGATGATGTTC-3; 251 bp).

5.2.3 Immunohistochemical staining and analysis in human ND and AD sections
For single immunofluorescent staining (Arai et al., 2006), free-floating sections (30 iim)
from ND and AD tissues were incubated for 48 hr at 4°C with anti-human vascular endothelial
growth factor receptor-1 (Flt-1, 1:200; R&D systems) or anti-VEGF (1:200; Santa Cruz
Biotechnology) antibody. Sections were then incubated with Alexa Fluor 488-conjugated
secondary antibody (1:200; Invitrogen Canada Inc) for 1 hr at room temperature. For double
immunofluorescent staining (Guo et al., 2006), free-floating sections were incubated for 48 hr at
4°C with a mixture of two primary antibodies: anti-Flt-1 (1:100; R&D systems) in combination
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with anti-HLA-DR (1:500; DakoCytomation) or anti-13-amyloid

(An, clone 6F/3D, 1:100;

DakoCytomation) and anti-VEGF (1:100; Santa Cruz Biotechnology) in combination with antiHLA-DR or anti-fl-amyloid. For Afl staining, 100% formic acid (Sigma) pre-treatment for 15
min at room temperature (RT) was performed before primary antibody incubation. After
incubation with the indicated primary antibodies, sections were incubated for 1 hr at room
temperature with a mixture of Alexa Fluor 488/594-conjugated secondary antibody (1:200;
Invitrogen) For immunostaining control, sections were stained following the same procedure,
but with omission of the primary antibody.
Images from five nonoverlapping random fields of superficial layers (layer II and III) in the
entorhinal cortex (defined by Insausti et al., 1995) were then collected using a Zeiss Axioplan-2
fluorescence microscope equipped with a DVC camera (Diagnostic Instruments) at
200x magnification under a constant predefined exposure setting. The digitized images were
then analyzed using Northern Eclipse software (Empix Imaging). The number of pixels per
image with an intensity above a pre-determined threshold level was quantified to measure the
areas occupied by Flt-1 and VEGF. To analyze HLA-DR (+)ve microglia expressing Flt-1 and
VEGF in ND/AD brains, double immunostained images were used for measuring the number of
merged cells. All quantitative analyses were performed in a blind manner.

5.2.4 Surgical procedures

All animal procedures were approved by the University of British Columbia Animal Care
Ethics Committee, with adherence to guidelines of the Canadian Council on Animal Care. Male
Sprague-Dawley rats weighing 280-300 g (Charles River Laboratories) were used for stereotaxic
injection of Afl 1 _ 42 , or controls (PBS and reverse peptide A(3 42 _ 1 ) as previously described
(Franciosi et al., 2006; Ryu and McLarnon, 2006, 2007). In brief, animals received
intraperitoneal (i.p.) injection of an anesthetic mixture (ketamine hydrochloride 100 mg/kg and
xylazine hydrochloride 10 mg/kg) and were placed in a stereotaxic apparatus (David Kopf
Instruments). Beta-amyloid (A(3) peptide (2 nmol; California Peptides, Napa, CA) was
stereotaxically injected into the dentate gyrus (anteroposterior (AP), -3.3 mm; mediolateral
(ML), -1.6 mm; dorsoventral (DV), -3.2 mm) or CA1 layer (AP, -3.3 mm; ML, -1.8 mm; DV, 2.6 mm) of hippocampus. For the inhibition of Flt-1, the neutralizing monoclonal antibody
against Flt-1 (R&D Systems) (Feistritzer C, et al., 2004; Ambati et al., 2006) was co-
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administered at 10 lag with peptides into CA1 layer. Control animals were injected with control
antibody rat IgG.

5.2.5 Inununohistochemical staining and analysis of rat brain
Specific protocols for coronal section (40 pm) preparation and immunohistochemical
staining followed published procedures (Ryu et al., 2006, 2007). Briefly, free-floating sections
were incubated for 48 hr at 4°C with the following primary antibody: anti-Flt-1 (1:200; Santa
Cruz Biotechnology), anti-neuronal nuclei (NeuN, 1:1000; Chemicon), and anti-ionized calcium
binding adapter molecule 1 (Iba-1, 1:500; Wako Chemicals). Sections were then incubated with
Alexa Fluor 488/594-conjugated secondary antibody (1:200; Molecular Probes) at room
temperature for 1 hr. To detect the Flt-1 expressing cell tyes in AP-injected hippocampus,
sections were incubated for 48 hr at 4°C with anti-Flt-1, in combination with anti-glial fibrillary
acidic protein (GFAP, 1:1000; Sigma) or anti-CR3R (OX-42, 1:500; Serotec) as described
previously (Choi et al., 2007). The number of Flt-1 or OX-42/GFAP+Flt-1 (+)ve cells in the
superior blade of the dentate granule cell layer or Iba-1 or NeuN (+)ve cells in the CA1 region
was determined at three equally spaced hippocampal sections, as described (Ryu et al., 2004;
Ryu and McLarnon, 2007). To keep the consistency between the selected sections, a rectangular
box (0.4 x 0.3 mm) was centered over the CA1 cell layer beginning 1.6 mm lateral to the midline
in each image as previously described (Choi et al., 2005; Casolini et al., 2007).

