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Abstract

Elevated brain levels of amyloid-f3 (AB) and transforming growth factor- B1 (TGF-B1) are
thought to contribute to the cognitive and cerebrovascular alterations of Alzheimer’s
disease (AD). Here, we sought to investigate the role of simultaneous increases of AP and
TGF-B1 on cerebrovascular, neuronal, glial and mnemonic function using a bitransgenic
mouse model concurrently overexpressing a mutated form of the human amyloid
precursor protein (APPsyemd) and a constitutively active form of TGF-B1 (A/T mice). In
addition, we attempted to counter these deficits using three different pharmacological
agents: the peroxisome proliferator-activated receptor (PPARy) agonist pioglitazone
(20mg/kg/day), the 3-hydroxy-3-methyl-glutaryl-CoA reductase inhibitor simvastatin
(40mg/kg/day) and the angiotensin II receptor type 1 antagonist losartan (10 and
25mg/kg/day), all of which with previously demonstrated efficacy in singly APP and
TGF mouse models. We found that A/T mice exhibited spatial learning and memory
impairments, together with an early progressive decline in cerebrovascular dilatory
capacity, preserved contractility, and reduction in constitutive nitric oxide (NO)
synthesis. Altered levels of vasodilator-synthesizing enzymes and fibrotic proteins were
also apparent with increasing age. A/T mice featured glial and neuronal dysfunctions, as
well as neurovascular and neurometabolic coupling deficits to sensory stimulation that
were normalized only by pioglitazone. The latter also improved reversal learning in adult,
but not in aged A/T mice, despite worsening effects on vasodilatory function. Similar
negative effects were observed with simvastatin on dilatory function, and simvastatin
additionally failed to improve neurovascular coupling and cognitive deficits. In contrast,

losartan at the low, but not at the high dose displayed minor benefits on the learning
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capacity of A/T mice and significantly improved spatial memory. Although
neurovascular coupling to sensory stimulation was not normalized by either dose, the low
and high doses of losartan improved vasodilatory function without normalizing the
baseline NO production essential to maintain blood vessel tone. Together, these findinds
suggest that A/T mice, which integrate the comorbid factor of AD cerebrovascular
dysfunction to the amyloid pathology, may well reflect the complexity that one faces
when attempting to rescue function in AD patients. It may also represent an improved

model to test new therapeutic strategies.
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Résumé

Des taux élevés d'amyloide-P (AP) et du ‘transforming growth factor-f1’° (TGF-B1) dans
le cerveau contribuent aux altérations cognitives et cérébrovasculaires de la maladie
d'Alzheimer. Dans cette thése, nous avons tenté de cerner le role d'une augmentation
simultanée d'AP et de TGF-B1 sur les fonctions cérébrovasculaires, neuronales, gliales et
mnémoniques chez une souris bitransgénique qui surexprime ces deux peptides (souris
A/T). Nous avons aussi tenté de remédier aux anomalies identifiées chez la souris A/T en
utilisant trois agents pharmacologiques différents. Ces traitements sont : la pioglitazone
(20mg/kg/jour), un agoniste des récepteurs (PPARy), la simvastatin (40mg/kg/jour), un
inhibiteur de la ‘3-hydroxy-3-methyl-glutaryl-CoA réductase’, le losartan (10 et
25mg/kg/jour), un antagoniste du récepteur de type 1 de l'angiotensine II, dont I’efficacité
a ¢ét¢ démontrée dans des modeles de souris transgéniques qui surproduisent
indépendamment I’AB ou le TGF-B1. Nous avons trouvé que les souris A/T avaient des
déficits d'apprentissage et de mémoire, et qu’elles présentaient un déclin précoce et
progressif de la capacité dilatatrice des vaisseaux cérébraux, et une réduction de la
synthese constitutive du monoxyde d’azote (NO), mais que la contractilité était préservée.
Des niveaux altérés d'enzymes impliquées dans la synthése de molécules vasodilatatrices
et des protéines médiatrices de la fibrose vasculaire étaient également apparents. Les
souris A/T présentaient aussi des dysfonctions gliales et neuronales, ainsi que des déficits
de couplages neurovasculaire et neurométabolique, qui étaient contrés uniquement par la
pioglitazone. La pioglitazone améliorait aussi la capacité d'apprentissage de type
‘reversal learning’ chez les souris adultes et non chez les souris dgées, tout en exercant

des effets négatifs sur les fonctions vasodilatatrices. Des effets néfastes sur la capacité
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des vaisseaux a se dilater ont aussi été observés avec la simvastatine qui, par contre, n'a
pu reproduire les bienfaits cognitifs et sur le couplage neurovasculaire observés avec la
pioglitazone. Seul le traitement avec la faible dose de losartan a amélioré de fagon
modeste les capacités d’apprentissage des souris A/T et a significativement rétabli leur
mémoire spatiale. Cependant, I’augmentation de perfusion cérébrale induite par une
stimulation sensorielle n’était pas normalisée par le losartan a aucune dose, et le losartan
a completement (dose faible) ou partiellement (dose élevée) rétabli les fonctions
dilatatrices sans toutefois améliorer la production constitutive du NO essentiel pour le
maintain du tonus vasculaire. L’ensemble de ces résultats suggere que les souris A/T, qui
combinent la pathologie de ’AB aux dysfonctions cerébrovasculaires induites par le
TGF-B1, reflétent la complexité de la maladie humaine et mettent en évidence les défis a
relever pour traiter efficacement les patients atteints d’Alzheimer. Les souris A/T
pourraient donc représenter un modele amélioré afin de tester de nouvelles approches

thérapeutiques.
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Preface to the Introduction

Alzheimer’s disease (AD), a neurodegenerative disorder characterized by progressive
memory loss and declining cognitive abilities, constitutes a personal and societal
misfortune of great proportions. Research in laboratories and clinics has identified many
features of this debilitating disease yet, no cure has been established. Important gaps in
our knowledge and in discriminating between triggering and aggravating pathogenic
factors seem to cast additional doubt on the path forward. The hypothesis that amyloid-§
(AP) peptide species are the primary causative agents of AD maintains considerable
support among researchers. However, a growing body of evidence shows that A
peptides are unlikely to be the only feature in AD etiology. This has resulted in the
expansion of research strategies, some of which focus on disease-triggering mechanisms
and others on lessening the harm induced by secondary pathogenic processes. Indeed, key
therapeutic targets may be uncovered by directing our focus towards the brain’s vascular
system and incorporating knowledge of cerebrovascular disorders into the ‘neurocentric’
dogma of AD. Neurons are the main executors of cognitive function and intuitively, the
main research focus and AD therapeutic target. However, brain function including
learning and memory also rely on an intact cerebral circulation, which provides nutrients
to an organ with no energy reserves and a high metabolic demand. In this dissertation, the
neuronal and vascular approaches will be addressed, and complemented by the effects of

therapeutic interventions.
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conducted the treatment and reactivity data of A-192621. I conducted the ABT-627
treatments and wrote the manuscript with Dr. Hamel, which earned me first co-

authorship.
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Originality of work

1. This study is the first to functionally characterize arterial, hemodynamic, and cognitive
integrity of young, adult and old APP/TGF mice (line J20/T64). An earlier study had
evaluated the effects of TGF-B1 on amyloidogenesis of the APP/TGF brain vasculature
using another APP line, the H6line. Indeed, the relative levels of cerebral transgene
expression are greater in the H6 line, but hippocampal AB;x and A4, plaque load is
greater and formed at a younger age in the J20 line making our bitransgenic models
slightly different. Our findings show that this model features progressive memory
impairment, gliosis, parenchymal AP plaques, and combines arterial and hemodynamic
dysfunction with the structural pathology (CAA and fibrosis) found in AD. This led us to
suggest it as a complete model of AD cerebrovascular and brain dysfunction with which
to investigate new therapeutic avenues.

2. Our results were the first to show the interactive effects of chronic AB- and TGF-f1-
upregulation against pioglitazone, simvastatin and losartan.

3. We uncovered that pioglitazone can benefit neuroinflammation, cerebral perfusion and
glucose metabolism of APP/TGF mice without altering levels of soluble or deposited AP,
a finding of great interest for AD patients devoid of cerebrovascular pathology, as it
worsened vasodilatory function in adult vasculature. It may also be of great interest to
these patients as they often get diagnosed at a time when AB-related neuropathology is
well established and irreversible.

4. We were the first to show that pioglitazone and simvastatin may have worsening
effects on cerebrovascular dysfunction in APP/TGF mice, a mouse model exhibiting a

fuller extent of AD neuropathology, thus better mimicking subjects with AD. Prior
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studies in singly APP model had shown cerebrovascular improvement, yet singly APP do
not display all aspects of the disease.

5. Our work is the first to show that simvastatin therapy appears to be a weak therapeutic
candidate for late AD patients, as APP/TGF mice may represent an advanced stage of
AD.

6. Our results provided insights for the divergent results obtained in statin clinical trials
and, particularly, their reported efficacy only in early AD, as the neuropathological
condition of APP/TGF mice may be beyond the therapeutic window of statin efficacy in
AD.

7. Our work is the first to show recovery of circulatory and brain dysfunction in
APP/TGF mice using a losartan. Although losartan demonstrated limited benefits in
spatial learning and memory in adult A/T mice treated for 3 months, studies with longer

treatment duration may offer a better protection.
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General Introduction

History of Alzheimer’s disease

In 1907, the Bavarian psychiatrist, Dr. Alois Alzheimer was the first to describe the
neuropathogical characteristics of the brain of Augusta D., a patient suffering from
progressive dementia. With the use of Bielschowsky silver staining, Dr. Alzheimer
identified degenerating neurons with miliary foci of deposits (senile plaques) and bundles
of fibrils (neurofibrillary tangles, NFT) scattered all over the cortex, a pathology which
was latter labeled “Alzheimer’s disease (AD)” by Emil Kraepelin (Alois Alzheimer’s
colleague) in 1910. Influential studies in the mid-1960s by Robert Terry and Michael
Kidd (Terry, 1963, Kidd, 1964) and then, late-1960s by Gary Blessed recognized that
many cases of common senile plaque were neuropathologically similar (Blessed et al.,
1968) occurring along an age continuum, with relatively rare cases appearing before the
age of 60 and the occurrence rising gradually through and beyond.

In 1979, in Chicago, the Alzheimer Association was established by Jerome Stone
and other Americans with afflicted family members, increasing public recognition and
awareness of the disease. In 1984, the amyloid beta (AB)-protein was isolated and
partially characterized by George Glenner from AD brains or brains of Down syndrome
patients (Glenner and Wong, 1984a, b), followed by the microtubule associated protein,
tau (), as the main component of the neurofibrillary tangles, two years later (Brion et al.,
1985, Grundke-Igbal et al., 1986b, Kosik et al., 1986, Nukina and Thara, 1986, Wood et
al., 1986, Nixon, 2007) (Figure 1). In 1987, the amyloid protein precursor (APP) was
cloned followed by the identification of the disease mutations in 1990 and 1991 (Kang et

al., 1987, Levy et al., 1990, Goate et al., 1991). Together, these discoveries led to modern



Alzheimer research. Much progress in our understanding of the mechanisms related to the
disorder has been made since then, although the cause still remains elusive. With an
estimated 36 million sufferers worldwide, these figures are said to multiply several-folds
in the next decades with numbers doubling every 20 years to reach 66 million by 2030,
and 115 million by 2050 (WorldAlzheimerReport, 2011). These numbers highlight the
urgent need for an intervention that may halt or delay progression from mild cognitive

impairment (MCI), a precursor period of isolated memory loss, to probable AD.

Image from: Nixon et al., 2007 J Cell Sci.

Figure 1: Hallmark features of Alzheimer’s disease. A, AP plaques (arrowheads) and
neurofibrillary tangles (arrow) in AD brain by the Bielschowsky silver stain. B, Double
staining against paired-helical-filament (PHF) tau (arrows) and AP (arrowheads) C, D
Lysosomes of pyramidal neurons (C, arrow) and dystrophic neurites associated with
plaques (C, arrowheads; and D) were stained with Cathepsin D antibody. E, Visualization
of abnormally enlarged dystrophic neurites (arrows) compared to neurites of normal brain
(inset) using electron microscopy, bar = 500nm.



Overview

AD, the most common form of progressive dementia, is mainly associated to AP plaques
(discussed below) and NFT, peculiar thread-like structures of hyperphosphorylated t
within distorted neurites (Grundke-Igbal et al., 1986a, Igbal et al., 1989). Disturbances in
axonal transport, decreased levels of neurotrophic factors, neurotransmitters like
acetylcholine, and of their respective receptors also define the pathology. Plaque-
associated microglia and astrocytes, together with synaptic and neuronal loss are other
AD manifestations (Mesulam, 1999, Selkoe, 2001, 2011), synaptic loss being the best
correlate of dementia in AD (Coleman et al., 2004). Cerebrovascular and metabolic
disturbances have also become critical features of AD (Iadecola, 2004, Zlokovic, 2011).
Such manifestations predominate in specific brain areas essential for cognitive functions
including the hippocampus followed by association cortices, specifically the entorhinal
and frontal cortex, and subcortical structures (Arnold et al., 1991).

Contrary to the rare, early-onset form of AD, the cause of the vast majority of
cases of sporadic AD (~95%) is unknown. The major risk factor though is age. In
addition, epidemiological studies propose that vascular diseases, including type 2
diabetes, atherosclerosis, hypertension, stroke and hypercholesterolemia confer high
probability of developing AD (Kalaria, 2000), with the risk being significantly enhanced
when these factors are concomitant (Luchsinger et al., 2005). The fact though that the
sporadic AD is phenotypically indistinguishable, both clinically and histopathologically,
from familial AD — except for the age of onset — implies that studying genetic AD may be
informative about the mechanisms leading to the sporadic form, an approach employed in

the present work.



1. Hallmarks of Alzheimer’s disease

1.1 Memory deficit

Dementia (of latin origin meaning ‘madness’, from de- ‘without’ + ment, the root
of mens ‘mind’) refers to a syndrome of a loss of cognitive ability in a previously
unimpaired person, beyond the levels of normal aging. The most common form of
dementia among the elderly is AD.

1.1.1 Normal cognitive function

1.1.1.1 Memory systems

Memory is the ability to retain, reactivate, and reconstruct information over periods of
time. It is a complex function which draws on a diverse range of modalities to reconstruct
a copy of the original past.

Declarative memory is a way our memory represents the world, which is
subdivided into two forms: semantic memory and episodic memory. Semantic memory
involves memory for factual or ‘encyclopedic’ knowledge for which specific ‘time and
place’ of the original experience is not remembered (i.e. historical events, mathematical
tables, cognitive maps) (Dickerson and Eichenbaum, 2010). Episodic memory involves
information about the time and place of an event, as well as detailed information about
the event itself, making it a more personal recollection of daily experiences. The ability to
talk about a gathering, for instance, that took place in the previous weeks or months,
greatly depends on intact episodic memory function. The results of brain imaging,
neuropsychological and physiological studies of brain lesions of patients and animals
allowed the distinction between these multiple forms of memory and the different brain

systems involved (Dickerson and Eichenbaum, 2010). The act of remembering an



episodic memory is orchestrated by a large network of brain areas, including components
of the medial temporal lobe (parahippocampal cortical areas and the hippocampus), but
also neocortical association areas. The neocortical areas involved in episodic memory
mediate many cognitive processing functions such as effortful retrieval (Buckner and
Wheeler, 2001, Buckner et al., 2008) and reversal learning or the ability to unlearn a
previously learned contingency favouring a switch or an adaptation to the new
contingency (Fellows, 2011). Also, dissociated prefrontal regions make functionally

separate contributions each processing function (Buckner and Wheeler, 2001).

1.1.2  Cognitive clinical symptoms and diagnosis of AD
AD often becomes symptomatic as minor episodic memory deficits gradually and
sporadically impedes ones daily life. Early AD behavioural characteristics vary from loss
of thought at midsentence to avoidance of novelty and decreased spontaneity.
Concentration and learning impairments, loss of executive functioning, language and
visuo-spatial dysfunctions are other clinical manifestations that may be accompanied by
irritability, impatience and even depression in the beginning of the disease as patients are
still aware of their loss of control (Emilien et al., 2004). Apraxia (inability to control fine
and gross motor movement), agnosia (failure to recognize objects or people), motor
disturbances, incontinence and agitation have been reported in later stages of the disease,
(Cummings, 2004). At end stages, this neurodegenerative disorder leads to death within
about eight years from diagnosis, or ranging from one to 20 years (Sadock & Sadock,
2005).

A clinical diagnosis can either be “possible” when atypical AD symptoms cannot

be categorized under another disease or “probable” when all dementia causes, except AD,



are excluded (Cummings, 2004). MCI is often considered the earliest clinical sign of
probable AD. For a complete clinical diagnosis, a patient must present symptoms of
memory loss evaluated with specific clinical diagnostic tests mentioned below and
another cognitive impairment including language, perception, praxis, calculation and
problem solving. A definitive diagnosis is confirmed with a pathological examination or
a brain autopsy with detected extracellular Ap plaques and intracellular NFT (McKhann

ctal., 1984).

1.1.2.1 Clinical Diagnostic tests

1.1.2.1.1 Human tests

The cognitive subscale of the Alzheimer’s disease Assessment Scale (ADAS-cog) is
widely used for assessment of cognitive function in AD patients as is the Mini Mental
Status Exam (MMSE), the most popular cognitive testing instruments used to screen
dementia in clinical trials. Briefly these tests measure disturbances of orientation to time
and place, immediate recall, short-term verbal memory, calculation, language, and
construct ability which are often referred to as the core symptoms of AD. The ADAS
score ranges from 0-70, with a higher score from baseline signifying a decline in
cognition (Rosen et al., 1984, Skinner et al., 2012). The total number of points on the
MMSE is 30, with higher numbers indicating less impairment. A score of 20 to 24
suggests mild dementia, 13 to 20 indicates moderate dementia, and <12, severe dementia

(Schreurs, 2010).

1.1.2.1.2 Memory evaluation paradigms in rodents
In preclinical studies, the effects of transgenes or treatments can be investigated on

animal learning and memory using a variety of behavioural paradigms. The Morris



watermaze (Morris, 1984) is currently the most widely used paradigm for the evaluation
of visuo-spatial learning and memory skills in rodents, which corresponds to the highest
cognitive level in rodents. Briefly and also described in chapters 2-5, mice learn the
location of a hidden platform using visual cues. Their escape latency is used as a
surrogate of their learning ability which is reinforced by the undesirable water
environment. Spatial memory is established in a subsequent probe trial with the platform
removed in which their preference for the platform location is indicative of their memory
(Deipolyi et al., 2008). Nevertheless, this task is among the most stressful of cognitive
paradigms as rodents are immersed in water (D'Hooge and De Deyn, 2001, Kalueff et al.,
2007). Avoidance tasks are also extensively used to assess cognitive function in rodents,
during which rodents learn to avoid an environment associated to an aversive stimulus
(such as foot-shock). In such test, the animals walk freely between the dark/enclosed or
the bright/lit compartments of a chamber and learn to associate certain properties of the
chamber to a foot shock. The task depends on the innate preference of rodents for dark,
enclosed spaces over open areas (Van Dam and De Deyn, 2006). Learning and memory
is viewed as the latency to pass the gate in order to avoid the stimulus. However, in this
task, declarative memory is not readily discernible from the procedural memory
components of the task, unlike in the watermaze task and so less utilized. Dry-land mazes
such as the radial-arm maze paradigm — during which the rodent must select an arm of
the radial maze that contained a food pellet (the reinforcer) during the previous trial — are
sometimes preferred over the stressful and physically demanding watermaze task
(Harrison et al., 2009). However, food restriction prior to this behavioural experiment

limits its value for preclinical evaluation in AD mouse models. Another task used in the



field of AD is the Barnes maze which has gained recognition as a dry-land maze with no
food deprivation. Like the watermaze, the Barnes maze is based on a delayed match-to-
place experiment performed on a circular-shaped platform with escape holes ringed all
around (Harrison et al., 2006). In a defined period of time, the rodent initially placed in
the center of the platform must find the target escape hole to flee the brightly lit, open
surface of the maze using spatial cues. Again, this task depends on the innate preference
of rodents for dark, enclosed spaces over open areas. Their escape latency defines their
learning ability.

1.1.3 Involvement of immediate early genes in memory formation

The large mnemonic capacity of the brain depends on intrinsic neural networks whose
synaptic connectivity and strength are altered according to certain patterns of neuronal
activity (Hebb, 1949). Behavioral studies have shown that newly synthesized mRNA and
proteins are mandatory for long-term memory but not short-term memory formation
(Davis and Squire, 1984) and long-lasting forms of synaptic plasticity such as long-term
potentiation (LTP) (Bliss and Collingridge, 1993, Kandel, 2001b, a). Administration of
protein synthesis inhibitors effectively blocked long-term memory formation when used
just after learning, while they had no effect several hours after training (Squire and
Barondes, 1972, Freeman et al., 1995, Nader et al., 2000). LTP is likewise inhibited as
mRNA or protein synthesis is blocked immediately after LTP inducing stimulation (Frey
et al., 1988). Therefore, gene expression occurring immediately after a stimulus has
emerged as a critical element for the maintenance of long-lasting neuronal changes aside
from a series of molecular events such as the activation of neurotransmitter and kinase

systems and Ca”" influx. These inducible genes transiently and rapidly activated have



been identified and classified as a subset of genes called immediate-early genes (IEGs)
(Morgan and Curran, 1991, Lanahan and Worley, 1998).

Of interest to Chapter 3, early growth response protein 1 (Egr-1), also known as
Zif268 (zinc finger protein 225), NGFI-A (nerve growth factor-induced protein A), Krox-
24, TIS8 or ZENK, is one such immediate early gene, encoding a zinc finger transcription
factor (Milbrandt, 1987, O'Donovan et al., 1999). Induction of LTP (Cole et al., 1989)
among other learning experiences (Guzowski et al., 2001, Hall et al., 2001) has been
associated with an upregulated expression of Zif268/Egr-1 in certain brain areas
including the dentate gyrus (Richardson et al., 1992). Inversely, Egr-1 knock-out mice
have shown impairment of late-phase LTP and important memory deficits as assessed in
the watermaze, taste aversion, and object recognition tasks (Jones et al., 2001) and in a
reactivation paradigm (Bozon et al., 2003). These deficits were in line with findings in
rats infused with Egr-1 antisense oligonucleotides into the brain (Lee et al., 2004, Lee et
al., 2005). Similarly, various mouse models of AD with memory deficits display
decreased baseline (Dickey et al., 2003, Tong et al., 2012) or cognitive task-induced

(Blanchard et al., 2008) Egr-1 mRNA or protein levels in hippocampus.

1.2 AP accumulation

The term amyloid was initially used in 1860 and generally referred to misfolded protein
aggregate with starch-like properties (Berchtold and Cotman, 1998). Today, its use
denotes a B-pleated sheet structure visualized by histochemical dyes such as Congo red
and Thioflavin S (Goedert and Spillantini, 2006). The amyloid protein, a 4-kDa peptide

of 36 to 43 amino acids called AP, owes its biochemical identity to studies that isolated



the meninges of AD patients (Glenner and Wong, 1984b) and cortex of AD and aged
Down syndrome patients (Masters et al., 1985). Sequentially, it is believed that Af
plaques spontaneously start as [1] nonfibrillar, preamyloid ‘diffuse plaques’, [2]
continuously aggregating into fibrillar, compact deposits known as ‘mature plaques’, [3]
subsequently displaying a dense core of ~8 to 10nm amyloid filaments with a halo of
dystrophic neurites hence named ‘neuritic plaques’. Noteworthily, AB plaques have been
documented in cognitively normal elders, albeit diffusely distributed in brain with no
abnormal neurites or reactive glial cells, perhaps an explanation to why they are not
demented (Selkoe, 2011) .

1.2.1 APP, the amyloid precursor protein

The AP peptide is derived from the proteolytic cleavage of the amyloid precursor protein
(APP), a large transmembrane glycoprotein, located on chromosome 21, and part of the
amyloid precursor-like proteins (APLPs) family (Goldgaber et al., 1987, Kang et al.,
1987, Robakis et al., 1987, Tanzi et al., 1987). Alternative APP splicing generates
isoforms of different amino acid length: APP695, mainly expressed by neurons and
predominantly found in the brain, and APP751 with APP770, produced by all peripheral
non-neuronal cells, and brain cells (Ho et al., 1996). The physiological roles of APP are
as of yet incompletely defined although it appears that APP is involved in neuronal
survival, post-injury repair, axonal transport and synapse formation (Priller et al., 2006,
Selkoe, 2011). Soluble AP is found in small amounts in the cerebrospinal fluid (CSF, 3-8
nM) and plasma (under 500 pM) of healthy individuals (Haass et al., 1992, Seubert et al.,
1992) suggesting that soluble AP also has a physiological function (Kamenetz et al.,

2003).
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1.2.2 APP cleavage by secretases
APP undergoes multiple post-translational modifications such as glycosylation,
phosphorylation and tyrosine sulfation together with various types of proteolytic
processing before yielding peptide fragments. Its proteolytic cleavage can occur along
two pathways: [1] non-amyloidogenic and [2] amyloidogenic pathway (Figure 2). Both
extensively remove the extracellular domain to release membrane-anchored carboxy-
terminal fragments. Cleavage of the AP sequence by the a-secretase initiates the non-
amyloidogenic pathway, releasing a large N-terminal sAPPa fragment leaving behind a
membrane-bound 83-residue C-terminal fragment, C83 (Figure 2). The latter is further
digested by a y-secretase enzyme multisubunit complex composed of presenilin (PS-1
mainly, or PS-2), APH-1, PEN-2 and nicastrin, liberating a neuroprotective p3 peptide
and the amyloid intracellular domain (AICD), also called y-cleaved C-terminal fragment
(YCTF, ~50a.a.) (Esch et al., 1990) known to translocate to the nucleus to regulate
transcription of genes involved with synaptic function (Cao and Sudhof, 2001).
Amyloidogenic processing is initiated by the sequential enzymatic actions of -
secretase named B-site APP cleaving enzyme 1 (BACE) (Vassar et al., 1999), generating
a soluble sAPPp product and membrane-bound C99. The latter is subsequently cleaved
by y-secretase within the membrane-spanning domain yielding the AP fragment, which
may vary between 39 to 43 residues-long (depending on the site of y-secretase cleavage)
and AICD. The amyloidogenic processing has been linked to the lipid raft region of
membrane enriched in sphingomylelin, cholesterol, and glycophosphatidylinositol (GPI)—
anchored proteins. Instead, the non-amyloidogenic APP cleavage occurs outside a raft

(Selkoe, 2001).
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Figure 2: Schematic representation of the nonamyloidogenic and amyloidogenic
APP processing. The non-amyloidogenic pathway is initiated by o-secretase cleavage,
which occurs in the middle of the AP sequence, and results in the release of several
soluble APP fragments. The amyloidogenic pathway releases AP peptides through
cleavage by B- and y-secretases.

1.2.3 Mutations in APP and PS underlie familial AD

The APP and PS gene mutations (Chartier-Harlin et al., 1991, Goate et al., 1991, Levy-
Lahad et al., 1995, Rogaev et al., 1995, Sherrington et al., 1995) cause autosomal
dominant disorders including the rare, early-onset (as early as 30 years old) form of AD
representing ~5% of cases (Selkoe, 2011). Over 100 mutations were found in the PS-1
gene on chromosome 14, others in the PS-2 gene on chromosome 1, and ~16 mutations to
the APP gene on chromosome 21 (Tanzi and Bertram, 2005). The majority are missense
mutations localized near the a-, -, or y-secretase cleavage sites. These mutations modify
the APP proteolytic processing increasing AP production, especially A4, (Figure 3) (Van
Dam and De Deyn, 2006, Selkoe, 2011). The mutations are named after the nationality or
location of the first family in which that specific mutation was demonstrated, and the

position of some mutated residues are indicated by three-digit numbers and the single-
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letter amino acid code (Figure 3). APP transgenic mice used in this thesis are driven by

the platelet-derived growth factor-p (PDGF-) carry the Indiana (717V—F) and Swedish

double mutation (670/671KM—NL) (Figure 3).

Image modified from: Van Dam &
De Deyn 2006. Nature Reviews

Figure 3: APP mutations
associated with early-onset
AD. Most mutations are in
close vicinity of secretase-
cleavage sites, influencing
APP processing. The AP
sequence is indicated in red. A,
alanine; AP, amyloid-f; APP-
NTF, N-terminal fragment of
the amyloid precursor protein;
APP-CTF, C-terminal
fragment of the amyloid
precursor protein; D, aspartic
acid; E, glutamic acid; F,
phenylalanine; G, glycine; H,
histidine; I, 1isoleucine; K,
lysine; L, leucine; M,
methionine; N, asparagine; P,
proline; PSEN, presenilin; Q,
glutamine; R, arginine; S,
serine; T, threonine; V, valine;
Y, tyrosine.

1.2.4 Sporadic AD
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In contrast to the hereditary, early onset form of AD, patients with the sporadic

form of AD representing ~95% of the cases show symptoms at a later age (after 65 years

old). Although age is ubiquitously accepted as a primary risk factor, sporadic AD has

been linked to polymorphisms in selected alleles that predispose to the disease, but a
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cause has yet to be determined. As such, the most recognized polymorphism is in the
gene for the AB-binding apolipoprotein E (APOE), located on chromosome 19 where &4
allele carriers of APOE are more susceptible than the €2 or €3 carriers (Poirier et al.,
1993, Strittmatter et al., 1993). Of note, many homozygote €4 carriers remain AD-free
(Selkoe, 2001, Tanzi and Bertram, 2005). Sporadic AD may also be explained by a
diseased vasculature and impaired brain hemodynamics with amyloidosis as a
downstream event (de la Torre, 2004, Zlokovic, 2011). Amyloidosis may be a result of a
collective disturbance in production, a disproportional influx (Bell and Zlokovic, 2009)
and/or a defective clearance of AP (Farris et al., 2007) through a dysfunctional blood-
brain-barrier (BBB) or perivascular drainage over and above the alterations due to aging
(Bennett et al., 2000). Thus, AP accumulation and deposition does not occur through AP
overproduction like familial AD.

Based on observational studies, diabetes (Luchsinger, 2008) and cardiovascular
diseases such as hypercholesterolemia (Solomon and Kivipelto, 2009, Stefani and Liguri,
2009), and hypertension (Launer et al., 1995) have also emerged as potential factors in
developing AD in old age with additive effects (Yaffe, 2007). Multiple complex
mechanisms link vascular risk factors to cognitive impairment including the degenerative
changes in the cerebrovascular vessels that may cause EC and BBB dysfunction (Duron
and Hanon, 2008). Consequently, EC may produce an excess of free radicals and induce
oxidative stress (see section 1.6.2.2) with increased BBB permeability to proteins leading
to AP accumulation (Duron and Hanon, 2008). Insulin has also been linked to AD
pathology. Specifically, in vitro studies indicate that insulin causes a significant increase

in extracellular AP levels (Luchsinger, 2008). As such, patients with type 2 diabetes
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mellitus or precursor hyperinsulinemia may have insulin-induced increases in AP levels.
Furthermore, cholesterol is a key regulator of neuronal function that may regulate AP
plaque deposition in the brain (Solomon and Kivipelto, 2009, Stefani and Liguri, 2009).
1.2.5 Perturbation of Ap homeostasis

It is believed that AD may ensue when AP levels are disturbed. Indeed studies have
reported a decreased level and/or activity of AB-degrading enzymes : neprilysin (NEP)
produced by neurons, and insulin-degrading enzyme (IDE), generated by neuronal,
vascular and microglial cells in AD patients (Yasojima et al., 2001, Cook et al., 2003,
Morelli et al., 2004). Disturbances of BBB transporters that regulate brain Af influx and
efflux are also said to be involved. Indeed, studies done on AD patients and mouse
models have reported an enhancement of parenchymal amyloid that has been linked to a
downregulation of the low-density lipoprotein receptor-related protein (LRP) — which
removes AP from the brain (Wu et al., 2005) — and an upregulation of the receptor for
advanced glycation end products (RAGE) — which brings peripherally-derived AP from
the blood to the brain (Yan et al., 1996, Deane et al., 2003, Zlokovic, 2005). Lastly, the
structural alterations displayed in AD vessels (Perlmutter and Chui, 1990, Vinters et al.,
1996, Zarow et al.,, 1997) could, in part impede perivascular drainage including the
removal of AP and interstitial fluid out of the brain to cervical lymph nodes.

1.2.6 Detrimental effects of soluble Ap

Activated glial cells (see 1.3) and distorted neurites within and around AP plaques may
indicate an attempt by the central nervous system (CNS) to remove this fibrillar material.
However, mounting evidence points to soluble AP oligomers (dimers, nonamers,

dodecamers) as the pathogenic species associated with AD-related abnormalities
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including memory deficits, replacing the view that A needed to assemble into fibrils and
aggregate for neurotoxic effects. Indeed, soluble and not insoluble AP levels
distinguished AD patients from high pathologic controls who featured AP plaques and
met pathological criteria for the disease but had no ante mortem signs of dementia (Lue et
al., 1999). Synaptic loss was also not apparent. In line with this human study, in young
transgenic AD mouse models, cognitive deficits and loss of synaptic terminals were
reported prior to plaque deposition (Hsia et al., 1999, Mucke et al., 2000). Comparison of
young transgenic mouse lines featuring either substantial or no AP plaque deposition
showed similar neuronal and memory deficits. Instead, AB*56 was a better determinant
of functional deficits (Cheng et al., 2007). Interestingly, transient reduction of AR*56
corresponded with memory restoration in aged Tg2576 mice (Lesne et al., 2008).
Bitransgenic mice co-overexpressing APP and NEP showed reduced plaque burden,
persistent levels of AP oligomers, and unchanged spatial memory deficits (Meilandt et
al., 2009). Disturbance of ion homeostasis, Ca*"-mediated excitotoxicity and free radical-
induced oxidative stress have been observed as a consequence to AP oligomer
neurotoxicity (Tanzi and Bertram, 2005). Decreased mitochondrial activity, increased
caspase activity and massive cell death were also reported in human cortical neuronal
cultures treated with AP oligomers (Deshpande et al., 2006). Therefore, the identification
of soluble AP oligomers as diffusible assemblies capable of interfering with synaptic

function and integrity warrants an opening for understanding AD memory loss.

16



1.3  Neurofibrillary tangles

The microtubule-associated protein tau (t) becomes hyperphosphorylated and
accumulates in the somato-dendritic compartment of neurons in several
neurodegenerative diseases including AD (Mandell and Banker, 1996, Lee et al., 2001). It
aggregates in ~10-nm paired helical insoluble filaments that form lesions called
neurofibrillary tangles (NFTs) (Morris et al., 2011).

These t-induced lesions are thought to contribute to AD pathogenesis as they
occur in specific cognitive-related brain areas including the limbic system and the
neocortex in a well predictable pattern. Interestingly, the formation of these lesions
correlates with the degree of cognitive deficits (Bancher et al., 1993, Giannakopoulos et
al., 2003). In addition, the amount of t found in the CSF increases as the pathology
progresses (Hampel et al., 2010). The sequence of tangle development and its association
with cognition outlines the Braak and Braak classification scheme, where transentorhinal
stages I/Il correspond to normal cognition, limbic stages III/IV suggest cognitive
impairment and neocortical stages V/VI, dementia (Braak et al., 1999). T deposits may
also be found in the elderly and in multiple unrelated neurodegenerative diseases with no
AP deposits or neuritic plaques (Morris et al., 2011), Moreover, in a triple transgenic AD
mouse model which developed both plaques and NFTs, removal of AP resulted in
clearance of early t pathology (Oddo et al., 2003) placing NFT formation downstream of

amyloidosis.
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1.4 Activated glia

1.4.1 Reactive astrocytes

Being as abundant as neurons (Hilgetag and Barbas, 2009), astrocytes are primordial in
ionic and neurotransmitter homeostasis in the extracellular space for neuronal and
synaptic function. They are also instrumental in the regulation of cerebral blood flow and
perfusion as they receive inputs from multiple synapses while making contact with the
local vasculature (Iadecola and Nedergaard, 2007, Carmignoto and Gomez-Gonzalo,
2010). More specifically, glutamatergic synapses are known to regulate astrocytic
signaling through activation of metabotropic glutamate and purinergic receptors on
astrocytes for localized actions on vessels. Tightly connected amongst them through gap
junctions, astrocytes use two waves of signal propagation: evoked intracellular Ca** or
ATP signaling that spreads to neighbouring cells via the gap junctions (Haydon and
Carmignoto, 2006). Glial fibrillary acidic protein (GFAP) is an intermediate filament (IF)
protein expressed by astrocytes, which is upregulated upon astrocytic activation, hence
used as a marker for astrocytic activation. Like microglia, astrocytes are plaque-
associated glial cells surrounding, internalizing and degrading AP deposits, as shown ex
vivo with transplanted astrocytes isolated from enhanced green fluorescent protein
expressing adult and neonatal mice into the hippocampi of APPSwe/PS1dE9 transgenic
and WT mice. (Wyss-Coray et al., 2003, Pihlaja et al., 2008). Astrocytes also secrete
cytokines, chemokines and other inflammatory agents with accelerating potential towards

disease progression (Wyss-Coray, 2006).
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1.4.2 Reactive microglia

Mesodermal in origin, microglial cells are resident immunological cells responsible for
normal tissue maintenance and monitoring of the extracellular microenvironment.
Microglial cells are highly ramified with very dynamic processes even during
nonpathological conditions. They are considered to be the brain’s tissue macrophages and
the primary immune effectors of the CNS, and they are known to play a role in amyloid
degradation. Indeed, amyloid-associated microglia employ a macropinocytic or receptor-
mediated phatocytotic mechanism in the AD brain for the internalization of soluble and
fibrillar AP, respectively (Stalder et al., 1999, Mandrekar et al., 2009). These soluble
peptides are then trafficked into late endolysosomal compartments for the final stages of
degradation. To this regard, the most successful of the amyloid clearing interventions —
immunization — has been indirectly associated to microglial activation (Hardy and
Selkoe, 2002, Barger, 2005). Recent evidence has also highlighted the importance of
stimulating the infiltration of blood-derived monocytes and macrophages over resident
cells in restricting plaque growth (Yong and Rivest, 2009), in light of their reduced or
ineffective AP phagocytic aptitude (Fiala et al., 2005). Indeed, inhibition of microglial
recruitment from the periphery in APP/PS1 transgenic mice resulted in increased plaque
burden (Simard et al., 2006) indicating that additional factors are necessary for effective
phagocytic activity in vivo. In reality, as microglia reach AP, new cells continue to be
added over time, increasing in volume; particularly, peripheral immune cells supplement
the process (Bolmont et al., 2008). Studies with respect to the contribution of microglia in

AP clearance are paralleled by those focusing on the potential negative inflammatory
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effects induced by microglia with release of cytokines and other inflammatory mediators

(Town et al., 2005).

1.5 Hypometabolism

The BBB consists of a physical barrier between the circulating blood and the CNS. In
AD, BBB alterations consist of a reduction in the endothelial glucose transporter 1
(GLUT-1) and glucose transporter activity in the hippocampus and cerebral cortex
(Kalaria and Harik, 1989, Simpson et al., 1994, Farkas and Luiten, 2001).

Even more, studies in AD patients (Fukuyama et al., 1994, Mosconi et al., 2004,
Langbaum et al., 2009) and AD mouse models (Niwa et al., 2002) have established a link
between a decline in GLUT-1 and early decreases in basal cerebral glucose utilization
(CGU). Indeed, brain glucose hypometabolism in patients with clinically identified and
autopsy-confirmed AD patients is characterized by a progressive reduction in
fluorodeoxyglucose positron emission tomography (FDG-PET) predominantly in the
temporoparietal brain area (Mielke et al., 1996, Hoffman et al., 2000, Jagust et al., 2007).
MCI patients who have an increased risk of AD neuropathology and subsequent
conversion to probable AD also feature the same decline (Arnaiz et al., 2001, Drzezga et
al., 2005) suggesting that measures of temporoparietal cerebral metabolism may aid in
predicting the evolution to AD for patients with MCI.

In vivo experiments in healthy rat brain showed that glucose preferentially fuels
astrocytes during neuronal activity even though neurons have greater metabolic needs
(Chuquet et al., 2010). Astrocytes then supply neurons with glycolytic products,

particularly lactate, for use in oxidative metabolism (Pellerin and Magistretti, 2003).
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Hence, the FDG-PET results may predominantly reflect the declining glucose metabolic
activity in astrocytes and, to a lesser extent, the declining oxidative metabolism in
neurons. This may be due to the declining neuronal function and resulting lowered
metabolic demand, and/or to impaired hemodynamics and GLUT-1 losses in damaged

brain vessels.

1.6 Cerebrovascular pathology in Alzheimer’s disease

1.6.1 Cerebral circulation

The brain is one of the most perfused organs in the body. Although it comprises ~2% of
the total body mass, it receives up to 20% of the cardiac output, consuming ~20% and
~25% of the body’s oxygen and glucose (Zlokovic, 2011). Its arterial blood supply
depends on two pairs of large arteries: [1] the right and left internal carotid artery (ICA),
and [2] the right and left vertebral arteries (VA) which join distally to form the basilar
artery (BA) (Figure 4A) (Harrison et al., 2002). Proximally, the basilar artery joins the
two internal carotid arteries and other communicating arteries to form a ring at the base of
the brain known as the circle of Willis, named after Sir Thomas Willis, an English doctor
of the 17" century. The circle of Willis gives rise to three pairs of main arteries,
the anterior (ACA), middle (MCA), and posterior cerebral (PCA) arteries (Figure 4A),
of which the former or the latter were used for vascular function analysis throughout my

studies, as described in subsequent chapters (also see 1.5.1.1.1).
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ACA

Image A from: Harrison et al., 2002 Cerebral Cortex
Image B modified from: Kitagawa et al., 1998 JCBFM.

Figure 4: Diagram of the vasculature of the circle of Willis in mouse. A, The middle
cerebral artery (MCA) is shown in crosshatch and the posterior cerebral artery (PCA), in
dots. B, Vasculature perfusing temporal cortex of chinchilla. Upper panels, bar = 500um
and lower panels, bar = 100um.

The pial arteries and arterioles branching from the circle of Willis are intracranial vessels
that run along the surface of the brain within the pia-arachnoid membranes
(leptomeninges). Cerebrospinal fluid surrounds these pial vessels that progressively
penetrate the brain parenchyma to form the microcirculation which supplies oxygenated
blood and nutrients to brain cells (Figure 4B, 5) (Kitagawa et al., 1998, ladecola, 2004).
The penetrating arteries become parenchymal arterioles and capillaries which are almost

completely surrounded by astrocytic end-feet (Figure 5) (Iadecola, 2004, Zlokovic,

2011).
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Image from: ladecola 2004 Nature Rev Neuroscience

Figure 5: Intracerebral circulation. Penetrating arteries become arterioles and
capillaries which feed the brain with intracerebral circulation.

1.6.1.1 A cerebral vessel and its layers

The wall of cerebral arteries and arterioles consist of three concentric layers: [1] the
innermost layer or the funic intima, which consists of a single layer of endothelial cells
(ECs); [2] the tunica media, which contains mostly smooth muscle cells (SMC) with
some elastin and collagen fibers; and [3] the tunica adventitia, the outermost layer which
mainly comprises collagen fibers, fibroblasts, and associated cells such as perivascular
nerves (in large and small pial arteries) and pericytes and astrocytic end-feet (in

parenchymal arterioles and capillaries). There are important structural and functional
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differences between pial arteries and smaller parenchymal arterioles (Figure 5).
Structurally, pial vessels have several layers of circumferentially oriented smooth muscle
cells and so possess greater basal tone, than parenchymal arterioles which only have one
layer (and none in capillaries). The architecture of cerebral arteries forms an impressively
secure network, in part through the Circle of Willis, such that occlusion of one artery may
not significantly affect cerebral blood flow (CBF) (Nishimura et al., 2007). In contrast,
occlusion of a single arteriole may result in significant reductions in flow and damage to
the surrounding local tissue (or infarction) since arterioles are long and largely
unbranched, which may explain, in part, the great susceptibility to injury of the deep
structures of the brain (Nishimura et al., 2007). Despite their differences, all vessels in the
brain possess specialized ECs sealed by tight junctions. This unique morphological and
functional barrier between blood and brain, also known as the blood—brain barrier (BBB),

meticulously regulates the exchange of nutrients, solutes, and water.

1.6.1.1.1 Endothelial cell and cerebrovascular reactivity
ECs control vascular function by responding to various hormones, neurotransmitters and
vasoactive factors. Resting vessel tone is established by EC tonic production of a potent
vasodilator: nitric oxide (NO). Tonically, these vasodilatory effects are counterbalanced
by the effects of vasoconstrictors including endothelin-1 (ET-1) (Kolb-Bachofen et al.,
2006). Inhibition of the NO-synthesizing enzyme, endothelial nitric oxide synthase
(eNOS), constricts blood vessels due to the unopposed tonic action of the counteracting
vasoconstrictors.