5.2.6 Reverse transcription-PCR in peptide-injected rat hippocampus
Rat brain tissue samples (1, 3, and 7 d post-peptide injection) were also used for RT-PCR
analysis using rat specific primers for Flt-1 and (3-actin as described previously (Choi et al.,
2007). The sequences and expected product sizes of the PCR primers were as follows: rat Flt-1
(sense primer, 5'-TTCCGGACTTTCAACACCTC-3' and antisense primer, 5'CCGAATAGCGAGCAGATTTC-3'; 198 bp) and rat 13-actin (sense primer, 5'GTGGGGCGCCCCAGGCACCA-3' and antisense primer, 5'GTCCTTAATGTCACGCACGATTTC-3'; 526 bp).
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5.2.7 In Vivo chemotaxis assay of rat microglia
An enhanced green fluorescent protein (EGFP)-lentivirus construct was generated by
transfecting HEK 293T cells with three plasmids: the transfer plasmid pHR'-CMV-EGFP, the
packaging plasmid PR8-2, and the envelop plasmid PVSVG. The lentivirus was then generated
and concentrated, as described previously (Skarsqard et al., 2005). Rat cultured microglia were
prepared from embryonic day-14 Sprague-Dawley rats (Aarum et al., 2003) and infected with
lentivirus (with 3-fold higher titers of lentivirus than the seeded microglial cell density). Three
days after lentiviral infection, immunostaining of EGFP-labeled microglia were performed with
a mixture of primary antibodies: anti-Iba-1 (1:1000; Wako) and anti-enhanced green fluorescent
protein (EGFP, 1:200; Invitrogen). Before transplantation, EGFP-labeled microglia were
incubated with anti-Flt-1 Ab or control Ab (10 1.1g, R&D Systems) for 30 min. Stereotaxic cell
transplantation was performed as described (Ryu et al., 2004). Cells (2 ul, 1 x 10 5 cells per ill)
were transplanted (at 0.5 µl/min) under anesthesia, 3 d after A 1 3 1 _42 injection (2 nmol, CA1) into
the medial corpus callosum at the following coordinates (AP, -3.3; ML, 0.0; DV, -2.8). Animals
were perfused at 7 d post-cell transplantation and double immunohistochemical procedures were
performed with primary Ab: anti-EGFP (1:500, Invitrogen) or anti-EGFP in combination with
anti-VEGF (1:200, Santa Cruz Biotechnology) or anti-Flt-1 (1:200, Santa Cruz Biotechnology).
For quantifications of transplanted EGFP-labeled migrated microglia on the corpus callosum to
the side of transplantation, we counted the number of EGFP (+)ve microglia within a rectangle
(0.3 x 0.2 mm) on the three different regions (600, 1200, and 1800 lam away from the
transplantation site). All quantitative analyses were performed in a blinded manner.

5.2.8 In Vitro chemotaxis assay of human microglia
The migration of human microglia in vitro was determined using Transwell TM inserts (pore
size, 8 gm, Becton Dickinson Labware) and 24-well culture plates (Corning Costar) as
previously described (Aarum et al., 2003). Cell-free conditioned medium was collected from
microglial cultures stimulated with PBS, A131_42 (5 RM), or A1342_1 (5 liM) for 24 hr and placed in
a lower chamber. Human microglia were placed in an upper chamber in serum-free medium and
treated (1 hr at 37°C) with anti-Flt-1 neutralizing antibody or control IgG (10 pg/ml, R&D
Systems). The transwell plates were incubated for 24 hr at 37°C. Human microglial migration
was quantified by counting the number of cells that migrated through the membrane to the lower
chamber using an inverted bright-field microscope (Five fields/each well).
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5.2.9 Statistical analysis
Results are presented as mean ± SEM. The statistical analysis was performed using a oneway analysis of variance, followed by the Student-Newman-Keuls multiple comparison test or
Student's t test (GraphPad Prism 3.0; Graph Pad, San Diego, CA) with the significance level set
atp < 0.05.
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5.3 RESULTS
5.3.1 Expression of Flt-1 and VEGF in microglia and brain tissue from ND and AD
individuals
An initial aspect of this work was the characterization of expressions of Flt-1, and its ligand
VEGF, in microglia and in brain sections obtained from ND and AD individuals. Human
microglia obtained from ND and AD tissues were initially analyzed for levels of Flt-1 and VEGF.
Representative RT-PCR showed little or no expression of either receptor or ligand in human ND
microglia (Fig. 5-1A), however, AD microglia demonstrated markedly increased levels of both
factors. Semi-quantification of data is shown in Fig. 5-1A. In total (n = 8 ND cases, n = 6 AD
cases), Flt-1 was increased 2.2-fold and VEGF was increased 7.2-fold in AD, compared with ND,
human microglia.
We next examined effects of Ar31_42 stimulation of human ND microglia. As shown in Fig. 51B, low levels of Flt-1 and VEGF were evident in PBS control with a marked increase for both
ligand and receptor induced by peptide stimulation (5 tiM for 8 hr). Semi-quantitative analysis is
presented in Fig. 5-1B with overall (n = 4 independent samples/group) mRNA levels increased
by 2.3-fold (for Flt-1) and by 8-fold (for VEGF) with peptide, compared to control, treatment.

5.3.2 Immunohistochemical staining of Flt-1 and VEGF with microglia in ND and AD
brian
We next investigated for association between the VEGF receptor and VEGF itself with
microgliosis in ND and AD sections. Representative immunohistochemical staining showed
minimal levels of either Flt-1 (upper left panel, Fig. 5-1C) or VEGF (upper left panel, Fig. 5-1D)
in ND sections. However, both receptor (lower left panel, Fig. 5-1C) and ligand (lower left panel,
Fig. 5-1D) were highly expressed in AD brain sections.
Representative double staining for HLA-DR (+)ve microglia with Flt-1 and VEGF are
presented (right panels, Fig. 5-1C and D, respectively), for ND and AD tissue. Both Flt-1 and
VEGF showed little merged staining with microglia in ND sections. However, AD brain tissue
demonstrated marked levels of association of Flt-1/HLA-DR (lower right panel, Fig. 5-1C) and
VEGF/HLA-DR (lower right panel, Fig. 5-1D) in tissue obtained from AD individuals.
Single staining analysis was used to quantify levels of Flt-1 and VEGF and double staining
to quantify association of these factors with microglia. (n = 6 ND cases, 7 AD cases). The area
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Figure 5-1. Expression of Flt-1 and VEGF in human ND/AD microglia, in
vitro and in ND/AD tissue. (A) Typical RT-PCR for Flt-1 and VEGF
expressions in microglia obtained from ND and AD brain tissue. The bar graphs
show semi-quantitative results for relative levels of mRNA for Flt-1 and VEGF
from 8 ND and 6 AD individuals. *,p < 0.05. (B) Representative expressions of
Flt-1 and VEGF in human ND microglia treated with PBS or A131-42 (5 pM for 8
hr). The bar graph presents overall semi-quantitative results for the two factors
(n = 4 independent samples/group) *, p < 0.05. (C) Marker immunoreactivities
(ir) from ND tissue and AD tissue showing representative single staining for Flt1 and double staining of Flt-1/HLA-DR. Areas of merged double staining are
yellow. Scale bar: 150 urn (left panels) and 50 pm (right panels). Overall ir (n
6 cases from ND, 7 cases from AD) for Flt-1 and numbers of Flt-1 (+)ve
microglia. (D) Representative results showing single staining for VEGF and
double staining for VEGF/HLA-DR in ND and AD tissue. Scale bar: 150 pm
(left panels) and 50 pm (right panels). Quantification (n = 6 cases from ND, 7
cases from AD) of VEGF ir and numbers of VEGF (+)ve microglia. *,p < 0.05.
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density of Flt-1 ir was significantly increased by 5.4-fold in AD, relative to ND, tissue (lower
left graph, Fig. 5-1C). A similar magnitude of increase (by 4.6-fold) was measured for the
number of microglia expressing Flt-1 (lower right graph, Fig. 5-1C) in AD vs ND tissue. The
area density of VEGF was increased 7-fold in AD, compared with ND, brain tissue (lower left
graph, Fig. 5-1D). The corresponding increase in the number of microglia associated with VEGF
was 5.2-fold in AD vs ND sections (lower right graph, Fig. 5-1D).