In experiments of vascular reactivity, endothelial function is assessed upon

agonist incubation, such as acetylcholine (ACh)-induced dilatation. As ACh binds to M5
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muscarinic receptors (Hamel, 2004), ACh leads to receptor-mediated synthesis and
diffusion of NO to adjacent SMC, activating soluble guanylate cyclase. This in turn
increases cGMP levels, decreases intracellular Ca*" concentrations and relaxes the SMC.
A damaged endothelium causes disrupted production of the abovementioned factors.
Interestingly, unlike ACh-dilatation, many vasodilators like calcitonin gene-related
peptide (CGRP) may also act directly on the SMC (Figure 6, right) with the opening of
smooth muscle K channels (Hong et al., 1996, Vedernikov et al., 2002) or because its G-
protein-coupled receptor called calcitonin receptor-like receptor (CALCRL) is also
located on smooth muscle in pial vessels (Moreno et al., 1999) and in periphery (Brain

and Grant, 2004) (Figure 6, left).
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Figure 6: Signaling pathways of vasodilation to CGRP. Right: endothelium-
dependent vasodilatation to CGRP. CGRP, a potent vasodilator mediates its effects by
activating a heteromeric receptor composed of a G-protein coupled receptor called
calcitonin receptor-like receptor (CALCRL) linked to single transmembrane
domain receptor activity-modifying protein 1 (RAMP1). Like many other vasodilators
including ACh, binding to its receptor induces receptor-mediated NO synthesis and
diffusion via the soluble guanylate cyclase for muscle relaxation. Interestingly,
CALCRLs are not only located on ECs but also on SMCs. Left: endothelium-
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independent vasodilatation to CGRP. Activation of CGRP receptors on SMCs is coupled
to production of cyclic adenosine monophosphate (cAMP) by adenylate cyclase. The
increase in intracellular cAMP concentration ([cAMP];) in turn stimulates protein kinase
A (PKA). K’ channels then open activating Ca®" sequestration mechanisms to cause
SMC dilatation.

1.6.1.2 The neurovascular unit

Upon neuronal activation, evoked CBF relies on the synchronized actions of
neurons, astrocytes and vascular cells that compose the neurogliovascular unit (Iadecola,
2004, Hamel, 2006). Indeed, signals generated by a network of activated neurons are
transduced into vasomotor responses and changes in local CBF through interplay between
the neuronal, astroglial and vascular components of the neurovascular unit. This intimate
relationship between neural activity and CBF is known as neurovascular coupling or
functional hyperemia, which underlies the signals used in modern neuroimaging
techniques including positron emission tomography (PET) and functional magnetic
resonance imaging (fMRI). This coupling response is altered in many pathological states,
such as hypertension and AD (Girouard and Iadecola, 2006).

A commonly used paradigm in functional studies is the evoked CBF of rodent
barrel cortex upon whisker stimulation. It is also widely used in AD studies as the
somatosensory cortex has been reported to be an area of reduced functional hyperemia in
APP mice (Niwa et al., 2000). The most often used method in mice experiments involves
real-time measurements of the hemodynamic changes using a laser Doppler flowmetry
(LDF) probe placed above the barrel cortex opposite to the stimulated whiskers (Lecrux
and Hamel, 2011) (Figure 7). With this model, a ~15-25% increase in CBF is usually

observed (Koehler et al., 2009, Lecrux and Hamel, 2011). It therefore represents a robust
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model for the investigation of possible cortical neurovascular coupling alterations in

pathology.

12
'y F:l'l-
AR

3

ipsilateral

W

I

contralateral

—_
th
'l

w
CBF (arbitrary units) \
o

o
L

0 ?h
Time (sec)

Image modified from: Lecrux et al., 2011 J. Neurosc.

Figure 7: Evoked CBF in somatosensory
cortex upon whisker stimulation. A,
Schematic representation of stimulated
whiskers C1, C2 and C3 on the right snout
of a rat and corresponding barrels in the
somatosensory cortex. For evoked CBF
measurements, all whiskers are usually
stimulated. B, Representative cortical CBF
recordings in the ipsilateral and contralateral
cortices before, during and after whisker
stimulation (20 sec, as depicted by black
bar). Upon whiskers stimulation, CBF is
significantly increased in the contralateral
cortex.

1.6.2 Features of cerebrovascular pathology

1.6.2.1 Hypoperfusion

An early and important contributing factor to AD pathogenesis is chronic cerebral

hypoperfusion, which is thought to precede neurodegeneration and cognitive deficits

(Farkas and Luiten, 2001, de la Torre, 2004, ladecola, 2004). Indeed, in AD patients,

CBF is decreased both at rest (Bateman et al., 2006, Vicenzini et al., 2007) and during

functional hyperemia (Hock et al., 1997, Rosengarten et al., 2006) by 10 to 30% in the

temporoparietal, frontal, posterior cingulate cortex, and/or hippocampus compared to

age-matched elderly (Farkas and Luiten, 2001). Interestingly, dementia severity occurs
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proportionally to this gradual decline (Farkas and Luiten, 2001). The Rotterdam
(Ruitenberg et al., 2005) and Honolulu-Asia Aging (Freitag et al., 2006) studies with
respectively lower middle cerebral artery BF velocity or midlife hypertension are
examples demonstrating a link between chronic hypoperfusion and dementia. In rodents,
vessel occlusion in rats (Farkas et al., 2007, Barros et al., 2009) and vessel stenosis in
mice (Miki et al., 2009) have induced impairments in memory tasks. Nevertheless, the
hypoperfusion in AD has not earned a causal role in dementia. Instead, it is widely
recognized as an aggravating factor as highlighted by the worsening of memory deficits

induced by hypoxia in APP mice (Sun et al., 2006).

1.6.2.2 Ap-induced cerebrovascular oxidative stress

Soluble AP induces vascular dysfunction through a pro-oxidant pathway involving
NADPH oxidase (Niwa et al., 2000, Shimohama et al., 2000, Abramov et al., 2004), a
multiunit membrane-bound enzyme generating superoxide (O, ) through the transfer of
electrons from NADPH to molecular oxygen. The interaction of the superoxide with
nitric oxide (NO) decreases NO bioavailability and produces reactive intermediates that
oxidize macromolecules and impair their function, such as the peroxynitrite radical
(ONOQ)), thus further aggravating oxidative stress and resulting in both compromised
resting and stimulus-evoked cerebrovascular responses evident throughout the AD brain
(Butterfield et al., 2001). APP mice overexpressing soluble AP reproduce these deficits
(Butterfield et al., 2001, Park et al., 2005, Tong et al., 2005) which in turn are abolished
by pharmacologically scavenging O, - (Tong et al., 2005), by coexpressing APP with the
O, - scavenger, superoxide dismutase (SOD), or by inhibition of NADPH oxidase, using

APP mice lacking the catalytic subunit of the enzyme (Iadecola et al., 1999, Park et al.,
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2005). Vascular dysfunction was substantially restored after acute depletion of soluble
AP via administration of y secretase inhibition (Han et al., 2008). Results in older APP
mice implicated not only the soluble but also the insoluble vascular AP in causing

significant impairments in vasomotor functions (Han et al., 2008), described below

(2.4.4).

1.6.2.3 Cerebral amyloid angiopathy, CAA

Insoluble AP deposition within vessel walls, known as cerebral amyloid angiopathy
(CAA) is the most commonly referred element of the AD cerebrovascular pathology
created by the binding of A to an upregulated basement membrane (see 2.4.5) (Herzig et
al., 2006). CAA is another consequence of faulty clearance or increased production of A3
across the BBB. It mainly disrupts the integrity of leptomeningeal and cortical small and
medium-sized arteries and arterioles where there is an ongoing substitution of the
vascular SMC layer (Christie et al., 2001). As arteries stiffen, AP is deposited in
interstitial fluid drainage pathways further impeding the drainage of soluble AP} from the
brain altering homeostasis and the neuronal environment (Weller et al., 2008). Failure
of perivascular drainage has two major consequences: [1] intracerebral hemorrhage
associated with rupture of AB-loaded arteries; and [2] exacerbation of neurodegenerative

and cognitive processes resulting in cognitive decline and dementia proportionally to the

severity of CAA (Attems et al., 2007, Weller et al., 2008).

1.6.2.4 Basement membrane (BM) thickening
BM thickening of the cerebrovasculature serves as a nidus for plaque formation, playing

a significant role in the formation of CAA (Herzig et al., 2006). AD-associated vascular
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BM alterations are defined by both thickening and vacuolization with abnormally
enlarged and rounded pericytes. Moreover, immunocytochemistry results have
demonstrated the involvement of primordially three intrinsic BM components, namely
collagen type IV, laminin, and heparan sulfate proteoglycan (HSPG) disrupting the
endothelial surface in hindered brain areas of AD (Perlmutter and Chui, 1990, Zarow et
al., 1997) in consequence of either a decreased turnover or upregulated synthesis of these
matrix proteins (Kalaria and Pax, 1995) by endothelial cells, pericytes and astroglial cells.
These perivascular fibrotic alterations are beyond those related to the burden of age
(Mancardi et al., 1980) mediated by unknown molecular mediators although, evidence
points to the contribution of the pro-fibrotic cytokine, transforming growth factor-beta 1

(TGF-B1).

1.6.2.5 Transforming growth factor-beta 1 (TGF-$1)

TGF-B is a secreted cytokine that exists in at least three distinct isoforms called TGF-B1,
-B2, and -B3. In brain, TGF-B2, TGF-B3, and TGF-B receptors are widely distributed
(Unsicker et al., 1991). Apart from their isoform-specific effects (Bottinger et al., 1997),
all isoforms are critical in embryonic development and tissue homeostasis during adult
life (Itoh et al., 2000). Latent TGF-3 acts as a sensor to perturbations in the extracellular
matrix (ECM). TGF-B1 is expressed mostly in response to aging and/or disturbances
(Finch et al., 1993, Nichols, 1999, Bye et al., 2001) including mechanical injury (Lin et
al., 2005) and ischemic stroke (Krupinski et al., 1996), consequently activating the latent
peptide prompting fibrosis and wound repair (Ignotz and Massague, 1986, Annes et al.,
2003) as a compensatory measure (Leask and Abraham, 2004). The predominant isoform

underlying deregulations in TGF-B signaling is TGF-B1 which acts through endocrine
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signaling, while TGF-B2 and TGF-B3 use local autocrine and paracrine modes of cellular
communication (Bottinger et al., 1997).

The SMAD pathway is the canonical signaling pathway that TGF-f family
members signal through. In this pathway, TGF-3 dimers bind to a type II serine/threonine
kinase receptors which recruits and phosphorylates two type Ireceptors. The type I
kinase activates receptor-regulated Smads (R-Smads) 2 and/or 3, which associate with the
common-partner Smad (Co-Smad) 4. Smad anchor for receptor activation (SARA)
recruits Smad2 from the cytosol to the type I receptor. The heteromeric Smad complex
then translocates to the nucleus where it interacts with coactivators to regulate expression
of target genes (Figure 8), including the profibrotic connective tissue growth factor
(CTGF). TGF-B1 ends its own activation by inducing inhibitory Smads (I-Smads) that
bind to the type I kinase, thus competing with R-Smads. Cytokines such as TNF-a and

IFN-y may also terminate the profibrotic response.

31



Sennes
Threanin
kinase
domain

Type (| TGF-f Type | TGF-f a0
receptar receptar ;

Hudeus

Gene

regulatony 3

il

) )i | proteins Tranzcription
I A
TGF-f
target gane

Copyight @ motifollo. com

Image modified from: http.//www.motifolio.com/5111158.html

Figure 8: Smad-dependent signaling cascade activated by TGF-p. Activation of type
I/IT receptors by TGF- results in the formation of the heteromeric Smad complexes that
accumulate in the nucleus for regulation of target genes

Interestingly, TGF-B1 is chronically elevated in numerous neurodegenerative
diseases (Buckwalter and Wyss-Coray, 2004), including AD. In fact, studies have shown
elevated levels of TGF-B1 in the serum (Malaguarnera et al., 2006), cerebrospinal fluid
(Wyss-Coray et al., 1997, Tarkowski et al., 2002), amyloid plaques (van der Wal et al.,
1993), and in brain vessels in AD patients (Grammas and Ovase, 2002). TGF-B1 gene
polymorphisms have also been considered as a possible risk factor for developing AD
(Luedecking et al., 2000). Indeed, whereas TGF-B1 has been shown to have beneficial
effects (Boche et al., 2003, Tesseur and Wyss-Coray, 2006, Caraci et al., 2008), it also
exerts harmful ones including reduced neurogenesis (Buckwalter et al., 2006), enhanced

vascular fibrosis (Wyss-Coray et al., 2000) and hypoperfusion (Gaertner et al., 2005),
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similar to the vascular alterations seen in AD. Indeed, transgenic TGF mice recapitulate

well the cerebrovascular pathology of AD (see 2.2.2) (Wyss-Coray et al., 2000).

2. Animal models of AD

From nematodes (Caenorhabditis elegans) to fruit flies, rodents, rabbits and primates,
animal models have been an invaluable tool in dissecting the pathogenic features and
underlying mechanisms of AD. Although the genetic, familial early onset form of AD
accounts for only ~5% of AD cases, models expressing pathogenic mutations of human
genes have become crucial in unravelling disease processes, and contributing to drug

discovery and development.

2.1 AP infusion models

Administration of AP in rodents (Jhoo et al., 2004) has been used to reproduce the
clinical outcomes of AD pathology including learning and memory impairments.
Infusions are AP-species specific and mainly made in the cerebral ventricles, nucleus
basalis of Meynert (nbM) or hippocampus. Rats with intracerebroventricular infusion of
AP exhibit AB accumulation, gliosis, impaired LTP in the CA1 field of the hippocampus,
as well as learning and memory deficits (Nitta et al., 1994, Nitta et al., 1997, Itoh et al.,
1999). Although this approach may be informative about the AP species mediating the
pathology, infusion models have produced inconsistent results, possibly related to
methodological differences across studies such as the site of infusion, the type of injected
peptide, its concentration, and the length of AP exposure (chronic versus acute) (Dodart

and May, 2005).
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2.2  Transgenic mouse models

AD-related mutations (see 2.3.3) led to the creation of transgenic mice harbouring
mutated or wild-type human APP and/or PS genes, which feature key aspects of AD
neuropathology, including cognitive impairment and cerebrovascular dysfunction. A first
attempt to generate transgenic models was based on overexpression of the entire
sequence of the human APP gene (Yamaguchi et al., 1991, Buxbaum et al., 1993, Lamb
et al., 1993). Although the APP transgene was successfully expressed, these models did
not evidence plaque deposition or any AD-related neuropathological changes. It was
later understood that besides its overexpression, APP must also be mutated for the
production of high-enough levels of AP species, which later led to the generation of new
animal models combining APP overexpression with human AD mutations (Hsiao et al.,
1995, Moechars et al., 1999). These models today serve as useful tools in the study and
understanding of the induced AD alterations, and in the evaluation of treatment efficacy.
Of course, these models do not fully emulate the human pathology, and so challenges still
remain in establishing the equivalence of the resulting phenotypes with what is truly seen
in AD.

For instance, models overexpressing the human APP lack neuronal loss or
neurodegeneration, while expressing synaptic dysfunction. In addition, although some
models — including the APP mouse model — feature t hyperphosphorylation, they do not
develop the human AD-related tangle pathology (Janus and Westaway, 2001, Dodart and
May, 2005, McGowan et al., 2006). This could be due to the inability of mouse 7 to
assemble into fibrils, unlike the human t. Thus, transgenic-based research has mainly

focused on the AP pathology, except for the triple transgenic mouse model by the group
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of LaFerla also harboring the T gene mutations related to frontotemporal dementia (Oddo
et al., 2003). This model overexpresses the mutated PS1, APP and 1, and develops NFTs
(Oddo et al., 2003). Another differing point between transgenic APP models and human
AD is the degree of the cholinergic deficit observed, which is almost 3 times more
extensive in humans than in mice (~80% vs. ~30% respectively) (Aucoin et al., 2005).
This may be explained by the fact that in humans, the nbM, which degenerates in AD, is
the only source of cholinergic input to the cortex. In contrast, in rodents, intrinsic cortical
cholinergic interneurons, which are absent from primates, supply up to 30% of this input
(Johnston et al., 1981, Mesulam, 2004), and so could compensate for the loss of basal
forebrain afferents.

In anyway, the natural occurrence of the pathology is not always reproducible.
Firstly, the required insertion of the human mutated APP into the small mouse genome
since the rodent peptide AP is less prone to aggregate into oligomers and fibrils (Farris et
al., 2007) can potentially instigate unknown alterations in physiology, learning and
memory in transgenic animals. Secondly, protein overexpression in rodents is widespread
whereas a peptide or isoform in the pathology may be overexpressed in a specific cell
type or subcellular compartment of a specific brain region. For instance, the APP mice of
the J20 line overexpress an alternatively spliced minigene encoding all three mutated
human APP isoforms, i.e. APP751, 770, 695 (Games et al., 1995; Mucke et al, 2000),
whereas neurons in the brain express APP695 in abundance. The artificial upregulation of
transgenes from birth to death surely does not mirror the reality of the pathology.
Nevertheless, despite these limitations, transgenic mice are important tools in deciphering

various aspects of AD pathology, and in testing therapy in an in vivo setting.
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The most widely used animal models of the APP-based hypothesis are the
following: [1] the PDAPP line, the first AD mouse model harbouring the Indiana
mutation (V717F) under the control of a PDGF promoter, which leads to a tenfold
elevation of hAPP and proportional AP levels in the brain; [2] the Tg2576 mouse line
carrying the Swedish double mutation (K670N/M671L) on the 695 hAPP controlled by
the hamster PrP promoter; [3] APP23Tg mice with the 751 isoform of hAPP harbouring
the double Swedish mutation but, under the control of the Thy-1.2 promoter with the
transgene is overexpressed sevenfold; [4] the TgCRNDS8 mouse, carrying both the
Swedish and Indiana mutations, and the 695 hAPP isoform under the control of hamster
PrP promoter. It is one of the earliest-onset AD models developing plaque as early as 3
months of age (Chishti et al., 2001); [5] the J9 and J20 lines expressing both the Swedish
and Indiana mutations. Unlike TgCRNDS, these mice have mutations on the hAPP 770
isoform under the control of the promoter PDGF (described in 3.1); [6] APP Dutch
mutation, rather than amyloid deposition, causes a hereditary form of cerebral
haemorrhage with insertion of the E693Q mutation under the Thy-1.2 promoter (Herzig
et al., 2004). For more on these models, see (Balducci and Forloni, 2011). Below is a
description of the two mouse models namely singly transgenic mice overexpressing A
(APP mice) and TGF-B1 (TGF mice), which were used to generate the bitransgenic
mouse model (Chapter 1) used in this work.

2.2.1 Ap-overexpressing mice (APP) (J20 line)
APP mice used in this thesis overexpress a mutant form of the human APP and
progressively develop AD neuropathology and cognitive dysfunction. More specifically,

they overexpressed the Swedish (670/671KM—NL) and Indiana (717V—F) mutations
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driven by the neuronal platelet-derived growth factor beta (PDGFB) promoter on a
C57BL/6J background (line J20) (Mucke et al., 2000). The Indiana mutation heightens
the AB1-42 levels, while the Swedish double mutation mainly increases AB1-40 levels.
By 2-4 months of age, APP mice display high levels of soluble AP, and by 5-6 months,
AP senile plaques in the cortex/hippocampus, neuritic plaques, CAA, cholinergic
denervation, synaptic loss, and severe spatial memory impairments in the Morris
watermaze that worsens with age (Mucke et al., 2000, Palop et al., 2003, Aucoin et al.,
2005). They also feature activated glia, decreased synaptophysin immunoreactivity, and a
cerebrovascular pathology characterized by reduced hemodynamic responses and
decreased vasodilatory capacity ascribed to AP-induced oxidative stress (Tong et al.,
2005, Nicolakakis et al., 2008). These cerebrovascular dysfunctions are clearly detected
at 4 months of age, when oxidative stress-related NADPH oxidase-derived O, - radicals
significantly hinders vasodilatory function. The cerebrovascular deficits are countered by
antioxidant therapy both in vitro and in vivo (Tong et al., 2005, Nicolakakis et al., 2008).
Functionally, APP mice display cerebrovascular dysfunctions with progressive
impairments in endothelium-dependent and -independent dilatations. By the age of 12
months, vascular AP accumulation, namely CAA is noticeable, reminiscent of that seen
in AD patients (Tong et al., 2005, Tong et al., 2009). These mice are widely used to
understand the role of amyloidosis on memory loss and the overall cerebrovascular and

neuronal AD pathology (Mucke et al., 2000, Niwa et al., 2000, Park et al., 2005).

2.2.2 TGF-p1-overexpressing mice (TGF)
Transgenic mice that overexpress a constitutively active form of TGF-B1 driven by the

glial fibrillary acidic protein (GFAP) promoter (line T64) (Wyss-Coray et al., 1995)
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mimic several aspects of the cerebrovascular pathology seen in AD, such as reduced
cerebral perfusion (Gaertner et al., 2005). It is also marked by a decreased glucose
metabolism (Galea et al., 2006). Moreover, TGF-B1 overexpression induces cerebral
vasculature remodeling (i.e. vessel fibrosis) delineated by augmented extracellular matrix
(ECM) protein deposition in the vascular basement membrane (Wyss-Coray et al., 2000),
as reported in AD brain vessels (Kalaria and Pax, 1995, Tong et al., 2005). Functionally,
TGF mice display cerebrovascular dysfunctions unresponsive to antioxidants (unlike
APP mice) with progressive impairments in endothelium-dependent and -independent
dilatations, as well as a selective reduction in endothelin-1 (ET-1) contractile response in
elderly animals (Tong et al., 2005, Hamel et al., 2008, Nicolakakis et al., 2011). These
dysfunctions have been associated with reduced synthesis of vasoactive molecules in the
blood vessels, altered ETA receptor signalling and upregulation of vascular ETB receptor
levels (Tong et al., 2005, Tong and Hamel, 2007). Glial activation is also prominent in
TGF mice (Lacombe et al., 2004). Unlike APP mice, TGF mice do not exhibit AP
plaques in the parenchyma nor in the blood vessels. Cholinergic deficits (Nicolakakis et
al., 2011) and memory impairments (Papadopoulos et al., 2010, Nicolakakis et al., 2011)
are also absent in TGF mice marking the limitations of this model to recapitulate the full

AD pathology.

Collectively, these genetically engineered mice mimic specific complementary
facets of AD cerebrovascular pathology, which led to the creation of the APP/TGF mouse
model by the group of Wyss-Coray with the H6 line APP mice and the T64 TGF mice in
effort to further decipher their interactive implications related to AP deposition (Wyss-

Coray et al., 1997). These mice though were never tested functionally in terms of
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vascular and memory deficits. Hence, the first experimental chapter of my thesis will be
aimed at fully characterizing these deficits in APP/TGF mice generated from the crossing
of J20 APP mice with T64 TGF mice, since they are the only available model that
combines the cognitive and TGF-B1-related cerebrovascular pathology seen in AD

patients.

3. Therapies

The gap in understanding AD pathology has significantly compromised the progression
of effective drug discoveries leaving the number of investigated therapeutic avenues

unsuccessful.

3.1 Current treatments and alternative approaches

Five drugs are presently FDA approved for the treatment of AD and prescribed to mild-
to-moderate cases of AD, despite minimal symptomatic relief during a limited timeline
(Courtney et al., 2004). Four of these drugs (tacrine or Cognex®, donepezil or Aricept®,
rivastigmine or Exelon®, galantomine or Reminyl®) are acetylcholinesterase inhibitors
designed to enhance the availability of brain acetylcholine (ACh) at cholinergic synapses
by deactivating acetylcholinesterase, the enzyme responsible for the degradation of this
neurotransmitter, thus facilitating neural transmission. Of note, the first one is no longer
in use due to liver-toxicity side-effects (Watkins et al., 1994). The rational for the
development of cholinomimetics is based on the well documented role of the cholinergic
system in learning and memory (Deutsch et al., 1966, Deutsch, 1971, Bartus et al., 1985),

as well as the progressive degeneration of brain cholinergic neurons in AD patients
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(Whitehouse et al., 1981). The fifth (Namenda®, memantine HCI) is an NMDA receptor
antagonist which can be prescribed to moderate-to-severe AD patients alone or together
with a cholinesterase inhibitor (Reisberg et al., 2003). This therapy is based on evidence
for an overactive glutamate system in AD, where glutamate receptors are excessively
activated resulting in neuronal Ca®" overload and excitotoxic death. Memantine, which
occupies the same NMDA channel site as Mg®", blocks the tonic pathological activation
of NMDA receptors while allowing physiological activation (Molinuevo et al., 2005).

Alternative approaches have also been considered including the use of anti-
inflammatory agents such as non-steroidal anti-inflammatory drugs (McGeer and
McGeer, 2004, Cote et al., 2012), selective COX-2 inhibitors (Trepanier and Milgram,
2010) and anti-amyloid drugs including B-amyloid aggregate inhibitors, y-secretase
modulators and anti-Af} immunization. These strategies are under development on the
basis of eliminating the production and aggregation of the AP peptide to counter
cognitive impairment at a time when it is still reversible, as demonstrated in rats (Klyubin
et al., 2005). The main target though is soluble AP rather than AP plaques as furthered by
the disappointing findings of the amyloid peptide vaccine (AN1792), which resulted in
AP plaque clearance, but failed in stopping the progression to severe dementia (Holmes et
al., 2008).

Finally, an attractive therapeutic effort for AD is the control of the predominant
risk factors such as diabetes, hypercholesterolemia or hypertension. Hence, medications
currently used to control these diseases and, particularly those with pleiotropic effects
including the anti-diabetic drug pioglitazone, a peroxisome proliferator-activated receptor

gamma (PPARY) agonist; the anticholesterol agent simvastastin, a cholesterol-lowering
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statin, and the antihypertensive drug losartan, an angiotensin II receptor type 1 (AT1R)

antagonist have been considered as promising therapeutic avenues.

3.2 Pioglitazone

The peroxisome proliferator-activated receptors (PPARs) are a family of three (a, vy, f/9)
ligand-activated nuclear transcription factors encoded by different genes, which regulate
peripheral glucose metabolism. Each member controls expression of a specific set of
genes encouraging fat storage and insulin sensitivity upon dietary intake. Synthetic
PPARy ligands, a family of thiazolidinediones including pioglitazone (Actos®, Takeda
pharmaceuticals) and rosiglitazone, are currently prescribed as oral anti-diabetic
mediators to patients with type 2 diabetes based on their ability to decrease insulin
resistance. Like other nuclear hormone receptors, PPARs form a heterodimer with the
retinoid X receptor (RXR) for 9-cis retinoic acid and bind specific response elements
within promoters. Upon ligand activation, the PPAR:RXR complex initiates or represses

transcription of target genes (Figure 9).

‘m Y

TR ETATDTU S ETDIDTVR

Image modified from: http://en.wikipedia.org/wiki/File:PPAR-diagram.png

Figure 9: Pioglitazone activation. Upon binding of the agonist, PPARs heterodimerize
with the common retinoid X receptor (RXR) and recruit coregulators and chromatin
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modifying enzymes to specific DNA sequences, named peroxisome proliferator response
elements (PPREs), in the promoters of target genes.

PPARs were recently found in brain cell types including vascular endothelial cells
(Bishop-Bailey and Hla, 1999), astrocytes (Dello Russo et al., 2003) and neurons (Izawa
et al., 2009). Studies have shown that their activation is involved in normal vascular and
brain function, and are therapeutic under pathological conditions, including AD
(Pedersen et al., 2006, Nicolakakis and Hamel, 2010).

Encouraging preliminary results from clinical trials on cognition were released
before the start of my PhD studies with a 6-month rosiglitazone treatment in mild to
moderate AD patients (Watson et al., 2005, Risner et al., 2006). Since though,
rosiglitazone has been associated with increased risk for cardiovascular side effects
(Nissen and Wolski, 2010), although pioglitazone seems to have a better cardiovascular
safety profile (Lincoff et al., 2007, Ciudin et al., 2012). In addition, the use of
pioglitazone in our laboratory (Nicolakakis et al., 2008, Nicolakakis et al., 2011)
provided promising results.

What originally sparked interest in selecting pioglitazone as a therapeutic target
for AD was its ability to cross the BBB (Maeshiba et al., 1997). This choice was
additionally based on its proven efficacy to regulate genes in oxidative, inflammatory and
remodeling pathways (Kersten et al., 2000), as well as reverse cerebrovascular
dysfunction in humans (Martens et al., 2005) and in animal models of hypertension and
diabetes (Diep et al., 2002, Bagi et al., 2004). Evidence also demonstrates that PPARy
agonists inhibit vascular remodeling following injury (Phillips et al., 2003). Upregulation

of extracellular matrix turnover of molecules such as CTGF, vascular endothelial growth
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factor (VEGF) and collagen IV together with altered neurometabolic coupling in diseased
animals including AD models were reported to be normalized by PPARy agonists (Fu et
al., 2001). Another well documented property ascribed to PPARY is their ability to silence
inflammatory gene expression. Anti-inflammatory effects of pioglitazone were
corroborated in various mouse models of AD. COX-2 and inducible nitric oxide synthase
(INOS) expression were attenuated in the cortex and hippocampus of 10-month-old
APPV7171 mice upon acute 7-day pioglitazone treatment (Heneka et al., 2005). Also,
astrocytic activation was significantly reduced in cortex of APP (Nicolakakis et al., 2008,
Escribano et al., 2010, Toledo and Inestrosa, 2010) and TGF (Lacombe et al., 2004,
Nicolakakis et al., 2011) mice treated with pioglitazone. In our laboratory, we have also
found that pioglitazone overcomes cerebrovascular dysfunction, lessened neurometabolic
coupling, and cerebral oxidative stress in aged APP (Nicolakakis et al., 2008) and TGF
(Nicolakakis et al., 2011) mice. Collectively, the above-mentioned studies advocate the
use of these agonists in treating AD as they provide significant symptomatic benefits.
This potential will be assessed in Chapter 2 of my thesis where I will test the therapeutic

efficacy of pioglitazone in adult and aged APP/TGF mice on several AD landmarks.

3.3 Simvastatin

Statins, the most potent hypocholesterolemic drugs, are competitive inhibitors of
hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme of

the mevalonate pathway, an intermediary product in cholesterol synthesis (Figure 10).
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Figure 10: Statins mechanism of action. Statins act competitively by inhibiting HMG-
CoA reductase, the rate-limiting enzyme of the mevalonate pathway, and in turn the

cascade that leads to cholesterol synthesis together with other compounds.

Recent evidence suggests that statins have therapeutic potential in AD. Many
epidemiological studies have linked statins to a reduced incidence of AD in statin-
prescribed patients (Jick et al., 2000, Wolozin et al., 2000, Haag et al., 2009). Other
studies have associated statin use to a delayed cognitive decline in mild to moderate AD
(Sparks et al., 2005) and in normocholesterolemic AD patients (Simons et al., 2002),
Working memory improvements in adults at risk for AD have also been reported

(Carlsson et al., 2008). These benefits have been mainly ascribed to the pleiotropic
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effects of statins and not to their cholesterol lowering effects (Jick et al., 2000, Cimino et
al., 2007). Indeed, it is their benefits on neuropathological AD hallmarks including
amyloid burden (Friedhoff et al., 2001, Simons et al., 2002), neuroinflammation, and
cerebral hypoperfusion (Cordle and Landreth, 2005, Cimino et al., 2007) that led to
believe that statins may be useful in remedying the pathophysiology of AD.

Additionally, in support of these reported benefits in man, studies in AD mouse
models showed that statins normalized several AD hallmarks (Li et al., 2006, Tong et al.,
2009, Kurata et al, 2011, Tong et al., 2012). More specifically, brain-penetrant
simvastatin (Saheki et al., 1994), our choice of statin, has shown favorable outcome on
cerebral vasomotor function, brain glucose metabolism and neurovascular coupling in a
mouse model of AD (Tong et al., 2009, Tong et al., 2012). Benefits were also seen in
reduced brain oxidative stress and inflammation (Tong et al., 2009, Tong et al., 2012),
but with minor or no reductions in soluble AP levels (Tong et al., 2009, Tong et al.,
2012), the latter in agreement with some but not all previous studies (Chauhan et al.,
2004, Li et al., 2006). Spatial memory was also normalized by simvastatin in different
APP mouse models depending on the dose used and the age of treatment onset (Li et al.,
2006, Tong et al., 2012). Indeed, aged Tg2576 mice (Li et al., 2006) substantially
benefited from a higher dose (50mg/kg/day vs 40mg/kg/day in our study) of simvastatin
treatment, a finding that was not reproduced by our group in aged APP mice treated with
40mg/kg/day for 6 months (Tong et al., 2012). Yet, studies in AD patients have generated
mixed results (Arvanitakis et al., 2008, Butterfield et al., 2011, Sano et al., 2011), and it
was argued that statins may exert benefits only if administered early in the disease

process (Sano et al., 2011, Shepardson et al., 2011b, a, Sparks, 2011). Simvastatin thus
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merits additional investigation as these associations are still highly debatable (Arvanitakis
and Knopman, 2010, Feldman et al., 2010, Sano et al., 2011). In this respect, the third
experimental chapter of my thesis will evaluate the potential benefit of simvastatin in the
newly developed APP/TGF mice that recapitulate the cerebrovascular and cognitive

deficits of AD.

3.4 Losartan

The renin-angiotensin system (RAS) has been implicated in the pathogenesis of
hypertension, atherosclerosis and heart failure (Probstfield and O'Brien, 2010) and, more
recently, in AD (Kehoe et al., 2009). However, little is known about the related
mechanisms underlying memory. The brain RAS consists of the conversion of the
precursor angiotensinogen by renin (acting upon its amino terminal) into decapeptide
angiotensin I (Angl), a substrate for angiotensin converting enzyme (ACE), a zinc
metalloprotease, which hydrolyzes the carboxy terminal of Angl to form the octapeptide
angiotensin II (Angll), which effects are mediated through the Angll type 1 (ATIR) and
type 2 (AT2R) receptors. Angll not only regulates blood pressure and fluid balance, but
also mediates its pathophysiological effects including vasoconstriction, oxidative stress
and inflammation through AT1R, predominantely found in blood vessels, liver, kidneys,
heart and brain. AT2R are located in the same tissues, but have physiologically
contrasting actions including vasodilatation, neuronal differentiation and axonal
regeneration (Hunyady and Catt, 2006). Angll may also convert to downstream active
metabolites, notably Angiotensin IV (AnglV) that binds the AT4 receptor (Hunyady and

Catt, 2006, Wright and Harding, 2008) (Figure 11).
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Figure 11: RAS.
The key players of the signaling cascade for Ang II generation are shown.

The use of antihypertensive therapy that selectively prevents the actions of Angll
on the ATIR, but spares those of AT2R, has been correlated with a lower decrease in
mean MMSE and a lower cognitive decline during a 3 year follow-up among AD subjects
(Duron et al., 2009). Two small studies in which AD patients were treated with ACE
inhibitors for six or 12 months showed cognitive improvements that require replication in
larger longitudinal investigations (Ohrui et al., 2004, Hajjar et al., 2008). However, two
clinical studies highlighted the importance of selectively blocking the ATIR as opposed
to working upstream from this receptor, with ACE inhibitors. Indeed, compared to ACE
inhibitor lisinopril, telmisartan significantly improved episodic memory and visuospatial
abilities in elderly subjects, in parallel to blood pressure lowering (Fogari et al., 2006).
Aged subjects taking angiotensin receptor blockers (ARBs) — including losartan —
compared to those taking ACE inhibitors had greater reduction in incidence of AD (Li et
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al., 2010b). Even more, those who switched from an ACE inhibitor to an ARB were at
significantly lower risk of incident dementia than those who did not switch, further
strengthening the therapeutic value of the ARBs (Li et al., 2010b). Noteworthily, these
were normotensive subjects, so blood pressure changes may not accounted for these
beneficial effects.

In AD mouse models, a range of AT1R antagonist showed efficacy in improving
cognition independently or not of amyloidosis (Wang et al., 2007, Mogi et al., 2008,
Takeda et al., 2009, Tsukuda et al., 2009). These studies were conducted on AP
infused mice or singly Tg2576 transgenic AD mice that recapitulate the AB-induced
pathology of AD. With regards to AD-related processes, positive effects on CBF have
been reported with olmesartan in young APP23 mice (Takeda et al., 2009, Maxwell and
Hogan, 2010). Hence, the positive effects reported for ARBs and, particularly, ATIR
antagonists deserve to be substantiated further in a model that more adequately
recapitulates the AD pathological features than the AP-injected mice or the classic APP
mice. In this respect, the last experimental chapter of my thesis will address the potential

benefit of losartan in APP/TGF mice with a combined AB- and TGF-B1 pathology.
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Rationale, Hypothesis, Specific aims
Rationale

Several studies have been devoted at identifying a treatment for AD, and animal models
have been invaluable in dissecting the pathogenic mechanisms. The characterization of
transgenic mouse model of amyloidosis integrating the comorbid factor of
cerebrovascular pathology with the concurrent overexpressions of AB and TGF-f1 may
best recapitulate the complexity of the human disease and may thus be useful to test

strategies aimed at rescuing disrupted neuronal, glial, and vascular networks.

Hypotheses
AD transgenic mice concomitantly overexpressing AP and TGF-B1 display
cerebrovascular, neuronal, glial and cognitive deficits, which may be amenable to

therapeutic interventions that bear promise in AD patients.

Specific aims

1. Characterize the cognitive and cerebrovascular outcome of combined A and TGF-B1
pathologies in bitransgenic mice overexpressing a mutated form of the human
amyloid precursor protein (APPsyemd, line 20) and a constitutively active form of
transforming growth factor 1 (TGF, line T64), herein referred to as A/T mice.

2. Test the efficacy of pioglitazone (20mg/kg/day) to reverse AD-related memory and
cerebrovascular deficits in adult (6 months treatment, 12-15 months old at endpoint)

and aged (3 months treatment, 18-21 months old at endpoint) A/T mice.
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3. Assess the benefits of simvastatin (40mg/kg/day) on cognitive and cerebrovascular
deficits in young (6 months treatments, 9 months old at endpoint) A/T mice.

4. Evaluate the capacity of the ATIR antagonist losartan (10 and 25mg/kg/day) in
preventing cognitive and cerebrovascular impairments in young (3 months treatments,

6 months old at endpoint) A/T mice.
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Preface to Chapter 2

In AD, AP and TGF-B1 may be upregulated in parallel or may drive one another, such
that at a certain time point, the AD brain experiences the interactive effects of Ap and
TGF-B1. We sought to investigate the consequences of APP and TGF-B1 concomitant
overexpression, and functionally characterize arterial, hemodynamic, and cognitive
integrity of young, adult and old APP/TGF mice.

We investigated in chapter 2, the interactive effects of APP and TGF-B1
overexpression in young, adult and old A/T mice on spatial memory, evoked CGU and
CBF, cerebrovascular reactivity. A/T mice featured progressive cerebrovascular
dysfunction insensitive to antioxidant treatment as antioxidant approaches were
ineffective in vitro, and no change was detected in levels of the endogenous superoxide
scavenger, SOD2, in vessels at any age. Instead, deficits were accompanied by a
cerebrovascular pathology that combined the cerebrovascular amyloid angiopathy (CAA)
seen in APP mice with the vascular fibrosis characteristic of the TGF model. In addition,
A/T mice displayed progressive astrocytic activation, AP pathology and impairment in
evoked cerebral blood flow and glucose uptake along with a spatial memory decline, thus
bringing together cerebrovascular, glial and cognitive aspects of AD pathophysiology.
We therefore concluded that A/T mice represent an interesting model with which to test
the efficacy of compounds such as pioglitazone, simvastatin and losartan previously

shown to counteract both AB and TGF-f1-induced dysfunction.
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Chapter 2

Transgenic mice overexpressing APP and TGF-p1 feature cognitive and

vascular hallmarks of Alzheimer’s disease
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Abstract

High brain levels of amyloid-beta (AP) and transforming growth factor-fl1 (TGF-B1)
have been implicated in the cerebrovascular and cognitive alterations of Alzheimer’s
disease (AD). We sought to investigate the impact of combined increases in AP and TGF-
Bl on cerebrovascular, neuronal and mnemonic function using transgenic mice
overproducing these peptides (A/T mice). In particular, we measured cerebrovascular
reactivity, evoked cerebral blood flow and glucose uptake during brain activation,
cholinergic status and spatial memory, along with cerebrovascular fibrosis, amyloidosis
and astrogliosis, and their evolution with age. An assessment of perfusion and metabolic
responses was considered timely, given ongoing efforts for their validation as AD
biomarkers. Relative to wild-type littermates, A/T mice displayed an early progressive
decline in cerebrovascular dilatory ability, preserved vasocontractility, and reduction in
constitutive nitric oxide synthesis that establishes resting vessel tone. Altered levels of
vasodilator-synthesizing enzymes and fibrotic proteins, resistance to antioxidant
treatment and unchanged levels of the antioxidant enzyme, superoxide dismutase-2,
accompanied these impairments. A/T mice featured deficient neurovascular and
neurometabolic coupling upon whisker stimulation, cholinergic denervation, cerebral and
cerebrovascular AP deposition, astrocyte activation, and impaired Morris water maze
performance, which gained severity with age. The combined AP and TGF-B1-driven
pathology recapitulates salient cerebrovascular, neuronal and cognitive AD landmarks,
and yields a versatile model towards highly anticipated diagnostic and therapeutic tools

for patients featuring AP and TGF-B1 increments.
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Introduction

Alzheimer’s disease (AD) features neuronal and synaptic dysfunction, abnormal cerebral
protein deposits, activated glia and progressive cognitive decline (de la Torre, 2004,
Zlokovic, 2005, Kalaria et al., 2008). AD patients also exhibit structural cerebrovascular
alterations (Mancardi et al., 1980, Perlmutter and Chui, 1990), and early deficits in
resting and evoked cerebral glucose uptake (CGU) and cerebral blood flow (CBF)
responses, which can undermine optimal brain function, and aggravate an ongoing
pathogenic process (ladecola, 2004, Sun et al., 2006, Langbaum et al., 2009). These
changes have been linked to increased levels and deposition of amyloid-beta (AB) in
brain parenchyma (senile plaques) and blood vessel walls (cerebral amyloid angiopathy,
CAA) (Vinters et al., 1996, Roher et al., 2003), and to upregulation of the profibrotic
transforming growth factor-B1 (TGF-B1), perhaps a key molecular mediator of the AD
cerebrovascular pathology (Wyss-Coray et al., 1997, Wyss-Coray et al., 2000, Grammas

and Ovase, 2002, Tarkowski et al., 2002, Tong et al., 2005).

Transgenic mice overproducing AP and TGF-B1 (A/T mice) were originally
developed to study the possible modulatory role of TGF-B1 on amyloid deposition
(Wyss-Coray et al., 1997, Wyss-Coray et al., 2001). These early studies reported
decreased plaque burden and accelerated vascular A accumulation in young and adult
A/T animals (Wyss-Coray et al., 1997, Wyss-Coray et al., 2001). More recently, reduced
parenchymal and vascular AP deposition was demonstrated when TGF-3 signaling was
genetically blocked in old transgenic AD mice (Town et al., 2008). Though contradictory,
these studies collectively suggest that TGF-f1 may regulate amyloid pathology in the AD

brain, an idea supported by the correlation between TGF-f1 mRNA levels and CAA
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scores in patients (Wyss-Coray et al., 1997). Although the amyloid pathology has been
partially characterized in A/T animals, data is completely lacking on their cognitive and
cholinergic status, functional cerebrovascular integrity, and evoked perfusion and
metabolic responses to neuronal activation. Such results would aid in the validation of
A/T mice for the study of AD. It is therefore all the more surprising that this information
is unavailable given the known detrimental cerebrovascular effects of AR and TGF-f1
(Iadecola et al., 1999, Gaertner et al., 2005, Park et al., 2005, Tong et al., 2005), and the
current interest in activity-driven brain hemodynamics and metabolism as clinical

predictors or markers for AD therapeutic efficacy.

We sought to characterize the progression of cerebrovascular and cognitive
markers with age in A/T mice. Particularly, we studied arterial reactivity and
responsiveness to antioxidants in vitro, and investigated vascular proteins related to
vasomotor function, oxidative stress and fibrosis. Additionally, we examined glial
activation, amyloidosis, and indicators of neuronal/cognitive integrity, i.e., the
cholinergic innervation, the neuronally-driven cerebral blood flow (CBF) and glucose
uptake (CGU) responses during whisker stimulation, and performance in the Morris
water maze. Our novel findings highlight A/T mice as a most suitable model in which to
explore therapeutic strategies against cerebrovascular and neuronal alterations of AD

pathophysiology.

Materials and Methods

A/T transgenic mice. All experiments were in compliance with the Animal Ethics
Committee of the Montreal Neurological Institute and the guidelines of the Canadian

Council on Animal Care. A/T animals were generated from the crossing of mice
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overexpressing mutated human amyloid precursor protein (APPSwe,Ind) driven by the
platelet-derived growth factor f promoter (APP mice, line J20) (Mucke et al., 2000) and
mice overexpressing constitutively active TGF-B1 under the control of the glial fibrillary
acidic protein (GFAP) promoter (TGF mice, line T64) (Wyss-Coray et al., 1995) on a
C57BL/6J background. Approximately equal numbers of female and male heterozygous
transgenic A/T mice and age-matched wild-type (WT) littermates were used at 6-8
(young), ~12 (adult) and ~18 (old) months of age. Singly transgenic APP or TGF mice of
the same ages, either littermates of the A/T mice or from different cohorts, were used for
comparisons with A/T mice in some experiments, and similarly prepared. Transgenes
were detected with touchdown PCR on tail-extracted DNA (Tong et al., 2005). Mice
were housed under a 12h light-dark cycle, in a room with controlled temperature (23°C)

and humidity (50%), with food and tap water available ad libitum.