5.33 Double staining of Flt-1 and VEGF with p-am yloid in AD brain tissue
A relevant question was the possible association of Flt-1 and VEGF with peptide deposition.
This point was addressed using immunohistochemical staining to determine localization of
receptor and ligand with AP in AD brain sections. Representative staining for Flt-1 and VEGF is
presented at low magnification in AD sections (upper panels, Fig. 5-2). The insets show
respective double staining analysis for Flt- 1 /peptide (lower left panel) and VEGF/peptide (lower
right panel). Although quantification of associated staining was not attempted, we observed
numerous examples of Flt-1 in association with peptide whereas VEGF exhibited a lower
frequency of localization with peptide. Overall, we would estimate that in excess of 75% of Flt-1
ir and about 50% of VEGF ir was associated with peptide in AD brain tissue.

5.3.4 Time-dependency of Flt-1 expression in vivo
We initially used RT-PCR to determine time-dependent changes in VEGF receptor-1 (Flt-1)
expression following intra-hippocampal injection of Af31.42. Representative results indicated
controls (7 d injections with PBS or reverse peptide A0424 to exhibit minimal levels of the
VEGF receptor-1 (Fig. 5-3A). However, A131_42 injection was associated with elevated Flt-1,
relative to controls, at 1 and 3 d post-peptide with a further increase at a duration of 7 d. Semiquantitative RT-PCR is presented in the right bar graph of Fig. 5-3A (n = 5 animals/group).
Expression of Flt-1 was significantly higher (by 2-fold at 1 d and 1.8-fold at 3 d) for peptide vs
PBS control (7 d) injections. The corresponding increase for the longest duration of A13142
injection (7 d) was a 3.7-fold increase in Flt-1 with peptide compared with PBS.
We also employed immunohistochemical staining to examine changes in Flt-1 with duration
of peptide injection (1-7 d). Representative staining for controls (7 d injections of either PBS or
A1342_1) demonstrated little or no immunoreactivity (ir) for Flt-1 (upper left and middle panels,
124

AD

Figure 5-2. Association of Flt-1 and VEGF with beta-amyloid peptide in
AD tissue. The top panels show representative Flt-1 ir (left panel) and VEGF
ir (right panel) in AD brain tissue: Scale bar 150 pm. The lower panels
illustrate higher magnification of double staining for Flt-1/P-amyloid (upper
left panel) and VEGF/f3-amyloid (upper right panel). Scale bar denotes 25
pm.
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Figure 5-3. Time dependency and cellular association of Flt-1 expression
in A-Pi-al-injected rat hippocampus. (A) Representative Flt-1 mRNA
expression following hippocampal injections with controls (PBS and A 1342-1
(7 d)) and AP 1-42
142 s1, 3, and 7 d). 13-actin was used as a reaction standard. The
bar graphs show semi-quantitative RT-PCR results for relative levels of Flt-1
mRNA expression (n = 5 animals/group). *p< 0.05 vs. PBS. (B)
Representative Flt-1 immunoreactivity following hippocampal injection with
PBS (7 d), reverse peptide Al3
- 42-1 (7 d) and A13 1-42 (1, 3, and 7 d). Scale bar:
50 um. The bar graph shows number of Flt-1 (+)ve cells for PBS and Al3- 42-1
controls (7 d) and the time-dependence of Flt-1 expression for the different
times of peptide injections (n = 6 animals/group). *, p< 0.05 vs. PBS. (C)
Double staining for astrocytes (GFAP marker) and microglia (OX-42 marker)
following 7 d injections of PBS and for A131-42' Representative staining
patterns are for Flt-1/GFAP and Flt-1/0X-42. Scale bar: 30 um.
Quantification of number of Flt-1 (+)ve cells for the different markers in PBS
and peptide-injected brain (n = 6 animals/group). *, p< 0.05 vs. PBS; # for
comparison of OX-42 vs. GFAP marker.
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Fig. 5-3B). However, A131_42 injection caused a progressive time-dependent increase in levels of
Flt-1 (upper right and lower panels, Fig. 5-3B). Overall (n = 6 animals/group), significant
increases in Flt-1 were determined at 1 d, 3 d and 7 d post-peptide injections (by 3-fold, 11-fold
and 25-fold, respectively, relative to PBS 7 d injection) (lower right bar graph, Fig. 5-3B). These
results are consistent with RT-PCR data with the exception that immunostaining analysis showed
progressive increases in Flt-1 at early times after peptide injection.

5.3.5 Cell-dependent expressions of Flt-1
We next used double staining to examine the specific cells expressing Flt-1. These
experiments were carried out at a single time point of 7 d post-Ar3142 injection and used GFAP
and OX-42 as respective markers for astrocytes and microglia. The results (Fig. 5-3C) showed
minimal Flt-1/GFAP double staining in PBS control (upper left panel) with an elevated astrocyte
expression of Flt-1 marker in peptide-injected brain (lower left panel) primarily due to the
increase in Flt-1 ir. In a similar manner, low levels of merged Flt-1/0X-42 staining were evident
in PBS control (upper right panel, Fig. 5-3C). However, peptide-injected hippocampus
demonstrated a considerable proportion of microglia in association with the Flt-1 (lower right
panel). Quantification of data is presented in the right bar graph of Fig. 5-3C (n = 6
animals/group). Low levels of Flt-1 ir were associated with GFAP (+)ve astrocytes or OX-42
(+)ve microglia in PBS control. However, following peptide injection GFAP/Flt-1 ir was
increased by 5.2-fold and OX-42/Flt-1 ir was increased by 14.5-fold, relative to controls. Both
increases were significant, however, association of Flt-1 was significantly higher with microglia
compared with astrocytes.

5.3.6 Effects of anti-Flt-1 Ab on microglial responses and neuronal viability
The findings of marked increases of Flt-1 levels in microglia induced by peptide prompted
investigation on effects of receptor modulation on microgliosis. Additionally, since Ar31-42
injection leads to a loss of hippocampal neurons (Ryu et al., 2004, 2006; Ryu and McLarnon,
2007), we also examined inhibition of Flt-1 as a putative neuroprotective strategy. These
experiments employed an anti-Flt-1 neutralizing antibody (anti-Flt-1 Ab) in conjunction with
Iba-1 (microglial marker) and NeuN (neuronal marker) in A(31_42-injected (7 d) rat brain.
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Figure 5-4. Effects of anti-Flt-1 antibody (Ab) on Iba-1 (microglial
marker) and NeuN expression in vivo. (A) Representative Iba-1
immunoreactivity (ir) following 7 d intra-hippocampal injection for the
following: PBS, A1342_1, Af31-42 plus control Ab and A131-42 plus anti-Flt-1 Ab.
Scale bar: 50 um. (B) Numbers of Iba-1 (+)ve microglia for the different
injections (n = 6 animals/group). *, p< 0.05 for comparison of PBS vs. Af3 1 -42
and # for comparison of A13 142 plus control Ab vs. AP 142 plus anti-Flt-1 Ab.
(C) Representative NeuN ir with 7 d injections for PBS, AR
— 42- 1 AP 147 plus
control Ab, and AP 14 , plus anti-Flt-1 Ab. Scale bar: 50 urn. (D) Numbers of
NeuN cells for the different injections (n = 6 animals/group). *, p < 0.05 for
PBS vs. AP
#,p < 0.05 for AP 142
1-42 VS. AI3 142 plus anti-Flt-1 Ab.
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Representative microglial ir (upper panels, Fig. 5-4A) indicated relatively low levels of cell
staining in controls (7 d injections of PBS or reverse A13 4 2_ 1 ). However, the Af31_42 injected
-

hippocampus demonstrated a diffuse and high level of Iba-1 staining (lower left panel) which
was reduced in the presence of anti-Flt-1 Ab with peptide (lower right panel). Overall (n = 6
animals/group), the number of lba-1 (+)ve microglia was increased 4-fold in

A131-42,

compared to

PBS, injected animals (Fig. 5-4B). Treatment with anti-Flt-1 Ab significantly reduced
microgliosis (by 26%) compared with A(31_42 injection alone (Fig. 5-4B).
Representative NeuN ir indicated an intact layer of CA1 pyrimidal neurons in controls (PBS
or A(3424) (Fig. 5-4C, upper panels). The number of NeuN (+)ve cells was markedly diminished
following A131_42 injection (lower left panel). However, if anti-Flt-1 Ab treatment was applied to
peptide-injected animals, numbers of NeuN (+)ve neurons were increased (lower right panel).
Overall (n = 6 animals/group), the number of hippocampal neurons was reduced by 37% with
A13 1 _42, compared to PBS, injection (Fig. 5-4D). Application of anti-Flt-1 Ab was effective in
conferring neuroprotection whereby numbers of neurons were significantly increased (by 23%)
compared to control Ab injection (Fig. 5-4D).