Vascular and brain tissue collection. Mice were killed by cervical dislocation. Middle
cerebral arteries (MCAs) were immediately tested in reactivity studies, while vessels of
the circle of Willis and their branches, along with cortex and hippocampus were
collected, snap-frozen and stored (-80°C) for subsequent Western blot and ELISA
studies. Separate mouse cohorts were perfused intracardially (4% paraformaldehyde
(PFA) in 0.1M phosphate-buffered saline, pH=7.4) under deep anaesthesia (65mg/kg
sodium pentobarbital, intraperitoneally, i.p.), and brains post-fixed overnight. Some
hemibrains were cryoprotected, frozen in isopentane and stored (-80°C) until cutting into
25um-thick free-floating coronal sections on a freezing microtome. Others were

embedded in paraffin and cut Spm-thick for use in immuno/histochemistry.
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Vascular reactivity. Isolated, pressurized and sub-maximally preconstricted (serotonin,
2x10"M) MCA segments were tested for dilatation to acetylcholine (ACh; 10™° to 10"
M) or calcitonin gene-related peptide (CGRP; 10 to 10°M) using on-line
videomicroscopy (Tong et al., 2005). Constriction to endothelin-1 (ET-1; 10" to 10°M)
or diameter decrease during nitric oxide (NO) synthase (NOS) inhibition with N“-nitro-L-
arginine (L-NNA; 10°M; 35min) were tested on vessels at basal tone. In some vessels,
dilatation to ACh was tested before and after incubation (30-60min) with the free radical
scavenger superoxide dismutase (SOD; 120U/mL; Sigma, ON, Canada) or an inhibitor of
NADPH oxidase (apocynin; 1mM; Sigma), the main enzymatic source of superoxide
(O;-) in brain vessels of APP mice (Park et al., 2005). Percent changes in vessel diameter
from basal or preconstricted tone were plotted as a function of agonist concentration or
time course of NOS inhibition. The maximal response (EAmax) and the concentration
eliciting half of the EAmax (ECsy value or pD,=-[log ECs]) generated by GraphPad
Prism software (4, San Diego, CA, USA) were used to evaluate agonist efficacy and

potency, respectively.

Western blot. Vessels were sonicated in Laemmli buffer for protein extraction, as
described (Tong et al., 2005). Proteins (12-15ng) were separated by SDS-PAGE and
transferred to nitrocellulose membranes, which were incubated (1h) in TBST blocking
buffer (50mM Tris.HCI, pH=7.5, 150mM NaCl, 0.1% Tween 20) containing 5% skim
milk, then incubated overnight with either rabbit anti-SOD2 (1:2000; Stressgen, MI,
USA), -connective tissue growth factor (CTGF; 1:300; Abcam, MA, USA), -vascular
endothelial growth factor (VEGF; 1:500; Santa Cruz Biotechnology, CA, USA), -matrix

metalloproteinase 9 (MMP9; 1:1000; Millipore, MA, USA) or mouse anti-endothelial
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NOS (eNOS; 1:500; BD Transduction Laboratories, CA, USA), -cyclooxygenase-2
(COX-2; 1:200; Santa Cruz Biotechnology), or -B-actin (1:10000; Sigma). Membranes
were further incubated (2h) with horseradish peroxidase-conjugated secondary antibodies
(1:2000; Jackson ImmunoResearch, PA, USA), and proteins visualized with Enhanced
ChemiLuminescence (ECL Plus kit; Amersham, ON, Canada) using phosphorlmager
(Scanner STORM 860; GE Healthcare, NJ, USA), followed by densitometric

quantification with ImageQuant (5.0, Molecular Dynamics, CA, USA).

ELISA measurement of AB. Levels of soluble and insoluble APB;.49 and AP;.4, were
measured in hemicortices using an ELISA-based assay (BioSource International, CA,
USA), as previously described in full (Nicolakakis et al., 2008), and results expressed as

nanomoles per gram of protein in the supernatant or formic acid (FA)-soluble fraction.

Histochemistry and immunohistochemistry. Dewaxed thin sections (5um) were stained
with 1% Sirius red (~30min) to reveal total collagen in the pia and intracortical
microvessels (MVs) or were pretreated with 1% H,O, (10min) and incubated overnight at
room temperature with goat anti-collagen I (1:300; Millipore), -choline acetyltransferase
(ChAT; 1:250; Millipore) or mouse anti-AP (6E10 targeting total AB; 1:3000; Covance,
CA, USA) followed by species-specific biotinylated IgG, the avidin-biotin complex, and
the reaction visualized with 0.05% 3,3’-diaminobenzidine-nickel (DAB-Ni; Vector
Laboratories, CA, USA). ChAT immunostaining was tested only in adult and old A/T
mice when cholinergic innervation is preserved in TGF mice (Nicolakakis et al., 2011),
but significantly reduced in singly transgenic APP mice (Aucoin et al., 2005, Nicolakakis
et al., 2008). Free-floating thick sections were stained with 1% Thioflavine S (8min) to

reveal mature, dense core amyloid plaques or incubated with rabbit anti-GFAP (1:1000;
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DAKO, ON, Canada), followed by donkey anti-rabbit cyanin 2 (Cy2)-conjugated
secondary antibody (1:400; Jackson ImmunoResearch) for the detection of activated
astrocytes. Sections were observed under light microscopy or epifluorescence (Leitz
Aristoplan microscope, Leica, NY, USA), and digital pictures acquired (Coolpix 4500;
Nikon, Tokyo, Japan). Double immunodetection of activated astrocytes and A plaques
was performed with simultaneous incubation of rabbit anti-GFAP and mouse 6EI10,
followed by donkey anti-rabbit Cy2- and anti-mouse Cy3-conjugated secondary

antibodies.

Staining quantification. Digital images (2-3 sections/mouse, 3-5 mice/group) taken
under the same conditions were analyzed with MetaMorph (6.1r3, Universal Imaging,
PA, USA). Collagen I and Sirius red staining intensities of the pia and intracortical MVs
(4-13 vessels/mouse) were quantified in magnified images and expressed as an optical
density (OD) ratio against the intensity of the adjacent parenchyma. The areas of interest
(somatosensory/cingulate cortex, hippocampus) containing Thioflavine S- and GFAP-
positive elements were manually outlined in low-power images, while high-power
microscope images of layers II to IV of the somatosensory cortex were used for
quantification of ChAT-immunoreactive fibres (cell bodies were excluded). The number
and/or area occupied by Thioflavine S-positive plaques, GFAP-positive astrocytes and
ChAT-positive cholinergic fibres was quantified and expressed as number or surface area

occupied in the delineated areas of interest.

Morris watermaze. The ability of mice to learn and remember the location of a hidden
platform located in a predefined (target) quadrant using visuospatial cues was tested for

five consecutive days in a circular pool filled with water (25°C, clouded with powdered

59



skim milk), as previously described (Nicolakakis et al., 2008). At least 2 hrs after the last
hidden platform trial on day 5, mice were submitted to a 60s probe trial (platform
removed), followed by a cue trial (30s) testing visual acuity and motivation, which
required escape to a visible platform in at least one of two trials. Mice that failed to reach
the visible platform were excluded from the analysis. Daily escape latencies to the hidden
platform, as well as percent time spent and distance traveled in the target quadrant during
the probe trial, along with swim speed, were measured with the 2020 Plus tracking
system and Water 2020 software (Ganz FC62D video camera; HVS Image, UK).
Animals were dried under a heating lamp after each trial, and all experiments were started

at the same time every day.

Laser Doppler flowmetry (LDF). In all age groups, LDF measurements of evoked CBF
(Transonic Systems Inc., NY, USA) in response to sensory stimulation were carried out
one week following the Morris water maze in anesthetised mice (ketamine, 80mg/kg 1.p.;
Wyeth, QC, Canada) fixed in a stereotaxic frame (Nicolakakis et al., 2008). CBF was
recorded prior to, during and after whisker stimulation (20s at 8-10Hz), with 4-5
recordings acquired every 30 to 40s and averaged per mouse. Cortical CBF change was
expressed as percent increase relative to baseline. The entire procedure was performed

blind to the identity of the mouse.

[18F]ﬂuoro-Z-deoxy-D-glucose (I"*F]FDG)-PET. Eighteen month-old A/T mice and WT
littermates were fasted overnight and scanned for cerebral uptake of ['*FJFDG induced by
whisker stimulation (8-10Hz, electric toothbrush, 45min) under isoflurane sedation (1-2%
in medical air) in a CTI Concorde R4 microPET scanner (Siemens Preclinical Solutions,

TN, USA), as previously described (Nicolakakis et al., 2008). Animals were kept warm
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with a heating lamp, while cardiac and respiration rate were maintained stable through
online monitoring (Biopac Inc., USA). Glycemia levels were measured before and after
scans, and were similar in both WT and A/T groups (not shown). Functional metabolic
images were reconstructed using a maximum a posteriori probability algorithm (MAP),
and coregistered to respective high-resolution WT or A/T mouse structural MRI
templates. MR images were acquired in separate groups of mice (WT, n=5 and A/T, n=4)
with a 7 T Bruker Pharmascan system (Bruker Biospin, Ettlingen, Germany) using a
28mm inner-diameter quadrature volume resonator, and a 3D True FISP sequence with
the  following  parameters:  matrix  size=128x128x64, field of view
(FOV)=1.8cmx1.8cmx0.9cm, spatial resolution=140pumx140pumx140pm, excitation flip
angle=30°, repetition time (TR)=5.2ms, echo time (TE)=2.6ms, number of excitations
(NEX)=4, number of phase cycles=4, total scan time=35min. The images were
reconstructed using a maximum intensity algorithm and the population averages
generated using the approach described elsewhere (Lau et al., 2008). Regions of interest
(ROIs) were drawn on the somatosensory cortices and the magnitude of activation
expressed as the ratio of ['"*F]FDG standard uptake value (SUV) in the activated
contralateral relative to the ipsilateral cortex (Kornblum et al., 2000). Final images
represent the SUV obtained by correcting individually for animal body weight and

injected radioactivity dose.

Statistical analysis. Data are Mean + SEM, and were compared by Student’s ¢ test or
one-way analysis of variance (ANOVA) followed by Newman-Keuls post-hoc tests.

Morris water maze latency curves were analyzed by two-way ANOVA followed by

61



Bonferroni post-hoc test, with day and genotype as factors. All statistical analyses were

performed with GraphPad and p<0.05 was considered significant.

Results

A/T mice develop an early, progressive decline of cerebral arterial function

Isolated MCAs from young and adult A/T mice displayed ~50% loss of their ability to
dilate to ACh and CGRP relative to vessels of age-matched WT littermates (Fig. 1, Suppl.
Table 1). By 18 months of age, A/T mice further exhibited significantly impaired
maximal diameter decrease during NOS inhibition with L-NNA, indicating a decline in
constitutive endothelial nitric oxide (NO) release that is crucial for establishing resting
vessel tone. There was no contractile deficit to ET-1 in A/T arteries at any age (Fig. 1,
Suppl. Table 1). The progressive deficits in arterial responsiveness could not be attributed
to desensitization of cerebrovascular receptors, as agonist potencies (pD, values) were
comparable between WT and A/T mice at all ages (Suppl. Table 1). Cerebrovascular
impairments of similar magnitude have been consistently measured in singly transgenic
APP and TGF mice (Suppl. Fig. 1, Suppl. Table 1). Noteworthy was the lack of a
synergistic AP and TGF-B1 effect in A/T arteries, as evidenced in the qualitative
comparison with reactivity data from APP and TGF arteries. This was particularly well
illustrated in A/T mice by: 1) their preserved contractile response to ET-1, in contrast to
the deficit in TGF arteries, 2) milder CGRP deficit relative to that in aged TGF animals,
and 3) later decline in L-NNA response versus its early onset in the singly transgenic

lines.
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A/T mice display arterial dysfunction not related to oxidative stress

We sought to elucidate the mechanism of cerebrovascular impairment in aged A/T mice
by treating arteries with SOD or apocynin, which respectively scavenges O,- and
abrogates its production. Antioxidants have been shown to normalize cerebrovascular
responses of APP (Iadecola et al., 1999, Tong et al., 2005, Nicolakakis et al., 2008, Tong
et al., 2009), but not TGF mice (Nicolakakis et al., 2011), and we wished to determine
whether free radicals accounted for the cerebrovascular dysfunction in the A/T model.
These in vitro antioxidant approaches were ineffective as they were unable to restore
ACh-mediated dilatations (Fig. 2A). Furthermore, no significant change was detected in
A/T vessels at any age in the levels of the antioxidant enzyme SOD2, which is induced by
O, - and can be used as an indicator of enhanced oxidative stress (Fig. 2B). Instead, pial
vessels from A/T mice exhibited changes in enzymes synthesizing vasodilators, i.e.
reduced levels of COX-2 beginning as a trend in young, and becoming significant in adult
and old mice, as well as significant upregulation of eNOS in young mice. A/T arteries
also featured robust increases in levels of growth factors (VEGF, CTGF) involved in
vascular fibrosis, starting in young and persisting in old mice. Arteries also exhibited late
upregulation of MMP9, an enzyme involved in the breakdown of the extracellular matrix
during vascular remodeling (Fig. 2B). Furthermore, A/T mice featured significant
collagen accumulation in penetrating MVs and in the surface pial membrane, resulting in
its greater thickness (Fig. 2C). Sirius red staining intensity was markedly augmented in
the pia (81%) and MVs (39%) compared to the adjacent parenchyma of 18 month-old
A/T mice, with substantially smaller increments in WT animals in these respective

vascular beds (pia: 29%, MVs: 21%). Analogous collagen I increases were seen in the pia
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(74%) and MVs (42%) of A/T mice (Fig. 2C), which likely accounted for the increased
rigidity of their vessels perceived during dissection, handling, and cannulation. In
contrast, collagen I immunostaining was very weak in WT mice, being increased by 14%
in the pia but barely detectable in MVs (1%) relative to the parenchyma (Fig. 2C),
confirming our previous report of collagen I upregulation in the context of vascular
pathology (Tong et al., 2005). Collectively, these data argue against oxidative stress as
the main pathogenic mechanism of vascular dysfunction, and point to disturbances in
enzymes and proteins underlying vascular structure and signaling. We cannot rule out
that chronic in vivo antioxidant treatment might be effective. However, based on the
recent failure of this approach in TGF mice featuring similar cerebrovascular fibrosis,
vascular protein alterations, and in vitro resistance to antioxidants (Nicolakakis et al.,
2011), we are inclined to consider alternate mechanisms of vascular dysfunction in A/T

mice, ones most likely shared with the TGF model.

A/T mice exhibit AD-like neuropathological changes

A/T mice exhibited an increase in levels of soluble and insoluble AP;.4o and APj.42
between 6-8 and 12 months, with further increases in levels of AB;.49, but not of AB;.4; at
18 months of age, as measured in the cortex by ELISA (Fig. 3A). They also displayed
age-dependent AP plaque deposition in the cortex and hippocampus, shown by a gradual
increase in the number and surface area (plaque load) occupied by Thioflavine S-positive
dense core plaques from young to adult animals (Fig. 3B). Between 12 and 18 months,
plaque number reached a plateau in the hippocampus, or slightly decreased in the cortex,
while plaque load continued to expand or stayed the same in the respective areas,

indicating an increase in the size of certain plaques during this period. Together with the
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significant increments in soluble and insoluble AB;.49 from 12 to 18 months, this finding
suggests that existing AP plaques may have acted as seeds for additional AP
deposition. In comparative experiments, we found a trend for diminished plaque load in
young A/T relative to APP mice, which became significant in adult and aged animals
(Suppl. Fig. 2). This would support the argued modulatory effect of TGF-f1 on amyloid
deposition, and suggest a clearance phenomenon, as previously observed in young and
old A/T mice (Wyss-Coray et al., 1997, Wyss-Coray et al., 2001). Its occurrence later in
our model may reflect the higher A levels of the J20 APP line (Mucke et al., 2000) used
to generate A/T mice, instead of the previously-used J9 (Wyss-Coray et al., 1997, Wyss-
Coray et al., 2001). Finally, inspection of AP immunoreactivity in thin sections from 18
month-old A/T mice revealed parenchymal AP senile plaques and widespread CAA in
pial, intracortical and hippocampal brain vessels (Fig. 3C), confirming previous reports in

young and adult A/T animals (Wyss-Coray et al., 1997, Wyss-Coray et al., 2001).

In addition, A/T mice displayed an inflammatory response characterized by activated
GFAP-positive astrocytes. The GFAP-positive area in the cortex increased from young to
old A/T mice, with a smaller age-dependent activation in WT animals. Activated
astrocytes in A/T mice distributed in clusters as well as diffusely throughout the cortex
(Fig. 4A), and surrounded AP plaques and amyloid-laden vessels (Fig. 4B). Interestingly,
this pattern was reminiscent of both the cluster-like activation of APP mice (Nicolakakis
et al., 2008) and diffuse, perivascular astrocytosis of TGF mice (Wyss-Coray et al., 1995,

Wyss-Coray et al., 1997, Nicolakakis et al., 2011).
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Neuronal and cognitive impairments in A/T mice

Adult and aged A/T mice featured a ~22-23% reduction (p<0.05 for both ages) in the
number of cortical cholinergic fibres (Fig. 5A). Further, ['"*F]FDG-PET scans following
whisker stimulation revealed a significant impairment of glucose uptake in the activated
somatosensory cortex of aged A/T animals (activation ratio A/T: 0.99+0.01 vs. WT:
1.06+£0.02, p<0.05) (Fig. 5B) that may have derived from the observed alterations in
vascular, astroglial and neuronal compartments (Papadopoulos et al., 2010). Moreover,
there was a gradual loss of the neuronally-driven hemodynamic response to sensory
stimulation, which was significant in adult (-31%, p<0.001) and progressively more
severe in aged animals (-41%, p<0.001) (Fig. 5C). The extent of the deficit compared
well to that seen in APP mice, although it was more progressive (Suppl. Table 2). Finally,
A/T mice showed increased latencies to locate the hidden platform in the Morris water
maze at 6-8 months of age, whereas performance in the probe trial was lower but not
significantly different from that of control mice, indicating a learning deficit but no clear
memory impairment at this age. A significant deficit in probe trial performance emerged
in 12 month-old and continued in 18 month-old A/T animals (Fig. 6), which was not due
to differences in swim speed, visual acuity, locomotor defects or lack of motivation, as
demonstrated by successful escape onto the visible platform. Comparatively, APP mice
showed deficits in both the learning and memory components of the test at all ages, as
shown at 6 months, whereas TGF mice performed as well as WT mice in this task up to

18 months of age (Suppl. Fig. 3).
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Discussion

Since the original development of transgenic mice overproducing both Ap and TGF-B1
(Wyss-Coray et al., 1997, Wyss-Coray et al., 2001), this is the first characterization of
their cerebrovascular, neuronal and mnemonic integrity. More importantly, our study
provides novel functional data on activity-induced changes in cerebral glucose uptake and
cerebrovascular status that are in line with current research initiatives to develop markers
for early diagnosis and treatment efficacy. As a result, the A/T model may be used to
better assess interactions between AP and TGF-B1 in AD, and to develop therapeutic
strategies that can rescue both cerebrovascular and mnemonic hallmarks of AD

pathophysiology.

AD-like cerebrovascular pathology in A/T mice and therapeutic implications

An appealing characteristic of A/T mice is the development of a functional and structural
cerebrovascular pathology, simultaneously triggered by soluble AB, TGF-f1, CAA and
basement membrane thickening, as seen in human AD (Mancardi et al., 1980, Perlmutter
and Chui, 1990, Pellerin et al., 2007, Park et al., 2008). The interaction between vascular
fibrosis and CAA is of interest, as matrix proteins such as collagen and perlecan
accumulating in AD basement membranes (Pellerin et al., 2007), have the ability to bind
AP and enhance its fibrillogenesis (Roher et al., 1993). CAA may thus result from the
enhanced capacity of thickened vessels to amass AP. This would agree with the ability of
TGF-B1 to prompt vascular AP deposition when overexpressed in the brain of young APP
mice (2 to 3 months), as CAA was not seen in singly transgenic APP animals of
equivalent age (Wyss-Coray et al., 1997). It is also in line with the reported correlation

between TGF-B1 mRNA levels and CAA scores in AD brains (Wyss-Coray et al., 1997).
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CAA may additionally result from vascular wall alterations that hinder vessel pulsations
believed to drive AP clearance along the perivascular drainage route within arterial and
arteriolar basement membranes (Kalaria and Pax, 1995). Such a scenario is supported by
the perivascular accumulation of AP seen here in concentric circles around some A/T
brain vessels (Fig. 3C). A/T mice thus offer the opportunity to test whether strategies that
can reverse or attenuate excessive matrix protein accumulation and vascular stiffness will
diminish CAA. Used in conjunction with A immunotherapy, these could help counter
the transient increase in CAA and risk of cerebral microhaemorrhages reported with
vaccination in AD models (Castillo et al., 1997) and human trials (Weller et al., 2008). In
addition, attenuating CAA could improve the function of astrocytes, key intermediaries in
neurovascular coupling (Wilcock et al., 2009a). CAA can induce loss of the water
channel aquaporin 4 and of various potassium channel subtypes in astrocytic end-feet
(Boche et al., 2008) that, combined with the progressive astrocyte activation measured
here, could have contributed to the age-related impairment of perfusion responses.

Normalizing CAA could thus ameliorate glial function and perfusion.

Therapies against the deleterious vasoactive properties of soluble AP would be
most useful (Haydon and Carmignoto, 2006). Indeed, the peptide potently deregulates
vascular function, even in young APP mice devoid of CAA, by activating vascular
NADPH oxidase and O, - synthesis, which results in the sequestration of vasodilators and
free radical damage to vascular enzymes and receptors (Iadecola et al., 1999, Park et al.,
2005, Tong et al., 2005, Tong et al., 2009). These dysfunctions are promptly reversed by
antioxidants in vitro and in vivo, even in arteries from aged APP mice (Tong et al., 2005,

Nicolakakis et al., 2008, Wilcock et al., 2009b). A caveat to pure antioxidant therapy is
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warranted by its inefficacy when applied to fibrotic TGF arteries (Tong et al., 2005), and
here, to A/T arteries. Both the O,- scavenger SOD, and NADPH oxidase inhibitor,
apocynin, were unable to restore ACh-mediated dilatations. Though chronic in vivo
antioxidant treatment would be ultimately conclusive, it was ineffective in TGF mice
(Nicolakakis et al., 2011), suggesting that a combined approach with compounds

targeting structural alterations or vasodilatory signaling pathways should be favoured.