5.3.7 Microglial chemotactic responses in vitro
The up-regulation of Flt-1 in the peptide-injected hippocampus (Fig. 5-3A,B) and association
with OX-42 (+)ve cells (Fig. 5-3C) could reflect chemotactic responses of microglia.
Experiments were designed to examine this possibility in vitro and in vivo. A schematic diagram
(Fig. 5-5A) indicates the method used to measure in vitro migration of human microglia.
Microglial cells were initially subjected to 24 hr exposure for the following treatments; PBS,
A131_42, and reverse peptide A1342_1. Supernatants from the treated microglia were then applied to a
transwell chamber (lower chamber) for the measurement of migration. Microglia in the upper
chamber were preincubated with control Ab or with anti-Flt-1 Ab (10 µg/m1 for 1 hr), prior to
the chemotactic assay. The bar graph in Fig. 5-5B summarizes the results from n = 5 experiments.
Microglial chemotaxis increased 4-fold with AI3 1 _42 treatment, relative to PBS control. Inclusion
of anti-Flt-1 Ab with Ar31_42 peptide, significantly diminished microglial mobility by 37%
compared to the application of peptide alone. Numbers of migrating microglia were similar for
controls and for anti-Flt-1 Ab applied alone.
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Figure 5-5. Migration of human microglia, in vitro. (A) Schematic diagram
for the treatment of microglia with PBS, A131-42' or A1342-1 and supernatant
application, in the absence and presence of anti-Flt-1 Ab, in the transwell
microglial migration assay. (B) The bar graph shows the number of migrating
microglia with the different treatments and the effects of anti-Flt-1 Ab on
migration (n = 5 samples/group). * denotes p < 0.05 for peptide vs. PBS
treatment, and # denotes p < 0.05 for effects of anti-Flt-1 Ab on migration
with peptide application.
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5.3.8 Microglial chemotactic responses in vivo
To examine chemotactic responses in vivo, we used the procedures schematically
diagrammed in Fig. 5-6A (upper panel). Rat microglia were first isolated from rat brain and then
infected with a lentivirus-expressing enhanced green fluorescent protein (EGFP). Fig. 5-6A
(lower panels) shows representative in vitro double staining (EGFP and Iba-1) for the cells prior
to injection; co-localization of EGFP with the microglial marker Iba-1 was evident for all cells
examined. The EGFP-microglia were incubated with control or anti-Flt-1 Ab (10 gg/ml for 30
min) and then stereotaxically injected into A131_42-injected rat brain (at 3 d post-peptide injection)
at the location shown (denoted *). Three areas were designated for the counting of EGFPmicroglia (labeled 1 to 3 in Fig. 5-6A), at sites between injected EGFP-microglia and peptide.
The number of EGFP (+)ve microglia in the different areas were measured in three groups of
animals; Afl1_42 plus microglia incubated with control Ab; Ar31_42 plus microglia incubated with
anti-Flt-1 Ab or reverse peptide Af3 42 _1 plus microglia incubated with control Ab. Animals
receiving reverse peptide injection (upper panel, Fig. 5-6B) showed high levels of EGFPmicroglia in area 1 adjacent to transplantation site but minimal migration of cells to areas 2 or 3
nearer to peptide. Representative immunostaining showed a different pattern of chemotaxis with
A0 1 _42 injection (middle panel, Fig. 5-6B) whereby considerable levels of EGFP (+)ve microglia
were evident in both areas 2 and 3. Animals receiving anti-Flt-1 Ab with peptide (lower panel,
Fig. 5-6B) exhibited similar levels of EGFP it in area 1 as for the other treatments. However,
anti-Flt-1 Ab was effective in decreasing numbers of migrating microglia in areas more proximal
to peptide, compared to animals receiving control antibody treatment.
The quantification for in vivo chemotaxis of EGFP (+)ve microglia is presented in Fig. 5-6C.
Overall (n = 6 animals/group), no differences in numbers of EGFP (+)ve microglia were
measured in area 1 for the different treatments. In area 2, anti-Flt-1 Ab treatment significantly
reduced the number of EGFP (+)ve cells (by 57%) relative to peptide-injection. The
corresponding decrease in area 3 was 87%, representing a significant reduction by anti-Flt-1 Ab
in the migration of EGFP-labelled microglia induced by peptide stimulation.
Double immunostaining of the EGFP-microglia-injected hippocampus was also examined to
determine association between injected cells and markers for Flt-1 and VEGF. Representative
double staining for EGFP (+)ve microglia and Flt-1 are shown in the left panels of Fig. 5-6D,
with merged staining indicating considerable regions of overlap of the markers. Similarly, the
association of VEGF with EGFP (+)ve microglia was also demonstrated (right panels, Fig. 5-6D).
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Overall, we estimate that in excess of 90% of EGFP-microglia exhibited expression of Flt-1 and
VEGF.
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Figure 5-6. Chemotactic responses of EGFP-labeled microglia, in vivo. (A)
upper panel, schematic diagram showing in vivo locations of EGFP-labeled
microglial transplantation (*) and AP I -42 or reverse peptide injection (red
circle). The three areas chosen for the analysis of EGFP cell migration are
shown (refer to text). Lower panels show representative double staining for
EGFP (upper left panel) and for Iba-1 (lower left panel), and merged staining
for both markers (right panel). Scale bar: 20 pm. (B) Representative EGFP
microglial staining in the three areas for: A-042-1 plus microglia incubated
with control Ab (upper panels), Af31-42 plus microglia incubated with control
Ab (middle panels) and A13 1-42 plus microglia incubated with anti-Flt-1 Ab
(lower panels). Scale bar: 50 pm. (C) The bar graph shows the numbers of
EGFP-labeled microglia in areas 1 to 3, for the three protocols (n = 6
animals/group). * denotes p < 0.05 for the effects of anti-Flt-1 Ab on
microglial chemotaxis in peptide-injected hippocampus. (D) Representative
single and double staining for EGFP/Flt-1 (left panels) and for EGFP/VEGF
(right panels). Scale bar: 20 pm.
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5.4 DISCUSSION

Chronic inflammation is integral to AD pathology, however, specific mechanisms underlying
inflammatory responses are not well understood (Mrak and Griffin, 2007). A critical and early
component of inflammatory response is an increased microglial mobility and chemotactic
activity to A13 peptide deposition in AD brain. Our results suggest that the VEGF receptor
subtype Flt-1 serves as a microglial chemotactic receptor to mobilize these immune cells in
proximity to peptide deposits yielding localized and amplified inflammatory microenvironments
in AD brain. Importantly, such microenvironments may be neurotoxic since we provide evidence
that Flt- 1 -dependent mobilization of microglia is associated with neurodegeneration.
The conclusions stated above are supported by the findings that Flt-1 are up-regulated under
three independent experimental conditions; in AD cortical brain tissue, following intrahippocampal injection of A131_42 in rat brain and after peptide stimulation of human microglia.
This work has directly demonstrated involvement of Flt-1 in mediating microglial chemotactic
responses in vivo and in vitro, in response to peptide stimulation. Importantly, anti-Flt-1 Ab was
found effective in inhibiting mobility of EGFP-labelled microglia induced by A131_42 injection
into rat hippocampus and attenuating mobility of cultured microglia responding to a transwell
insert of peptide. Previous work, using the murine microglial cell line (BV-2), has reported
increased cell migration in response to VEGF (Forstreuter et al., 2002). Since VEGF is also a
potent factor for induction of neovasculature, the present data also suggest microglial chemokine
activity may be associated with vascular remodeling in AD brain, a point discussed below.
An important finding was that microglia obtained from AD brain samples exhibited
significantly higher expressions and levels of Flt-1 and ligand VEGF relative to ND brain tissue.
Double staining showed little or no localization of either Flt-1 or VEGF with HLA-DR (+)ve
microglia in ND sections. A very different result was obtained in AD brain tissue where
considerable Flt-1 and VEGF ir was associated with microglia. These data could indicate that in
AD, enhanced Flt-1 and VEGF expression contributes to microglial autocrine and paracrine
processes. Thus, I3-amyloid peptide not only induces chemotaxis in AD brain but also acts to
amplify responses resulting in microgliosis. Our results also demonstrate considerable extents of
Flt-1 and VEGF ir co-localized with peptide. Since both factors are associated with microglia
(Fig. 5-1), these data imply clusters of mobile microglial cells in proximity to peptide deposits.
In vivo, intra-hippocampal injection of Al31_42 caused a time-dependent (1-7 d) increase in

expression of Flt-1 as measured using RT-PCR or immunohistochemical staining (Fig. 5-3).
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Double staining analysis demonstrated a predominant association of Flt-1 with microglia,
however, a smaller extent of Flt-1 localization to astrocytes was also evident. At 7 d postpeptide injection, significant increases of microgliosis and neuronal damage were measured
relative to controls (injection of PBS or reverse peptide, A(3 42 _ 1 ). A novel finding was that the
inclusion of anti-Flt-1 Ab with peptide, inhibited microgliosis and conferred partial
neuroprotection. These results suggest blocking peptide-induced microglial migration as a
rationale strategy to attenuate neuronal damage in AD brain.
To examine functional roles of Flt-1 in vivo, EGFP-labeled microglia were transplanted into
rat hippocampus previously injected with AP1-42, or reverse

A1342-1,

peptide. Three areas,

differentially located between sites of microglial transplantation and peptide injection, were used
to quantify microglial mobility. In the presence of reverse peptide, no net migration of EGFPmicroglia away from the transplantation site was evident. However, with A131_42 as a chemotactic
stimulus, microglia exhibited increased mobility into parenchymal areas directed towards the
peptide-injection site. Treatment of peptide-injected brain with anti-Flt-1 Ab was highly
effective in reducing the numbers of migrating EGFP-microglia in all three regions between sites
of microglial transplantation and peptide injection. Double staining analysis showed
considerable extents in overlaps of EGFP microglial marker with both Flt-1 and VEGF.
Anti-Flt-1 Ab was also effective in inhibiting the migration of human microglia in vitro,
where supernatants (conditioned medium) from cells exposed to PBS, A131_42 and A1342_1 were
employed as stimulants. Under control conditions, neither PBS nor reverse peptide were
effective in the induction of microglial mobility. With AP1_42 as a stimulus, a markedly increased
migration was evident (by 4-fold) relative to PBS; this enhanced migration was reduced with
inclusion of anti-Flt-1 Ab treatment with peptide. However, anti-Flt-1 Ab was only partially
effective in the inhibition of microglial chemotactic response. This latter result could reflect that
under the experimental conditions of this assay, factors in the conditioned medium, other than
VEGF, could also contribute to the increased mobility of microglia.
The possibility that accumulation of peptide could serve as foci for the induction of
microglial-mediated inflammatory paracrine responses involving VEGF is an important
consideration in the pathology of AD. Previous work has reported elevated levels of VEGF in
AD brain (Kalaria et al., 1998). Since VEGF is a highly potent vascular mediator, our results
suggest the possibility of vascular remodeling near sites of microgliosis, elevated VEGF and
peptide deposits. It has been pointed out that vascular angiogenic factors are elevated in AD
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pathology (Vagnucci and Li, 2003; Pogue and Lukiw, 2004), however, despite this finding there
is little evidence for formation of new blood vessels in AD diagnosed individuals. Instead,
vasculature in AD brain exhibits considerable morphological abnormalities and increased
permeability and leakage of BBB (Prat et al., 2001; de la Torre, 2002; Fiala et al., 2002;
Zlokovic, 2005; Zipser et al., 2007). Our results could help account for this discrepancy. The
lack of neovascularization in AD brain, despite elevated levels of angiogenic inducers, may be
explained by a progressive and concomitant increase in an inflammatory environment causing
newly formed blood vessels to degenerate.
Deposition of amyloid beta peptide is a critical stimulus for inflammation in AD brain
(Combs et al., 2001; Lue et al., 2001). We postulate that peptide deposits act as foci for
assimilating clusters of mobile activated microglia and serving as sites for vascular remodeling
in sustaining inflammatory environments. Microglial Flt-1 and VEGF are suggested as primary,
but clearly not as sole, factors in maintaining chronic inflammatory responses dealing with
removal of unwanted peptide. Although intra-hippocampal peptide injection represents an acute
insult, the procedure exacerbates inflammatory responses and likely compresses inflammation in
this animal model into a much shorter timeframe (days) compared with the slow progression of
inflammation (years) evident in AD brain. This point is testable in future studies using transgenic
mouse models of AD where it is predicted that aged animals (months) will exhibit Flt-1 and
VEGF microglial-dependent chemotactic processes with anti-Flt-1 Ab effective in inhibiting
microgliosis and conferring neuroprotection.
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CHAPTER 6: SUMMARY AND CONCLUSIONS, SCHEMATIC DIAGRAM,
SIGNIFICANCE AND FUTURE DIRECTIONS OF RESEARCH AND CONCLUDING
REMARKS