The relevance of the A/T model for the study of altered brain hemodynamics in
AD is strengthened not only by reports of TGF-B1 upregulation in the brain and
vasculature of AD patients (Wyss-Coray et al., 1997, Wyss-Coray et al., 2000, Grammas
and Ovase, 2002, Tarkowski et al., 2002, Han et al., 2008), but also in elderly individuals
who have suffered a stroke (Hamel et al., 2008), and in subjects with hypertension and
diabetes (Luterman et al., 2000), conditions that acutely or chronically limit CBF, and
increase the risk for developing AD (Krupinski et al., 1996, ladecola, 2004), especially if
they co-occur in the same individual (Peterson, 2005). In at-risk patients, TGF-B1 could
conceivably regulate AP production directly. This is suggested by the presence of a TGF-
Bl-responsive element in the APP promoter, and TGF-B1-stimulated release of
endogenous APj4042 peptides by cultured human astrocytes (Kalaria, 2000).
Alternatively, TGF-B1 production may be triggered by AP (Luchsinger et al., 2005), or
both peptides may be upregulated concomitantly in neurons, glia and vascular cells by
acute ischemic events or chronic cerebrovascular insufficiency (Lesne et al., 2003, Cheng
et al., 2009). In A/T mice, AP and TGF-B1 are overproduced from birth and throughout
the lifespan and it seems that their interaction is responsible for the progressive

hemodynamic deficit of A/T animals. This deficit appears later than in APP or TGF mice,
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surpasses that of TGF animals but reaches that of APP mice (Suppl. Table 2). In all, this
emphasizes the usefulness of the A/T model as a platform for pursuing strategies aimed at

counteracting impaired brain hemodynamics that could promote or result from A and

TGF-B1 elevations.

Contribution of A versus TGF-B1 to the neuronal and cognitive status of A/T mice

The cholinergic, metabolic and cognitive deficits of A/T mice reflect mainly an Ap-
driven process, as they are not exhibited by singly transgenic TGF mice (Nicolakakis et
al., 2008), and the deficit severity matches that of APP mice (Bennett et al., 2000, Aucoin
et al., 2005, Nicolakakis et al., 2008). Namely, the loss of cortical ChAT-positive fibres, a
landmark of AD (Dhandapani and Brann, 2003) reproduced in APP mouse models (Geula
and Mesulam, 1989, Wong et al., 1999, Jaffar et al., 2001, Aucoin et al., 2005), but not in
TGF mice (Nicolakakis et al., 2008), has been attributed to the cholinotoxic effects of
soluble AB (Klingner et al., 2003). It seems unrelated to AP deposition since no
relationship could be established between the presence and location of AP plaques and
denervation severity (Aucoin et al., 2005). However, despite the increase in soluble A
oligomers from adult to old A/T mice, the cholinergic denervation did not gain in severity
with aging. This stabilization could result from a TGF-B1 protective effect on neurons. In
support of such a role is the delayed probe trial deficit in 12 month-old A/T mice relative
to its earlier onset in 6 month-old APP animals, known for their early synaptic and
cognitive dysfunction (Hsia et al., 1999, Auld et al.,, 2002). TGF-Bl-mediated
neuroprotection has been suggested during ischemic and AP injuries (Palop et al., 2003,
Luchsinger et al., 2005, Cheng et al., 2009) through the regulation of pro- and anti-
apoptotic proteins or factors that counter the effects of AP, such as collagen VI (Palop et
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al., 2003, Luchsinger et al., 2005, Caraci et al., 2008). However, evidence for a TGF-B1
neurodegenerative action has also been presented (Tesseur et al., 2006, Town et al.,
2008). Further, neuronal malfunction was apparent in A/T mice, in the form of impaired
stimulus-evoked CGU and eventual spatial memory decline. Moreover, given the
detrimental cerebrovascular effects of TGF-B1 (Gaertner et al., 2005, Tong et al., 2005,
Tong and Hamel, 2007, Salins et al., 2008, Nicolakakis et al., 2011), alternative
neuroprotective approaches should be considered. For example, therapies aimed at the
cellular and molecular underpinnings of the impaired metabolic response may hold
promise. These include key glycolytic enzymes or neuronal (GLUT3) and
vascular/astrocytic (GLUT1) glucose transporters that are reduced in AD (Simpson et al.,

1994).

Conclusion

The present study highlighted the progressive circulatory and neuronal deficits resulting
from AP and TGF-B1 co-overproduction. As both elements coexist and interact in the AD
brain, and altered brain hemodynamics are receiving renewed attention in AD
pathogenesis, the current study provides new data on a unique mouse model with which

to test strategies aimed at rescuing disrupted neuronal, glial and vascular networks.
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Figure 1. Age-related impairment in cerebrovascular reactivity in young (6-8
months), adult (~12 months) and old (~18 months) A/T mice (inverted triangle)
relative to age-matched wild-type (WT) littermates (circle). Early dilatory deficits to
ACh and CGRP in young and adult A/T mice were accompanied by a late decline in
constitutive NO synthesis in old A/T animals, as seen with L-NNA-mediated inhibition
of NOS (10°M). Constriction to ET-1 was preserved at all ages. Error bars represent
SEM. Number of animals are indicated in Suppl. Table 1. Comparison to WT using
Student’s 7 test. kp<0.05, * *p<0.01, * * *p<0.001.
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Figure 2. A/T mouse vessels were characterized by resistance to antioxidants,
alterations in vascular signaling molecules and cerebrovascular fibrosis. 4, The
impaired ACh-mediated dilatation of aged A/T (inverted black triangle) relative to wild-
type (WT) mice (circle) was not improved in A/T arteries after in vitro incubation
(inverted white triangle) with the O,- scavenger SOD or a blocker of its synthesis,
apocynin (n=3-4 mice/group). B, Disturbed levels of vasodilator synthesizing enzymes,
eNOS and COX-2, and of markers related to vascular remodeling, VEGF, CTGF, MMP?9,
but not of the oxidative stress marker SOD2, as measured by Western blot in pial vessels
of A/T relative to WT mice. Actin was used to normalize loading variation (n=3-6
mice/group). C, Collagen accumulation in the pia (thick arrows) and intraparenchymal
microvessels (MVs, thin arrows) of 18 month-old A/T relative to WT mice, measured as
an optical density (OD) ratio of the vessel intensity to that of adjacent parenchyma in
Sirius red-stained (top panels) and collagen [-immunoreactive (bottom panels) Sum-thick
paraffin sections (n=3-9 mice/group). Scale bar, 20 um. Error bars represent SEM.
* p<0.05, * *p<0.01, * * *kp<0.001 when compared with WT using Student’s ¢ test or
one-way ANOVA followed by Newman-Keuls post-hoc test.
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Figure 3. Progressive amyloidosis in A/T mice. 4, Levels of soluble and insoluble AP;.
40 and A4, increased as a function of age in A/T mice, as assayed in hemicortices by
ELISA. B, Gradual increase in the number and load (percent surface area) of Thioflavine
S-positive amyloid plaques in the cortex and hippocampus of A/T mice. No such deposits
were seen in wild-type (WT) animals (not shown). y, young; a, adult; o, old. C, Extensive
CAA in the vasculature of aged A/T mice, as respectively seen from left to right, in
surface pial vessels, a penetrating cortical artery, arterioles with associated extraluminal
deposits (arrows) and hippocampal arteries (inset), and in hippocampal arterioles and
capillaries, next to which parenchymal AP plaques can be seen. Scale bars, 20um. Error
bars represent SEM (n=4 mice/group). *p<0.05, * *p<0.01, * * *p<0.001 for
comparison to young mice or *p<0.05, **p<0.01 for comparison to adult mice using one-
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Figure 4. Astrogliosis. 4, Enhanced astrocyte activation seen as clusters and diffuse
GFAP-positive material in the brains of A/T mice with a smaller age-related activation
also detectable in wild-type (WT) littermates. Astrocyte activation was expressed as the
percent cortical area occupied by GFAP-positive cells. Scale bar, 20um. B, Activated
astrocytes (green) were found associated with AP deposits (red) in the parenchyma (left)
and with cerebral vessels (right). Note, in yellow, the contact points between astrocytic
processes and an A plaque (open big arrow) or an amyloid-laden vessel (CAA) (thin
arrows) (n=3-7 mice/group). Scale bars, left, 40um; right, 20um. Error bars represent
SEM. *p<0.05, * *p<0.01, * % *p<0.001 when compared with WT using Student’s ¢
test.
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Figure S. Neuronal dysfunction in A/T mice. 4, Decline in the number of cortical
cholinergic fibres in paraffin sections from adult (left panel) and old (right panel) A/T
mice, relative to wild-type (WT) littermates, as detected with ChAT
immunohistochemistry. Scale bar, 20um. Values above histograms indicate the percent
fibre loss compared to control animals B, Decrease in the CGU response to whisker
stimulation in the somatosensory cortex (arrows) of 18 month-old A/T relative to WT
mice (n=3-5 mice/group). SUV scales were adjusted to match the local activation spots in
the two groups rather than the global brain uptake. The activation ratio is the corrected
standard uptake value (SUV) in the activated contralateral relative to the ipsilateral
somatosensory cortex. C, Gradual decline in the activity-driven hemodynamic response
to whisker stimulation in A/T mice (blue) compared to age-matched WT controls (green),
as measured by LDF (n=4-5 mice/group). Values above histograms indicate the percent
loss of the response compared to control animals. Error bars represent SEM.
Comparisons to WT, *p<0.05, * % *p<0.001 using Student’s ¢ test.
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Figure 6. Progressive decline in Morris water maze performance in A/T mice
(inverted triangle) compared to aged-matched wild-type (WT) counterparts (circle).
Young mice featured impaired acquisition during hidden-platform testing, but only a
trend towards decline in memory retention during the probe trial. Significant probe trial
deficits appeared in adult and old A/T mice. Error bars represent SEM (n=7-16
mice/group). Comparisons to WT, % p<0.05, * *xp<0.01, * * *xp<0.001 using two-way
ANOVA followed by Bonferroni post-hoc test (latency curves) or using Student’s # test
(probe trial histograms).
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Table 1 (suppl). Cerebrovascular responses to ACh, CGRP, ET-1, and NOS
inhibition with L-NNA in A/T mice and wild-type (WT) littermates and, for
comparison, in APP and TGF mice.

Young WT A/T APP TGF
(n=3-4) (n=6-7) (n=4-6) (n=7-13)
ACh EAmax 385+1.9 20.0+1.3** 28.0+£1.7 269+ 1.7
pD> 826=+0.14 8.70£0.21 8.51+0.19 8.97+0.20
CGRP EAmax 39.4+4.0 21.5+0.8** 18.8+2.2 347+3.6
pD:> 7.97 +£0.33 8.60+0.11 7.94+0.27 8.34+£0.26
ET-1 EAmax  44.8+3.3 41.1+£3.6 40.3+2.8 43.7+4.0
pD> 8.19+0.23 7.60 +0.26 8.72+£0.25 8.25+0.31
L-NNA  EdAmax 39.6 5.7 37.6+10.1 18.5+6.6 18.6+2.6
Adult WT A/T APP TGF
(n=3-6) (n=4-7) (n=14-39) (n=10-16)
ACh EAmax 459+ 1.6 247+ 14** 25.6+£0.7 22.3+0.8
pD> 8.17+0.10 7.84+0.15 8.39+£0.08 8.45+0.12
CGRP  EAmax 504 +2.1 21.2+£34* 205+1.2 13.3+24
pD:> 8.11+£0.10 8.32+£0.41 8.73£0.16 8.84 +0.49
ET-1 EAmax 589+55 61.6+53 439+2.1 42.6 £2.5
pD:> 7.38+0.24 7.93 £0.25 8.71 +£0.17 7.92+0.18
L-NNA EdAmax 51.5+4.5 389+7.0 26.0+£2.0 21.0£3.2
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old WT A/T APP TGF

(n=3-7) (n=4-8) (n=5-10) (n=17-20)

ACh  Edmax 41.6+27  172+13** 227+14  129+12
pD> 8.07+0.18 837+023  816+0.17  892+0.29

CGRP Edmax  439+17  23.6+1.8** 250+£15 11.3+1.4
pD; 8.64+0.10 816+0.18  877+0.16  886=0.33

ET-1  Edmax  52.0+53 472427  50.5+5.3 35.0+2.9
pD> 7764030 7.78+0.16  8.05+032  7.97+0.27

L-NNA  Edmax 555+2.0  28.9+43*** 274+85  312+209

Data are means £ SEM of the number (n) of animals in parentheses, and represent the
best fitted values of maximal agonist response (EAmax) or potency (pD;, -[logECs]).
Eamax 1s the percent maximal dilatation to ACh and CGRP, constriction to ET-1 or
percent maximal diameter decrease after 35 min inhibition of NOS with 10°M L-NNA.
WT, Wild-type. *p<0.05, * *p<0.01, * * *p<0.001 when comparing A/T with WT
mice using Student’s ¢ test. Data from APP (blue) and TGF (red) mice pooled from new
and previously published studies (for significance, refer to original publications listed
below) are illustrated for qualitative comparison to the present A/T and WT data set.
These were not compared statistically as mice were not littermates, and sample sizes

varied greatly in some cases.
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Table 2 (suppl). Comparative decrease in the hemodynamic response to whisker
stimulation in young, adult and old APP, TGF and A/T mice.

APP TGF A/T

(n=3-7) (n=7-11) (n=4-5)

Young (6-8 mo) 35.4+3.2% (p<0.001) 37.5=+7.4% (p<0.01) 19.2+6.3% ns
Adult (12-15 mo) 42.3 +4.0% (p<0.001)" 27.2 + 8.3% (p=0.057) 31.2 +2.7% (p<0.001)

Old (18 mo)  43.9 % 6.6% (p<0.05) 26.9 = 3.3% (p<0.001)" 41.1 = 3.3% (p<0.001)

Percentages indicate the reduction in evoked CBF response in the various transgenic lines
compared to respective age-matched wild-type littermates by Student’s # tests. Number of
animals (n) is indicated within parentheses. ns, non-significant. “Values from reference 1.
®Pooled values from references 2 and 3.
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Figure 1 (suppl). Age-related impairment in cerebrovascular reactivity in A/T mice
compared to similarly aged APP and TGF mice. Responses of WT mice from Fig.1
are illustrated for reference. Data from APP (blue) and TGF (red) mice were pooled from
new and previously published studies. WT littermates of the singly transgenic lines had
analogous responses to those of WT mice illustrated here, and were omitted for clarity.
Statistical differences between singly transgenic mice and respective WT littermates can
be found in the original publications listed below. There was no synergistic effect of AP
and TGF-B1 overproduction on A/T responses, which were largely comparable to those
of APP and TGF arteries. However, in A/T arteries, the intact ET-1-mediated contraction
and impaired CGRP-induced dilatation compared better to those of APP mice, as these
responses were respectively impaired and deficit delayed, but more severe in TGF mice
(for significance, refer to original publications listed below). Also, A/T mice displayed a
later decline in constitutive NO synthesis, measured during L-NNA-mediated NOS
inhibition (10°M), compared to both APP and TGF mice. Number of animals is indicated
in Supplemental Table 1. No statistical analysis was performed between the APP and
TGF responses and those of A/T mice, as animals were from different litters and sample
size often varied greatly. Statistical comparison between A/T and WT mice is shown in
Fig. 1 of the manuscript.
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Figure 2 (suppl). Comparison of amyloid plaque load in the cortex and
hippocampus of age-matched A/T and APP mice. Relative to APP mice, adult A/T
mice featured a significantly reduced Thioflavine S-positive plaque area (load) in the
hippocampus, and this extended to the cortex in old A/T animals (*p<0.05, Student’s ¢
test). Error bars represent SEM (n=7-8 mice/group). Scale bar, 20um.
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Figure 3 (suppl). Early spatial memory deficits in the Morris water maze in 6
month-old APP mice (triangles) are contrasted with the lack of impairment in TGF
mice (squares) even at 18 months of age. This suggests AB-driven cognitive
dysfunction in bitransgenic A/T mice (refer to Fig. 6). Error bars represent SEM (n=12-
17 mice/group). * *p<0.01, * * *xp<0.001 for comparison to age-matched wild-type
(WT, circles) littermates mice using two-way ANOVA followed by Bonferroni post-hoc
test (latency curves) or using Student’s ¢ test (probe trial histograms).
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Preface to Chapter 3

In the previous chapter, we demonstrated that A/T mice displayed a progressive decline
in spatial learning and memory, evoked cerebral blood flow and glucose uptake during
brain activation, and cerebrovascular function, along with a progressive increase in
astrocytic activation and AP pathology. In the following chapter, we sought to verify
whether the abovementioned clinical outcomes could be rescued following chronic in
vivo therapy administered to adult and aged A/T mice with fully-expressed neuronal,
behavioural and cerebrovascular deficits, hence best representing AD patients with a
TGF-B1-mediated vascular pathology who may receive diagnosis at an advanced stage.
We selected the PPARy agonist pioglitazone (20mg/kg/day) based on its
transcriptional control over inflammatory, metabolic, amyloidogenic and vascular
pathways implicated in AD. It was preferred over rosiglitazone, another compound of the
same thiazolidinediones class which cannot cross the BBB, whereas pioglitazone can,
which could likely remedy neurons and glial cells of the diseased AD brain. We also
chose pioglitazone as it was effective against specific AD pathologies — but not in AB-
mediated cognitive loss — in singly ~14 months-old APP and ~18 months-old TGF mice
(treated for 6-8 weeks). We hypothesized that longer treatment duration and/or starting at
a younger age would facilitate memory recovery in A/T mice. We found that pioglitazone
benefited selective AD hallmarks, precluding cognition, in a complex AD mouse model
despite negative effects on dilatory function. Together, our results suggested a potential
benefit of pioglitazone to protect the brain against neuroinflammation, cerebral perfusion

and glucose metabolism in AD patients devoid of cerebrovascular pathology.
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Chapter 3

Cerebrovascular and anti-inflammatory benefits of pioglitazone in

bitransgenic APP/TGF-1 mice with reversal memory improvement

Panayiota PAPADOPOULOS, Pedro ROSA-NETO, and Edith HAMEL
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Abstract

Animal models of Alzheimer’s disease (AD) have been invaluable in dissecting the
pathogenic mechanisms and assessing the efficacy of potential therapies. Here, we used
the peroxisome proliferator-activated receptor gamma agonist pioglitazone in an attempt
to rescue the pathogenic phenotype in adult (12 months) and aged (>18 months)
bitransgenic A/T mice that overexpress a mutated human amyloid precursor protein
(APPsyemd) and a constitutively active form of transforming growth factor-f1 (TGF-B1).
A/T mice display age-related cognitive deficits, amyloid-f (AP) pathology, altered
metabolic and vascular coupling responses to increased neuronal activity, and a
cerebrovascular pathology. Pioglitazone normalized neurometabolic and neurovascular
coupling responses to sensory stimulation, and reduced cortical astroglial activation at
both ages. Spatial learning and memory in the Morris watermaze were not normalized by
pioglitazone, but reversal learning was improved in the adult cohort despite unaltered
elevated AP levels or plaque load. Pioglitazone, however, failed to restore
cerebrovascular reactivity in A/T mice, but rather exacerbated the vasodilatory deficit.
These data demonstrate pioglitazone’s efficacy on selective AD hallmarks in a complex
AD mouse model despite negative effects on dilatory function. They further suggest a
potential benefit of pioglitazone in managing neuroinflammation, cerebral perfusion and

glucose metabolism in AD patients devoid of cerebrovascular pathology.
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Introduction

Alzheimer’s disease (AD), the most common form of senile dementia in the elderly, is
characterized by high levels of amyloid-B (AB) peptide, neurofibrillary tangles, and
neuroinflammation. It is also marked by early decreases in cerebral glucose uptake
(CGU) and cerebral blood flow (CBF), and a cerebrovascular pathology (Bell and
Zlokovic, 2009). The latter is multifaceted and involves a vascular fibrosis with
thickening of the basement membrane, which has been imputed to increased levels of
transforming growth factor-1 (TGF-B1) (Wyss-Coray et al., 2000, Grammas and Ovase,
2002, Tesseur and Wyss-Coray, 2006). Hence, in order to better recapitulate the
complexity of the AD pathology, a double transgenic mouse model that concurrently
overproduces AP and TGF-B1 (A/T mice) has recently been characterized (Ongali et al.,
2010). A/T mice display the broad spectrum of cerebrovascular, neuronal, glial, and
cognitive alterations found in AD patients, thereby integrating the comorbid factor of

cerebrovascular pathology to that of increased amyloidosis in the pathogenesis of AD

(Zlokovic, 2010).

Pioglitazone is a peroxisome proliferator-activated receptor-y (PPARY) agonist
that remains a potential candidate for AD therapy (Geldmacher et al., 2011, Sato et al.,
2011). This interest was originally sparked by pioglitazone ability to cross the blood-
brain-barrier (BBB) (Maeshiba et al., 1997) and subsequent findings of its benefits
against multiple features of AD pathology. In APP mice, pioglitazone reduced glial
inflammation, normalized CGU and cerebrovascular function, despite limited or no effect
on AP processing and deposition (Yan et al., 2003, Heneka et al., 2005, Nicolakakis et
al., 2008). Pioglitazone was similarly effective in restoring CGU and cerebrovascular
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function in mice that overexpress TGF-B1 (Gaertner et al., 2005, Nicolakakis et al.,
2011), faithfully reproducing the AD cerebrovascular pathology (Wyss-Coray et al.,
2000). However, validation of pioglitazone therapy in AD might gain from a thorough

examination of its efficacy in a more complex model, such as the A/T mice.

Hence, we investigated the effects of pioglitazone in adult and aged A/T mice
on AD hallmarks including impaired neuronally-induced CGU and CBF responses,
astroglial activation, amyloidosis and hippocampus-based learning and memory deficits.
Cerebral arterial responsiveness and proteins regulating vascular structure or function
were also evaluated. Despite aggravating effects of pioglitazone on vasodilatory
responses, our findings support the use of pioglitazone as a strategy to delay the
progression of the disease, particularly in AD patients free of vascular diseases, by
demonstrating efficacy on AD-related neuroinflammation, hypoperfusion and

hypometabolism together with benefits on cognitive flexibility.

Methods

Animals. A/T mice (Ongali et al., 2010) overexpress a mutated form of the human
amyloid precursor protein (APPsyemd) driven by the platelet-derived growth factor 3
promoter (line J20) (Mucke et al., 2000) and a constitutively active form of TGF-1
under the control of the glial fibrillary acidic protein (GFAP) promoter on a C57BL/6J
background (line T64) (Wyss-Coray et al., 2000). The expression of both transgenes was
identified by touchdown PCR using tail-extracted DNA (Ongali et al., 2010). Adult (12
months old at endpoint; treated for 6 months, N=8-11/group) and aged (18-21 months old

at endpoint; treated for 3 months N=5-7/group) A/T mice and wild-type (WT) littermates
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(body weight, ~30-60g) were treated or not with pioglitazone (20mg/kg/day in chow)
with males and females evenly distributed in each group. Water and chow were available
ad libitum. At the end of treatment, pioglitazone treated-A/T mice of both cohorts had
gained more weight compared to age-matched WT or untreated A/T mice [adult (g): WT:
12.5+ 1.0; WTpio: 8.6 £0.9; A/T: 11.7 £ 0.9; A/Tpio 21.6 £ 1.1; p<0.05; aged (g): WT:
2.5 = 1.5; WTpio: 5.2 + 2.3; A/T: 2.6 £ 0.5 vs A/Tpio 10.0 = 0.9; p < 0.05]. Fasting
glycemia measured with a commercial glucometer (One Touch Ultra, LifeScan, Burnaby,
BC, Canada) using blood collected from the mouse’s tail vein was not altered by
treatment at any age [adult (mmol/L): WT 9.5 + 0.4, WTpio 9.0 + 0.3, A/T 8.7 = 0.5,
A/Tpio 8.8 + 0.4; aged (mmol/L): WT 9.5 £ 0.5; WTpio 8.8 + 0.3; A/T 9.2 + 0.3; A/Tpio
8.4 £ 0.2]. All experiments were approved by the Animal Ethics Committee of the
Montreal Neurological Institute, and abided by the guidelines of the Canadian Council on
Animal Care.