6.1 OVERALL SUMMARY AND CONCLUSIONS
Chronic inflammation is an ongoing process associated with many types of sustained insults
and injuries. This study suggests that chronic inflammation may be a specific causative process
in the progressive loss of hippocampal and cortical neurons in AD. A critical question to ask is
how inflammation might be linked to the progressive neuronal loss and the cognitive decline in
AD. The studies presented in this thesis have attempted to answer this question using a spectrum
of in vivo and in vitro methods for characterizing microglial signaling in inflamed AD brain. In
particular, this research has focused on the interactions of microglia and the vasculature as a
basis for chronic inflammation using AP142 intrahippocampal injection as an in vivo animal
model of inflamed AD brain. In addition, in vitro experiments were carried out using RT-PCR
and chemotactic assays to study functional responses of microglial activation following A131-42
stimulation. The central hypothesis of this research is that AP 1 42-induced microglial activation
causes vascular remodeling associated with angiogenic activity and BBB leakiness which sustain
chronic inflammation. Furthermore, my data suggests that chronic inflammation contributes to
neuronal damage. Pharmacological modulations of interactions between reactive microglia and
perturbed vasculature were investigated for their potential use in therapeutic intervention to
decrease chronic inflammation and provide neuroprotection in the animal model. A series of
linked experimental studies, summarized below, were performed to test the hypothesis.
6.1.1 A !I-induced gliosis and perturbation of BBB
First, I investigated the effect of in vivo A13 1 _42 injection on inflammatory responses and
intactness of BBB using immunohistochemical methods. Intrahippocampal administration of
A13 1 _42 caused upregulation of peroxynitrite formation in glia, microglia and astrocytes.
Pharmacological inhibition of glial-derived reactive nitrogen species with the broad-spectrum
anti-inflammatory agent minocycline or the selective iNOS inhibitor 1400W was highly
effective in decreasing levels of nitrotyrosine. Immunohistochemical results showed IgG
permeability through BBB was markedly increased with A131_42 injection and both minocycline
and 1400W were highly effective in restoring the integrity of the BBB. My conclusion from
142

these results is that glial activation and the consequent increase in oxidative stress mediate the
deleterious effect of A131_42 on BBB integrity.

6.1.2 Thalidomide inhibits A Ainduced microglial and vascular responses
The results discussed above indicate that AP1-42 deposition could have significant effects on
integrity of BBB and involve glial activation. These findings suggested the utility of
pharmacological modulation of glial-vasculature interactions with a modulator of inflammation
and vasculature. I chose thalidomide since the compound has been shown to exhibit antiangiogenic actions on vascular processes. Double immunofluorescent staining indicated that
A131_42-induced microglial activation was associated with altered vascular function. The latter
included upregulation of vascular matrix protein laminin, which suggested formation of new
blood vessels (angiogenesis). In addition, by infusing FITC-labeled albumin in animals with
intrahippocampal peptide injection, I was able to demonstrate albumin fluorescence in brain
parenchyma in proximity to blood vessels. These data strongly suggest a weakened BBB in a
peptide-injected animal model of AD. Thalidomide treatment was found effective in decreasing
angiogenic activity, reducing albumin fluorescence intensity indicating increased intactness of
BBB and attenuating activation of microglia. Thalidomide applied in vitro, to human adult
microglia reduced TNF-a expression induced by cell exposure to AP 1_42. These studies
established that A13 1 _42 -induced glial activation could alter vascular function and that thalidomide
could serve as an immunomodulatory agent acting to modify A3142-induced inflammation.
Furthermore, thalidomide showed neuroprotection in vivo and which was associated with
reduced microgliosis and vascular alterations. The overall results of this work indicate
perturbations in vasculature as an integral component of inflammatory response following intrahippocampal injection of A131_42 peptide.

6.1.3 Microglial reactivity and leak BBB in AD
The findings from the previous studies point to vascular remodeling and plasma protein
extravasation as a component of inflammatory response in peptide-injected rat hippocampus.
This possibility was examined by measurement of the levels of extravasated plasma protein
fibrinogen in AD and ND (nondemented) brain tissues and in vivo in A131_42 injected rat
hippocampus. Immunohistochemical analysis showed enhanced immunoreactivity (ir) of
parenchymal fibrinogen and also populations of reactive and proliferating microglia in brain
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tissue from AD patients compared with ND individuals. Infiltration of fibrinogen, extents of
microgliosis and neuronal viability in rat hippocampus were then measured after
intrahippocampal injection of A131_42 peptide. A particular focus of these experiments was the
study of effects of pharmacological modulations targeting reduction in levels of fibrinogen
(using the defibrinogenating compound ancrod) or inhibition of microglial activation (using the
monoclonal antibody, anti-Mac-1). The increased leakiness of BBB induced by peptide
stimulation was decreased with depletion of fibrinogen with ancrod. Microglial activation and
neuronal injury were significantly reduced in rat hippocampus after ancrod treatment. A novel
additional finding was the increased microglial activation and proliferation and enhanced BBB
damage with fibrinogen injection with peptide. Under these conditions, the microglial inhibitor
anti-Mac-1 Ab was effective to attenuate the changes in gliosis and vascular processes. The
results of this study support the notion that extravasation of the plasma protein fibrinogen as an
inflammatory component in AD brain.

6.1.4 VEGF receptor Fit-1 mediates microglial chemotactic inflammatory responses in AD

The previous studies suggested microglial inflammatory responses induced by peptide
contribute to vascular abnormalities and neuronal damage. An important question concerning
increased microglial reactivity induced by peptide deposits was addressed by measuring in vitro
and in vivo chemotactic responses of microglia to A13142. One potential chemotactic factor is
VEGF (vascular endothelial growth factor) which also serves as an angiogenic stimulus. Intrahippocampal injection of Ar3 1 _42 caused an increased level of VEGF receptor-1 (Flt-1) expression
in activated microglia. Treatment using the neutralizing antibody (anti-Flt-1) decreased peptideinduced microgliosis. An interesting finding was that neuronal loss was also significantly
decreased by inhibition of Flt-1 in microglia. In vitro, a transwell migration assay showed antiFlt-1 treatment reduced peptide-induced chemotactic microglial migration. Additionally,
immunohistochemical analysis, using a specific anti-GFP antibody for transplanted GFP-labeled
microglia, showed that treatment of peptide-injected brain with anti-Flt-1 Ab was highly
effective in reducing the numbers of migrating GFP-microglia. Disease-related change of Flt-1
expression was examined in AD brain using RT-PCR and immunohistochemical analysis. The
results showed human adult microglia obtained from AD patients exhibit significantly higher
mRNA and protein expression levels of Flt-1 and ligand VEGF relative to ND brain tissue.
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Overall, these data suggest that upregulated expression of Flt-1 could contribute to microglial
chemotactic responses in the chronic inflammatory processes of AD.
The results summarized above demonstrate that A13
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-induced increases in microglial

reactivity have significant impact on angiogenic activity and vascular permeability. These
findings establish perturbed blood vessels as a critical component of inflammatory responses
which help sustain increases in microglial activation. Pharmacological compounds directed at
specific components of microglial-vascular interactions were found to inhibit inflammation and
provide neuroprotection.

6.2 SCHEMATIC FLOW DIAGRAM OF CHRONIC INFLAMMATION
A summary schematic diagram that incorporates the findings of the studies described above
is shown in Figure 6. In the diagram, AP is the stimulus to initially enhance microglial mobility
leading to localized cell clustering in proximity to the peptide deposits. Subsequent
inflammatory responses include interactions between microglia and vasculature which leads to
vascular remodeling comprising neovascularization and BBB leakiness. Increased BBB
permeability leads to infiltration of plasma proteins and possibly other immune cells such as
macrophages and neutrophils. The overall processes result in a chronic inflammatory
microenvironment consisting of activated microglia and a milieu of proinflammatory factors.
When the inflammatory response is maintained, an assemblage of inflammatory mediators are
released, such as reactive oxygen and nitrogen species from the activated microglia, to ultimately
contribute to the slow, progressive neurodegeneration seen in the AD brain. The general
hypothesis is that reciprocal interactions occur between activated microglia and perturbed
vasculature in AP-injected brain to drive the chronic inflammatory responses.
This schematic flow chart is consistent with risk factor enhancement characteristic of AD
pathology. For example, as noted in the introduction, many vascular risk factors have been
reported including hypertension, hypercholesterolemia, diabetes mellitus and smoking.
Presumably these risk factors contribute to abnormalities in vasculature which amplify immune
responses. Furthermore, aging is a primary risk factor which could promote inflammation in AD
brain. Blood vessels in aged AD individuals show a spectrum of abnormalities which could be
manifest as the latter stages of vascular remodeling which resulted from initial
neovascularization and leakiness to plasma proteins. By necessity, the summary schematic flow
chart shown in Fig. 6 represents a simplified overview of chronic inflammation in AD.
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Figure 6. Schematic flow chart for An-mediated chronic inflammation and
neuronal damage in AD pathology. * Pool of reactive microglia with A13
deposits. ROS: reactive oxygen species. NO: nitric oxide.
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A number of interactive processes have not been included which could contribute to
inflammation in AD. For example, direct effects of AP peptide on astrocytes and endothelial
cells are not included in the diagram. As noted below, future studies need to address other
interactions and other inflammatory factors which could contribute to sustaining chronic
inflammation.

63 SIGNIFICANCE OF WORK
At present, it is not well understood how chronic inflammation is linked to neuronal damage
in AD. Indeed, the limited utility of anti-inflammatory compounds such as NSAIDs have led to
questions concerning whether chronic inflammation even plays a significant role in AD
pathology. The present results would argue that NSAIDs may be relatively ineffective since they
do not modify microglial-vasculature interactions. The studies presented in this thesis provide
novel in vivo and in vitro findings that link chronic inflammatory responses, angiogenic activity,
BBB intactness, and neuronal viability, in conditions that resemble those of the AD brain. These
results should lead to a greater understanding of how chronic inflammation in the AD brain
causes neuronal damage. The development of multidrug therapy, aimed at multiple mechanisms
in the chronic inflammation of AD pathology, may be more efficacious than therapy aimed at
inhibiting a single pathway. Overall, the findings reported in this thesis suggest that
pharmacological inhibition of microglial-vasculature interactions and microglial chemotactic
responses as novel strategies for protecting neurons in AD brain.

6.4 OUTLINE OF FUTURE WORK
The findings of this thesis suggest that microglial inflammatory responses are putative
causative components in the progressive loss of hippocampal neurons in AD. In addition, the
results provide a framework for future studies for addressing the mechanisms by which
microglial-vascular interactions are linked to neuroprotection in AD. An important area of study
is the use of transgenic animal models of AD. A number of these models show aged transgenic
animals to exhibit considerable extents of chronic inflammation. Proposed studies would include
measurements of pharmacological modulation of microglial and vascular responses and
interactions in transgenic animal models of AD as maneuvers for decreasing neuronal damage
and enhancing cognitive performance. Additional analysis, using specific markers for the
integrity of BBB in AD brain, is required. An important question to be answered is does the
neovascularization we observe following peptide injection represent an early stage of vascular
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remodeling which subsequently presents as abnormal vessels in an environment of chronic
inflammation in AD.
It is important to point out that some microglial responses may have beneficial effects in AD
(Wyss-Coray, 2006; Simard and Rivest, 2006). In particular, these studies suggest microglial
acute responses may be beneficial. However, at this time it is unclear if acute and chronic
inflammatory responses lead to respective, primary helpful and harmful, effects. In addition, a
great deal of ongoing work is directed in evaluation of the effects of directly inducing
inflammatory responses using peptide vaccination. The rationale is that passive or active
vaccination could clear plaque deposits by causing an immune response. At present, this
approach has led to both favorable and unfavorable outcomes for AD patients (Ferrer et al.,
2004; Masliah et al., 2005).

6.5 CONCLUDING REMARKS
AD is a devastating neurodegenerative disease affecting large numbers of elderly people.
Although the impact of AD on patients, their families, and society in general is likely to increase
as the population ages, current treatment options are limited because of the lack of understanding
in the pathophysiology of AD. A basic requirement is to first understand the mechanisms
underlying disease progression before potential therapeutic targets can be found for AD
treatment. The work discussed in this thesis contributes to ongoing efforts aimed at
understanding and characterizing the mechanisms leading to chronic inflammation of AD. A
better understanding of the underlying mechanisms of chronic inflammation as well as
intervention with pharmacological agents to reduce cell activation and vascular abnormalities
will constitute an important step forward in treatment of AD individuals.
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CHAPTER 7: APPENDIX

A copy of the UBC animal care committee approval letter and research approval letter from
UBC clinical research ethics board
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