Morris Watermaze. (i) Learning and Spatial Memory. Mice were trained to escape
onto a platform located in a circular pool (1.4 m diameter) filled with opaque water
(18£1°C) and located in a room with visual wall cues. The pool was subdivided into four
quadrants numbered in a clockwise order — quadrant #1 being located north-east. There
were two platform locations: (1) the visible platform (original quadrant; south-east
quadrant #2) for a three-day training session, and (2) the hidden platform (target
quadrant; north-west quadrant #4) submerged ~1cm below the surface of the water for a
five-day training session. The location of the distal wall cues was changed between the
visible and hidden platform sessions, as previously described (Deipolyi et al., 2008).

Mice were given three trials daily (spaced 45min apart) with a maximum duration of
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60s/trial and 90s/trial for the visible and hidden platform training sessions, respectively.
On the first day of each session, mice that failed to locate the platform in the allotted time
were guided to and allowed to stay on it for 10s. Spatial memory was tested during the
probe trial (60s, platform removed) 24h after the last hidden platform trial (day 9). Mice
were kept warm with a heating lamp and testing began at the same time every day.
Subsequent experiments resumed 2 days later. Escape latencies and probe trial were
recorded with the 2020 Plus tracking system and Water 2020 software (Ganz FC62D
video camera; HVS Image, Buckingham, UK) (Nicolakakis et al., 2011). The parameters
of the probe trial were: percent time spent and distance traveled in target quadrant,
average distance to platform location and swim speed. The probe trial analysis was
additionally subdivided in temporal patterns of search in the target quadrant presented in
slices of 15s each (Maei et al., 2009). (ii) Cognitive flexibility. The inability to switch to
a new focus or strategy (platform location) while failing to suppress the execution of a
previously learned task is a correlate of impaired cognitive flexibility (Chen et al., 2000a,
Seeger et al., 2004). To examine such possible alterations, the probe trial analysis was
further extended to the assessment of the same abovementioned parameters in the original

quadrant.

Cerebral glucose uptake (CGU). This test was performed only in mice from the aged
cohort. Mice were fasted for 12h before being scanned for CGU of 2-deoxy-2-
['*F]fluoro-D-glucose (['*FJFDG) under isoflurane (1-2% in medical air) anesthesia in a
CTI Concorde R4 micropositron emission tomography (microPET) scanner (Siemens
Preclinical Solutions, Knoxville, TN, USA). Mice were injected with 100-150 pCi (100

ul) of ['"®F]JFDG into the tail vein prior to a 45min uninterrupted whisker stimulation (8-
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10 Hz, electrical toothbrush) followed by a 25min PET acquisition (15min
emission/10min transmission scan using a ['Co] point source). Physiological parameters
(body temperature, cardiac rate and respiration) were constantly monitored (Biopac
Systems, Goleta, CA, USA), and remained stable throughout the experiment. The
reconstruction of the functional metabolic images was generated based on a maximum a
posteriori probability algorithm for the ['*F]JFDG standard uptake values (SUV) adjusted
according to body weight, injected dose of radioligand and fasting glycemia
measurements taken before and after the scanning. Images were superimposed on average
magnetic resonance imaging (MRI) templates generated on a 7-T Bruker Pharmascan
system (Bruker Biospin, Ettlingen, Germany) from similarly aged WT and A/T mice (n =
5 per group) (for details, (Nicolakakis et al., 2011, Tong et al., 2012)). The areas of
interest for this study were drawn on the somatosensory cortices (Franklin and Paxinos,
1997). Metabolic activation was then defined as the percentage of (['*F]JFDG) SUV ratio
between the maximally activated contralateral vs ipsilateral somatosensory cortex upon
whisker stimulation. Final images were adjusted to animal body weight and injected

radioactivity dose.

Cerebral blood flow (CBF). CBF increases induced by unilateral (right side) whisker
stimulation were measured using laser Doppler flowmetry (Transonic Systems Inc,
Ithaca, NY) two days following the Morris watermaze (adult mice) or PET session (aged
mice). Mice were anesthetised with ketamine (85 mg/kg, intramuscularly (i.m.);
Bioniche, Belleville, ON) and xylazine (3 mg/kg i.m.; Haver, Etobicoke, ON), and fixed
in a stereotaxic frame. The bone over the left barrel cortex was thinned to translucency

for positioning of the laser probe, as previously described (Nicolakakis et al., 2011).
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Body temperature was kept stable throughout the experiment with a heating pad. CBF
was measured before, during and after whisker stimulation (4-5 stimulations, 20s each, 8-
10 Hz, electric toothbrush), and averaged for each mouse. Results are expressed as
percentage increase of CBF from baseline. Experiments lasted ~20min/mouse and were

performed blind to the identity of the mouse.

Tissue collection and preparation. At the end of the in vivo testing, a subset of mice
from both cohorts was sacrificed by cervical dislocation for functional reactivity of the
middle cerebral artery (MCA) (see below). The remaining vessels of the circle of Willis,
together with cortex and hippocampus from one hemibrain were removed, frozen on dry
ice and stored (-80°C) for subsequent ELISA and Western blot experiments. The other
hemisphere was immersion-fixed (4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB), pH 7.4, overnight, 4°C), cryoprotected overnight (4°C in 30% sucrose 0.1 M
PB), frozen in isopentane (-45°C) and stored (-80°C) until cutting of free-floating thick
sections (25 um) on a freezing-microtome. The remaining mice from each group were
anesthetized with pentobarbital (80 mg/kg, i.p.) and perfused transcardially with a 4%
PFA solution. The brains were prepared as above, except that one hemisphere was
processed for paraffin sectioning (5 um-thick).

Vascular reactivity. MCA segments (40—70 um average intraluminal diameter) were
cannulated, pressurized (60 mm Hg) and superfused with oxygenated Krebs solution
(~37°C) for reactivity studies using online videomicroscopy (Tong et al., 2005). Dilatory
responses to acetylcholine (ACh; 107'°-10” M), calcitonin gene-related peptide (CGRP;
10"°-10° M) were tested on vessels pre-constricted submaximally with serotonin (5-HT;

2x10”7 M). Contractile responses to endothelin-1 (ET-1; 107'%-10° M), 5-HT (10'°-10°
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M) and to inhibition of nitric oxide synthase (NOS) with Nw-nitro-L-arginine (L-NNA;
10° M; 35min) were tested on vessels at basal tone. Responses to 5-HT (107'°-10° M)
and NO donor sodium nitroprusside (SNP; 107'° - 10 M) were also tested in the adult
cohort only. Changes in vessel diameter from either the basal or pre-constricted tone were
expressed in percentage and plotted as a function of agonist concentration or time course
of L-NNA incubation. Agonist efficacy and potency were compared using the maximal
response (EAn.x) and half maximal effective agonist concentration [ECsy value or pD,=-

(log ECs)], respectively.

ELISA measurement of AP;4 and APi.42. Soluble and insoluble AB; 40 and A4
levels in cortex and hippocampus from hemibrains of adult and aged A/T mice were
measured using an enzyme-linked immunosorbent assay (ELISA; BioSource
International), as previously described (Nicolakakis et al., 2008). Results are expressed as
micrograms per gram (ug/g) of protein in the supernatant (soluble AP species) or formic

acid fractions (insoluble A species).

Western blot. Proteins extracted from cerebral cortex and hippocampus (~20pg) were
loaded onto a 15% Tris/tricine SDS PAGE and transferred to nitrocellulose membranes.
Total soluble A levels were detected with a mouse anti-Af1-16 antibody (6E10, 1:1000,
Covance, Emeryville, CA, USA). Levels of proteins involved in vascular function and
structure were also assessed in pial vessel extracts. Proteins (12-15 pg) loaded onto 10%

SDS PAGE were probed with the following antibodies: goat anti-connective tissue
growth factor (CTGF; 1:400; Abcam, San Francisco, CA, USA), -matrix

metalloproteinase 9 (MMP9; 1:2000; Millipore, Temecula, CA, USA), -cyclooxygenase-
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2 (COX-2; 1:200; Cayman, Ann Arbor, MI, USA), rabbit anti-vascular endothelial
growth factor (VEGF; 1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), or -actin
(1:8000; Santa Cruz Biotechnology A5441, Santa Cruz, CA, USA). Membranes were
incubated (1h) with horseradish peroxidase-conjugated secondary antibodies (1:2000;
Jackson ImmunoResearch, West Grove, PA, USA), and visualized with Enhanced
ChemiLuminescence (ECL Plus kit; Amersham, Baie d’Urfé¢, QC, Canada) using
phosphorlmager (Scanner STORM 860; GE Healthcare, Baie d’Urf¢, QC, Canada).
Quantification was performed with ImageQuant 5.0 (Molecular Dynamics, Sunnyvale,

CA, USA).

Histochemical and Immunohistochemical stainings. Mature, dense core AP plaques
were stained in 25um-thick sections with 1% thioflavin S (8min). Activated astrocytes
were immunodetected in similar sections with a rabbit anti-GFAP antibody (1:1000;
DAKO), followed by a donkey anti-rabbit Cy2-conjugated secondary antibody (1:400;
Jackson ImmunoResearch). Dewaxed thin paraffin sections (5 um) were stained with
6E10 to quantify AP plaque load (1:2000). Sections were observed under a Leitz
Aristoplan light microscope equipped with epifluorescence using an FITC filter (Leica).
Pictures were taken with a Nikon digital camera (Coolpix 4500), and the percent area
occupied by GFAP-, thioflavin S- and 6E10-positive immunostaining in cortex and/or

hippocampus were quantified with MetaMorph 6.11r3 program (Universal Imaging).

Statistical analysis. Data are expressed as means + SEM and were analyzed by two-way
ANOVA with genotype and treatment as variables, followed by Newman-Keuls post-hoc
multiple comparison test (Statistica for Academia, Tulsa, OK, USA). P values were
reported if the interaction or at least one factor was significant. Two-group comparisons
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were analyzed by Student’s ¢ test (GraphPad Prism 4, San Diego, CA, USA). A p <0.05

was significant.

Results

Pioglitazone normalized neurovascular and neurometabolic coupling responses

The CBF response to increased neuronal activity induced by whisker stimulation was
significantly reduced in adult (18.7£1.7%; p<0.01) and aged (18.3+1.2%; p<0.01) A/T
mice compared to age-matched WT controls (adult: 24.6+1.0% and aged: 29.3+0.7%), as
shown in the adult cohort (Figure 1A). Similarly, in aged A/T mice, the selective increase
in CGU induced by whisker stimulation in the contralateral somatosensory cortex was
significantly less than in WT littermates (% activation ratio: 1.3 = 1.1 vs 84 + 1.7
respectively; p < 0.05) (Figure 1B). Pioglitazone normalized the evoked CBF response to
increased neuronal activity in both adult (Figure 1A) and aged (data not shown) A/T mice
to levels comparable to their control counterparts. The CGU response was also
significantly improved by pioglitazone in aged A/T mice (A/Tpio: 6.4 £+ 1.3; Figure 1B).

Treatment had no effect on WT controls for both responses.

Pioglitazone did not rescue spatial learning and memory — target quadrant #4

Adult and aged A/T mice displayed significantly increased escape latencies in finding the
hidden platform compared to treated and untreated WT mice (Figure 2A). A/T mice also
had a decreased inclination for the target quadrant during the probe trial, as shown for the
adult cohort by the reduced time spent in this quadrant (#4) and greater average distance
to the platform location (Figure 2B). These changes are indicative of impaired spatial

learning and memory compared to their age-matched WT controls. These deficits could
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not be explained by visual or motor disabilities as all groups had comparable swim
speeds (data not shown) and similar abilities to find the visible platform (days 1-3, Figure
2A). Further analysis of the search patterns in slices of 15s (Figure 2C) revealed that WT
controls focused on the target quadrant throughout the probe trial with minimal
navigation elsewhere (including in the original quadrant #2) (Figure 2B), as also depicted
by their representative swim patterns (Figure 2F). In contrast, A/T mice searched non-
selectively and both the percent time spent (Figure 2B) and distance traveled in the target
quadrant were significantly less than WT controls (WT 36.2+3.8% vs. A/T 13.8+3.3%,
p<0.01). Average distance to the platform was also significantly larger in A/T mice for
the majority of the 15s segments (Figure 2C). Pioglitazone treatment did not improve
performance of A/T mice of either age during the learning phase or probe trial, as shown
in the adult cohort (Figure 2A-C). Notably, spatial memory in adult and aged
pioglitazone-treated WT mice was slightly, but significantly, deteriorated (p<0.05, Figure
2), an effect not seen in previous WT cohorts (Nicolakakis et al., 2008, Nicolakakis et al.,

2011).

Pioglitazone and cognitive inflexibility — original quadrant #2

In contrast to WT controls, both adult and aged A/T mice targeted the original quadrant
(#2) throughout the probe trial, as shown here in adult mice by both increased percent
time spent (Figure 2D) and distance traveled (WT 20.5+£2.8% vs. A/T 42.6+4.5, p<0.01)
in this quadrant. Their erroneous persistence for the original platform location was
apparent throughout the probe trial, despite a brief within-session extinction, and was
significant in the last 15s segmentation analysis for all parameters assessed including

average distance from platform, percent time spent (Figure 2E), and distance travelled
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(WT 20.442.9% vs. A/T 54.7+£8.8%, p<0.01). The preference of A/T mice for the original
quadrant was obvious compared to any other quadrant, including the target quadrant
(Figure 2F), pointing to their cognitive inflexibility or inability to inhibit a previously

learned task for a new one (Whishaw and Tomie, 1997).

In adult, but not aged, A/T mice, pioglitazone had a positive effect in decreasing
their time spent in the original quadrant and the average distance to platform (Figure 2D),
specifically in the last quarter of the probe trial (Figure 2E). Similarly, the pioglitazone-
treated adult A/T spent significantly less time (Figure 2E) and traveled less distance (A/T
42.6+4.5% vs. A/Tpio 24.5£5.2%, p<0.01) in the original quadrant during the last 15s-
segment relative to untreated-A/T mice. However, this delayed yet significantly improved
understanding of the platform relocation was not sufficient to redirect them to the target
quadrant. Instead they predominantly navigated in quadrant #3 (adjacent to target

quadrant #4) (Figure 2E, F), as seen by their swimming patterns (Figure 2F).

Pioglitazone effects on brain vessel reactivity and fibrosis

In agreement with previous studies, adult and aged A/T mice (Ongali et al. 2010)
displayed significantly decreased dilatory responses to ACh and CGRP compared to their
age-matched WT controls, as shown in the adult group (Figure 3A). Reduced diameter
decrease during NOS inhibition with L-NNA was also observed in A/T mice of both age
groups, confirming a diminished constitutive NO synthesis. Despite these alterations in
vascular reactivity, receptor desensitization was ruled out, as the agonist potencies at
vascular receptors were strictly comparable between all groups (Tables 1 and 2). Arterial

relaxation to the NO donor SNP and the constriction induced by ET-1 were normal in
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A/T mice, indicative of preserved contractile capacity, as also supported by the unaltered
pre-constriction response to 5-HT (tested in the adult cohort only) (Figure 3A).
Pioglitazone treatment partially (aged) or fully (adult) restored constitutive NO synthesis
in A/T mice depending on age (Figure 3A, Tables 1, 2), and did not alter the contractile
responses to 5-HT and ET-1. However, pioglitazone significantly deteriorated the
dilatory responses to ACh and CGRP, resulting in no dilatation and weak contractile
responses at high agonist concentrations (Figure 3A). Similarly, the NO donor SNP
elicited vasoconstrictions at low doses that reverted to dilatations at higher concentrations
(Figure 3A). These worsened responses were observed in both adult (Figure 3A) and
aged (data not shown) pioglitazone-treated A/T mice, although they were less
pronounced in the adult cohort. Pioglitazone did not alter the cerebrovascular reactivity of
WT mice (Figure 3C). The cerebrovascular levels of the prostaglandin-synthesizing
enzyme COX-2 (Figure 3B) and of the pro-fibrotic proteins CTGF, VEGF or MMP9

were not altered by pioglitazone, as shown in the adult cohort (Figure 3B).

Pioglitazone and amyloidosis

Pioglitazone had no effect on soluble and insoluble AB;49 and AB;.4; levels measured by
ELISA in cortex and hippocampus of adult (Figure 4A) and aged (data not shown) A/T
mice. Increased total soluble AP levels were also detected in cortex and hippocampus of
adult and aged A/T by Western blot and, similarly, pioglitazone had no benefit at either
age, as shown in cortex of adult A/T mice (Figure 4B). Plaque load of thioflavin S-
positive dense core plaques was unaltered by pioglitazone in cortex and hippocampus
from A/T mice irrespective of age and length of treatment (Figure 4C). This was further

confirmed by the unaltered load of diffuse and dense core immunopositive AP plaques
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measured in thin sections (Figure 4D). Together, these results demonstrate that
pioglitazone does not counter the amyloid pathology in A/T mice, in line with previous

studies in APP mice (Yan et al., 2003, Nicolakakis et al., 2008).

Pioglitazone and neuroinflammation

Both adult and aged A/T mice exhibited a significant increase in GFAP-positive area in
cortex and hippocampus compared to their age-matched WT controls (p<0.001) (adult
cohort, Figure 5), GFAP being a marker of neuroinflammation. In both age cohorts,
pioglitazone significantly reduced astroglial activation only in the cortex where activation

was not as severe as in the hippocampus (Figure 5).

Discussion

This study demonstrates positive effects of pioglitazone on neurometabolic and
neurovascular coupling responses, and on neuroinflammation in a complex AD mouse
model of amyloidosis and cerebrovascular pathology. A modest improvement in reversal
learning favouring cognitive flexibility was also observed in the adult, but not in the aged
cohort, notwithstanding persistent memory deficits and amyloidosis in both age groups.
The promoting contractile tone of brain vessels from A/T mice by pioglitazone treatment,

however, pointed to possible detrimental effects in AD patients with vascular diseases.

Pioglitazone on neurometabolic and neurovascular coupling responses: a role for

astrocytes

Early decreases in resting CGU have been reported in the parietotemporal and posterior
cingulate cortex in AD patients (Fukuyama et al., 1994, Mosconi et al., 2004, Langbaum

et al., 2009) and in various cortical areas in APP mice (Niwa et al., 2002) using FDG-
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PET and autoradiography, respectively. Altered neurometabolic coupling in response to
increased neuronal activity has also been reported in AD patients (Melrose et al., 2009),
APP mice (Nicolakakis et al., 2008) and aged A/T mice (Ongali et al., 2010). The finding
that pioglitazone improved CGU during activation of the somatosensory cortex in the
combined AB- and TGF-B1-burdened brain of aged A/T mice underscored the high
efficacy of pioglitazone in restoring brain glucose metabolism. /n vivo experiments in
healthy rat brain showed that glucose preferentially fuels astrocytes during neuronal
activity even though neurons have greater metabolic needs (Chuquet et al., 2010).
Astrocytes then supply neurons with glycolytic products, particularly lactate, for use in
oxidative metabolism (Pellerin and Magistretti, 2003). Hence, our FDG-PET results may
predominantly reflect restored astrocytic glucose metabolic activity by pioglitazone and,
to a lesser extent, oxidative metabolism in neurons, similar to what has been
demonstrated in vitro (Dello Russo et al., 2003, Izawa et al., 2009). In support of restored
astrocytic function by pioglitazone is our finding of normalized cortical GFAP-
immunostaining intensity, a marker of increased astrocytic-reactive inflammatory
response (Wyss-Coray, 2006). Restored astroglial homeostasis could also explain the
normalization of the functional hyperemic response that requires the concerted action of
neurons, astrocytes and vascular cells (Zonta et al., 2003, Koehler et al., 2009).
Particularly, PPARYy activation may have facilitated the ability of astrocytes to synthesize
arachidonic acid derivatives, primarily the vasodilatory epoxyeicosatrienoic acids (EETs)
that mediate a large part of the neurovascular coupling response to whisker stimulation
(Niwa et al., 2001a, Lecrux and Hamel, 2011), which is severely affected in APP and A/T

mice (Niwa et al., 2001b, Ongali et al., 2010). However, the pioglitazone-mediated
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silencing of cortical astrocytes did not impact on either soluble AP species or AP plaque
load. This finding is in line with some studies in APP mice (Yan et al., 2003, Nicolakakis
et al., 2008), but not with others that reported decreased plaque load or AP processing

(Sastre et al., 2003, Heneka et al., 2005).

Pioglitazone and spatial memory

Despite the beneficial effects of pioglitazone highlighted above, spatial learning and
memory in adult or aged A/T mice was not improved, as in our previous findings in aged
APP mice (Nicolakakis et al., 2008). This may indicate that, despite hypoperfusion (de la
Torre, 1999, Farkas and Luiten, 2001) and hypometabolism (Melrose et al., 2009) being
good correlates of memory decline in AD, local recovery of CBF and CGU responses in
the somatosensory cortex are not good surrogates for hippocampus-based mnemonic
function. Since brain glucose metabolism is heterogeneous, pioglitazone may have failed
to normalize the metabolic deficit in the limbic system in A/T mice, as previously
reported in TGF mice (Galea et al., 2006). Indeed, in contrast to its beneficial effects in
cortex, pioglitazone did not reduce astrocytic activation in the hippocampus. Since
astrocytes are important in maintaining hippocampal homeostasis, which is critical for
memory formation (Santello and Volterra, 2010), we suggest that their persistent
activated state might contribute to the lack of memory rescue in treated A/T mice. Future
investigations should ideally evaluate the evoked CGU or CBF responses in the
hippocampus, and use hippocampus-specific stimulation paradigms that would better

correlate with memory performances.
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In a study on a small population of mild AD patients with type II diabetes treated
with pioglitazone, resting CBF improvement in the parietal lobe — including the post-
central gyrus (encompassing the somatosensory cortex) — was accompanied by cognitive
improvement (Sato et al., 2011). This beneficial effect was also concurrent with an
increase in insulin-mediated glucose uptake (Sato et al., 2011), a known mechanism of
action for PPARy (Nicolakakis and Hamel, 2010). However, aside from one additional
study showing cognitive improvement in diabetic AD patients with pioglitazone (Hanyu
et al., 2009), all other clinical trials of AD patients failed to demonstrate benefit
(Geldmacher et al., 2011). It is thus tempting to speculate that pioglitazone may confer

cognitive protection only in AD patients with diabetes.

Pioglitazone and cognitive flexibility

Our data demonstrated that A/T mice exhibited a strong inclination for the original
quadrant during the probe trial, as opposed to the target quadrant. Our protocol consisted
of a single visible-to-hidden platform relocation and, as such, was less robust than the
memory flexibility test of Chen and colleagues who used a series of hidden-platform
relocation trials for the measurement of hippocampal-based learning deficits (Chen et al.,
2000). Nevertheless, our data clearly showed that pioglitazone exerted beneficial effects
on the reversal learning of A/T mice favoring an adaptation to the new contingency
(target quadrant) and this, only in the adult cohort. These data point to age and treatment
duration being both important elements in this beneficial effect of pioglitazone.
Interestingly, rosiglitazone, another PPARy agonist, similarly enhanced cognitive
flexibility in APP/PS1 mice (Toledo and Inestrosa, 2010). Hence, this new therapeutic

potential uncovered for pioglitazone in adult A/T mice may bear clinical significance for
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AD patients in light of their reported impaired reversal learning (Levy-Gigi et al., 2011),
but benefit could be highly dependent on the stage of the disease and time of treatment

initiation.

Pioglitazone and cerebrovascular reactivity

Recovery of cerebrovascular reactivity with pioglitazone was anticipated based on its
proven benefit in aged APP (Nicolakakis et al., 2008) and TGF (Nicolakakis et al., 2011)
mice. While vasoconstriction to ET-1 and 5-HT remained unaffected, ACh- and CGRP-
mediated dilations, on the contrary, were abolished or reversed to small constrictions in
pioglitazone-treated A/T brain vessels. Although counterintuitive, this worsening
behavior might be related to the reported ability of pioglitazone to directly elicit
concentration-dependent dilations through endothelium-mediated NO release and
gyanylyl cyclase activation, as recently shown in retinal arteries (Omae et al., 2011) and
in rat aorta (Nomura et al., 2008). The adverse effects on CGRP may additionally be due
to inhibition of ATP-sensitive K~ (Karp) channels by pioglitazone, as shown in the
coronary circulation (Yu et al., 2011). Although pioglitazone produced modest inhibitions
compared to rosiglitazone, another PPARy agonist recently prohibited from use in
diabetic patients for its high risk cardiovascular profile (Kaul et al., 2010), the study
points to the deleterious effects of pioglitazone on vasodilatory function. The ability of
pioglitazone to activate SMC voltage gated K™ (Kv) channels (Omae et al., 2011) may
have also played a role even though these channels are less involved in CGRP
vasorelaxation (Vedernikov et al., 2002). It is thus possible that chronic pioglitazone
treatment in A/T mice exacerbated the NO signaling cascade or K' channel activation

required for ACh- and CGRP-mediated dilatations (Mathie et al., 1991, Kitazono et al.,
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1993, Tong et al., 2009). This possibility is reinforced by the failure of the NO donor
SNP to induce dilation, pointing to mechanisms downstream of NO production being
implicated in the failure of pioglitazone-treated vessels to dilate. Baseline NO production,
however, was not altered by pioglitazone, which further suggested dysfunction in
receptor-mediated NO signaling. Damaged smooth muscle cells and inability to dilate
appear unlikely based on the preserved responses of arteries to various constrictors (ET-1,

5-HT).

Conclusion

Our results show that pioglitazone exerts beneficial effects on specific AD hallmarks in a
complex AD mouse model that recapitulates the cerebrovascular, amyloidosis, cognitive
and neuroinflammatory alterations seen in AD. Although area-specific, pioglitazone
countered neuroinflammation, and subsequently CGU and CBF with age-dependent
improvement in reversal learning, pointing to benefits at multiple levels. However, the
A/T mouse model unmasked previously unrecognized, possibly deleterious, effect of
chronic pioglitazone therapy on dilatory function, particularly those involving NO
signaling. This finding may be relevant to AD patients with comorbid cardiovascular
diseases even though pioglitazone may have a better cardiovascular safety profile than

rosiglitazone (Lincoff et al., 2007, Ciudin et al., 2012).
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Figure 1. Pioglitazone restored stimulus-evoked CBF and CGU in A/T mice. 4, The
impaired hyperemic response to whisker stimulation in adult A/T mice was rescued by
pioglitazone compared to age-matched WT controls, as measured by LDF (n=4
mice/group) (traces, green: WT; turquoise: WTpio; violet: A/T and pink: A/Tpio). Values
represent the percent increase in CBF induced by whisker stimulation relative to baseline.
B, Pioglitazone also improved the decreased CGU response to whisker stimulation in the
somatosensory cortex of aged A/T compared to WT mice (n=3-6 mice/group). The %
activation ratio denotes the percentage of corrected standard uptake value (SUV) in the
activated contralateral vs. ipsilateral somatosensory cortex. Error bars represent SEM.
* p<0.05, * *p<0.01, * *x *xp<0.001 using two-way ANOVA followed by Newman-

Keuls post-hoc test.
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Figure 2. Spatial learning and memory in adult A/T mice in the Morris watermaze.
A, Adult A/T mice (V) displayed impaired learning during hidden-platform testing
compared to aged-matched wild-type (WT) littermates (@). These deficits may not be
explained by visual or motor disabilities as all groups had similar abilities to find the
visible platform (days 1-3). Pioglitazone did not improve this deficit in A/T mice (V) and
did not affect the performance of pioglitazone-treated WT controls (O). B, A/T mice,
treated and non-treated with pioglitazone displayed significant deficit in memory
retention as assessed during the probe trial in the target quadrant. C, When the probe trial
was subdivided in 15s segments for better understanding of the pattern of behavior
throughout the 60s-long probe trial in target quadrant, pioglitazone did not exert any
benefit. D, A/T mice showed an inclination for the original quadrant during the probe
trial, as shown by the increased time spent in this quadrant and smaller average distance
to the platform location. E, Patterns of behaviour in original quadrant segmented in 4
slices of 15s each during the probe trial showed that pioglitazone had a positive effect in
increasing percent time spent and average distance to platform during in the last quarter
of the probe trial. F, Pie-representation of typical swimming patterns of % time spent and
% distance traveled in target quadrant during the probe trial. Error bars represent SEM
(n=6-9 mice/group). *p<0.05, **,  ** p<0.01, * *k *kp<0.001 when compared to
untreated WT controls (%) or A/T mice (*) using two-way ANOVA followed by
Newman-Keuls post-hoc test.
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Figure 3. Cerebrovascular reactivity and protein alterations in adult A/T mice. 4,
The impaired cerebrovascular dilatations to acetylcholine (ACh) and calcitonin gene-
related peptide (CGRP) in A/T mice (V) were reversed to weak constrictions by
pioglitazone (V'), accompanied by a partial or full recovery of baseline NO synthesis
measured during NOS inhibition (L-NNA, 10°M). Dilatations induced by the NO donor
SNP were impaired in A/T treated with pioglitazone. Contractile response to ET-1 and 5-
HT were unaltered in A/T mice and pioglitazone had no detrimental effects. Error bars
represent SEM. (n=4 for each group). B, Vasodilator synthesizing enzyme COX-2 and
proteins associated with vascular fibrosis VEGF, CTGF and MMP-9 were not
significantly altered by genotype or treatment, as measured by Western blot in pial
vessels of adult A/T mice relative to their treated counterparts and WT mice. Actin was
used as a reference for loading (n=4 mice/group). Similar results were obtained in the
aged cohort, but data were not illustrated for clarity purposes. Error bars represent SEM.
* p<0.05, **, 6 ** p<(0.01, ** Kk *** p<(0.001 when compared to untreated WT
controls (%) or A/T mice (*) using two-way ANOVA followed by Newman-Keuls post-
hoc test.

109



A ;
c AT A/Tpio
ioluble Co Hi Co Hi Co i
5 150 - AT 'EIZU 4 - AT
E = ATpia § 3 == A/Tpio
o s 23
< 100 « 80 P
& by g0
< < =
« 50 « 40 =
o o =1
g Juallls, p

B

Insoluble

°
£20
g 15
&
< 10
k]
2o

100KDR e +

b

« D

*

4kD APP

% plaque load

50kDa._
25kDa_
10kDa_

SkDa. .

2
=

5

"]
=

Actin
42kDa S

% protein/actin in cortex

Figure 4. Pioglitazone had no effect on amyloidosis in A/T mice. 4, Soluble and
insoluble AP;.40 and A4 in adult A/T mice, as assayed in cortex and hippocampus by
ELISA. B, Western blot analysis with 6E10 antibody confirmed no effect of pioglitazone
on soluble AP species of cortex in adult A/T mice. On the gel, (%) represents the APP
band and (*), the 4kDa band of monomeric A including ABi.40 and AB;.42. C, Thioflavin
S-stained AP plaque load in cortex and hippocampus were unaltered by pioglitazone in
adult A/T mice. D, Similarly, 6E10-immunostaining of diffuse and dense-core AP
plaques measured in Sum-thick paraffin sections (n=4 mice/group) showed no effect of
pioglitazone on cortical and hippocampal AP plaque load in adult A/T mice. Error bars
represent SEM (n=4 mice/group).
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Figure 5. Pioglitazone selectively reduced astroglial activation. In the cortex (but not
in the hippocampus) of adult A/T mice, pioglitazone significantly reduced the increase in
GFAP-positive surface area relative to WT controls. (n=4 mice/group). Error bars
represent SEM. *p<0.05, * * *xp<0.001 using two-way ANOVA followed by Newman-

Keuls post-hoc test.
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Table 1. Effect of pioglitazone on cerebrovascular responses of adult A/T mice

Agonist WT WTpio A/T A/Tpio
ACh Eamax | 51.2£2.5 | 46.7+4.0 | 23.7+3.6*** 3.1+ 3,67 K
pD; 8.4+0.2 7.9+0.2 7.7+0.4 ND
CGRP | Eamax | 57.6£2.0 | 54.0£3.6 | 31.9+32*** |.04+£20*** #x
pD; 8.0+0.1 8.0+0.2 8.2+0.2 ND
SNP Eamax | 62.0£6.1 | 56.1£3.0 59.5+£3.2 155+ 10.1
5-HT | Eamax | 14602 | 142+0.5 135+ 1.3 143+1.2
ET-1 Eama | 52.3+2.4 | 33.8+4.1 449+75 36.1 + 5.0
pD; 7.6+0.1 7.8+0.3 8.0+ 0.5 7.9+0.4
L-NNA | Epmax | 43.7£0.1 | 327+19 | 21.8+3.7*** 32.8+11.1%

Data are means + SEM (n=3-6 mice per group) and are expressed as the agonist maximal
response (EAmax) or potency (pD,, -[logECso]). EAmax is the percent maximal
dilatation to ACh, CGRP and SNP or the percent maximal diameter decrease to ET-1, 5-
HT or after 35min inhibition with 10°M L-NNA. ND: not determined. ** p<0.05,
* & ¥ p<().01, * * * p<0.001 when compared to untreated WT controls (*) or A/T
mice (*) by two way ANOVA followed by Newman-Keuls post-hoc multiple comparison

test.
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Table 2. Effect of pioglitazone on cerebrovascular responses of aged A/T mice

Agonist WT WTpio A/T A/Tpio

ACh Eamax | 52.7+2.0 | 545+24 |260+13*** 16.0 +£ 2. 2% * % wxx
pDs 8.4+0.1 8.3+0.1 8.0+0.1 ND

CGRP | Eamax | 54.1£1.6 | 556+3.0 | 253+1.4*** | 99 L2 1*** #xx
pD> 8.8+0.1 8.4+0.1 8.3+0.1 ND

ET-1 Eamax | 583 +5.0 | 42.7+3.6 53.4+3.8 457+ 4.0
pD; 82+0.2 83+0.3 84+0.2 82+0.2

L-NNA | Eamax | 523+05 | 53.5+5.1 151 +£1.0%** 287 +63**

Data are means + SEM (n=3-4 mice per group) and are expressed as the agonist maximal
response (EAmax) or potency (pD,, -[logECso]). EAmax is the percent maximal
dilatation to ACh and CGRP or the percent maximal diameter decrease to ET-1 or after
35min inhibition with 10°M L-NNA. ND: not determined. ** p<0.05, * % ** p<(.01,
* % % p<0.001 when compared to untreated WT controls (*) or A/T mice (*) by two

way ANOVA followed by Newman-Keuls post-hoc multiple comparison test.
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Preface to Chapter 4

In Chapter 3, the cognitive deficits of adult and aged A/T mice could not be normalized
by pioglitazone therapy, and the cerebrovascular dysfunction was worsened. We
concluded that the age of treatment was too advanced for any effects in cognition, and
that the complexity of the model was too severe, as per the worsened cerebrovascular
function. We therefore proceeded to verify this conclusion in the chapter that follows
using in vivo hydroxyl-methyl coA enzyme reductase inhibitor, simvastatin in young A/T

mice.

Here, the choice to use BBB-penetrant simvastatin (40mg/kg/day) was incited by
its superior efficacy over spatial learning and memory in adult (treated for 3 months, ~6
months old at endpoint) but not aged (treated for 6 months, ~12 months old at endpoint)
APP mice, along with its capacity in normalizing the vascular deficits at both ages.
Furthermore, the reported beneficial effects of statins in AD also prompted us to
investigate neuronal and cognitive parameters in young A/T mice (treated for 3 months,
~6 months old at endpoint). We found that simvastatin was ineffective at improving
learning and memory in A/T mice, despite a doubled treatment duration compared to
APP mice. The decreased hemodynamic response to whisker stimulation in A/T mice was
not normalized by treatment, and simvastatin not only failed to restore cerebrovascular
reactivity in A/T mice, but rather exacerbated the dilatory deficit. Based on this data, we
concluded that the concurrent upregulation of Ap and TGF-B1 in A/T mice may represent

a late stage of the pathology, at which point simvastatin is not efficacious.
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Chapter 4

Lack of therapeutic benefit on spatial memory and cerebrovascular
function by simvastatin in the Alzheimer’s disease APP/TGF-$1 mouse

model

Panayiota PAPADOPOULOS, Xin-Kang TONG, and Edith HAMEL
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Abstract

Cognitive and cerebrovascular deficits are two manifestations of Alzheimer's disease
(AD) to consider when aiming for effective therapy. Here, we used bitransgenic A/T mice
overexpressing a mutated form of the human amyloid precursor protein (APPgsyemd) and a
constitutively active form of transforming growth factor-f1 (TGF), which recapitulate
several AD cerebrovascular and cognitive deficits, to evaluate the therapeutic efficacy of
simvastatin. Simvastatin (40mg/kg/day) failed to improve learning and memory in 6 and
9 month-old A/T mice treated for 3 and 6 months, respectively. The decreased
hemodynamic response to whisker stimulation in A/T mice was not normalized by
treatment, and simvastatin failed to restore cerebrovascular reactivity in A/T mice, but
rather exacerbated the dilatory deficit. Simvastatin significantly lowered brain levels of
insoluble amyloid-beta (APB) peptide and AP plaque load, without altering the protein
levels of AP-degrading enzymes neprilysin and B-site-APP cleaving enzyme (BACE).
Similarly, the decreased baseline levels of memory-related protein Egrl in the CAl
hippocampal area were not normalized by simvastatin. In brain vessels, proteins involved
in fibrosis or synthesis of the vasodilator nitric oxide were unaltered by treatment.
Together, these findings demonstrate that the therapeutic benefits of simvastatin in A/T
mice are not as readily obtained as in APP mice (Li et al., 2006, Tong et al., 2012). Since
A/T mice combine the cerebrovascular and neuronal alterations of AD, these findings
may reflect the complexity that one faces when attempting to counter the disease in AD

patients, as suggested by the divergent results obtained with statins.
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Introduction

Memory loss is an early symptom of Alzheimer’s disease (AD), the most common form
of progressive dementia with increasing age. Post-mortem, the AD brain is characterized
by amyloid-beta (AP) plaques, neurofibrillary tangles, synaptic loss, glial cell activation
and a vascular pathology (Zlokovic, 2011). The latter is defined by cerebral amyloid
angiopathy (CAA) and thickening of the vascular basement membrane due to
accumulation of extracellular matrix proteins, a fibrotic process imputed to increased
levels of transforming growth factor-beta 1 (TGF-B1) (Wyss-Coray et al., 2000). AD is
also associated with a chronic cerebral hypoperfusion and decreased brain metabolism

(Iadecola, 2004).

Statins have demonstrated promise in decreasing the incidence of AD among
statin-prescribed patients (Jick et al., 2000, Wolozin et al., 2000, Yaffe et al., 2002,
Cramer et al., 2008, Haag et al., 2009). Statins positive effects on cognition in mild to
moderate AD patients (Sparks et al., 2005) and normocholesterolemic AD patients
(Simons et al., 2002) have been imputed to their pleitropic effects rather than their ability
to lower cholesterol. In support of these reported benefits in man, studies in AD mouse
models showed that statins normalized several AD hallmarks such as impaired brain
glucose metabolism, glial activation, cerebrovascular dysfunction and most importantly,
memory deficits depending on age and duration of treatment (Li et al., 2006, Tong et al.,
2009, Kurata et al., 2011, Tong et al., 2012). However, studies in AD patients have
generated mixed results (Arvanitakis et al., 2008, Butterfield et al., 2011, Sano et al.,
2011), and it was argued that statins may exert benefits only if administered early in the

disease process (Sano et al., 2011, Shepardson et al., 2011b, a, Sparks, 2011). These
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studies point to the need for a better understanding of statin efficacy in AD mouse models

that recapitulate the complexity of the human disease.

Here, we investigated the therapeutic value of simvastatin in bitransgenic mice
that display concurrent overexpression of the human amyloid precursor protein
(hAPPsyemd, line J20) and a constitutively active form of TGF-B1 (line T64) (A/T mice),
thereby mimicking the Ap-associated neuronal deficits and the comorbid TGF-B1-
induced AD cerebrovascular pathology (Wyss-Coray et al., 2000, Grammas and Ovase,
2002, Ongali et al., 2010). We assessed the capacity of simvastatin (40mg/kg/day) in
rescuing spatial learning and memory in adult A/T mice (3 month-old, tested after 3 and 6
months of treatment), and the evoked CBF responses to increased neuronal activity as an
index of functional hyperemia. Cerebral arterial reactivity, astroglial and microglial
activation, amyloidosis and proteins regulating vascular structure or function were
evaluated at endpoint (9 month-old A/T mice). The data show that simvastatin, in contrast
to its high efficacy in singly APP mice (Li et al., 2006, Tong et al., 2012), failed to rescue
cerebrovascular and memory deficits in A/T mice even after extended treatment (6
months). Together, these findings highlight the importance of testing potentially
promising therapies in experimental models that recapitulate multiple facets of AD as

they may better predict efficacy in a disease as complex as AD.

Methods

Animals. Bitransgenic A/T mice (Ongali et al., 2010) concomitantly overexpress a
mutated form of the human amyloid precursor protein (APPsyemd) driven by the platelet-
derived growth factor B promoter (line J20, (Mucke et al., 2000), and the constitutively

active form of TGF-B1 driven by glial fibrillary acidic protein (GFAP) promoter on a
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C57BL/6J background (line T64, (Wyss-Coray et al., 1995). Transgene expression was
confirmed by touchdown PCR using tail-extracted DNA (Wyss-Coray et al., 1995).
Three-month-old A/T mice and wildtype (WT) littermates (body weight, ~30g) were
treated or not for 6 months (9 months old at endpoint) with simvastatin (40mg/kg/day in
water). Males and females were randomly and equally assigned in each group. Water and
chow were available ad libitum. There was no significant body weight change over time
(in gz WT: 13.8£2.0, WTsv: 10.0+1.7, A/T: 9.6+1.3, A/Tsv: 7.1£2.4), or total blood
cholesterol levels: (in mmol/L: WT: 4.25+0.07, WTsv: 4.19+0.04, A/T: 4.20+0.05,
A/Tsv: 4.19+0.05) among all groups as measured in blood collected from the tail tip with
a commercial cholesterol meter Accutrend® GC meter (Roche Diagnostic, Laval,
Canada). Animal use was in accordance to the Animal Ethics Committee of the Montreal
Neurological Institute, and abided by the guidelines of the Canadian Council on Animal

Care.

Morris watermaze. After 3 and 6 months of treatment, mice were tested in the Morris
watermaze. The first test was performed at the age of 6 months: mice were trained to
locate a visible platform during a 3-day session (days 1-3, familiarization session),
followed by a 5-day-hidden platform training session (platform submerged ~1cm below
the surface of the water, learning phase of the test, days 4-8) in a 1.4 m circular pool
filled with opaque water (18+1°C). The location of the platform and of the distal visual
cues was changed between the two training sessions, as previously described (Deipolyi et
al., 2008). Three trials were performed on each day of the visible (60s each) and hidden
(90s each) platform sessions, with a 45min inter-trial interval. Mice that passed the time

limit were directed to the platform, and all mice were given 10s on the platform on the
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first day of each training session. Spatial memory was evaluated 24h after the last hidden
platform session in the probe trial (day 9, platform removed, 60s). Performances were
compared using escape latencies (days 4-8) and percent time spent and distance traveled,
as well as the number of crossings over the previous location of the platform in the probe
trial (day 9). All parameters together with swim speed were recorded with the 2020 Plus
tracking system and Water 2020 software (Ganz FC62D video camera; HVS Image,
Buckingham, UK). The visible platform session allowed to control for visual acuity,
motor ability and motivation to perform the task. Mice were kept warm throughout the
sessions with a heating lamp and subsequently left to rest for 2 days before further
experiments resumed. Three months later, the same mice underwent a second Morris
watermaze. As the mice were already familiar with the task, only the hidden platform
session was performed (day 1-5), whereby the location of the platform and that of the
distal visual cues differed from those used in the first Morris watermaze test. A probe

trial was performed 24h later (day 6).

Cerebral blood flow (CBF). CBF increases during whisker stimulation were measured
using laser Doppler flowmetry (Transonic Systems Inc, Ithaca, NY). Mice anesthetised
with ketamine (85 mg/kg, intramuscularly (i.m.); Bioniche, Belleville, ON) and xylazine
(3 mg/kg, Haver, Etobicoke, ON) were fixed in a stereotaxic frame for thinning the bone
to translucency over the left barrel cortex with a dental drill. Whiskers on the right snout
were stimulated with an electric toothbrush (8-10 Hz, 4-5 stimulation blocks of 20s each
interspaced by ~30 sec). Increases in CBF were recorded with a laser probe positioned on
the thinned bone over the barrel cortex. Body temperature was monitored and kept stable

at 37°C with a heating pad throughout the experiment. Results are expressed as percent
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increase over baseline and represent averages of all evoked CBF responses acquired
during the stimulation blocks. The identity of the mouse was unknown to the

experimenter. Total duration of experiment was ~20min/mouse.

Tissue collection and preparation. Upon completion of the in vivo experiments, a
subset of mice was sacrificed by cervical dislocation for reactivity studies of the posterior
cerebral artery (PCA) (see below). The remaining arteries of the circle of Willis together
with their small branches and the attached pial membrane were removed, together with
the cortex and hippocampus of one hemibrain. These tissues were frozen on dry ice and
stored at -80°C for subsequent ELISA and Western blot experiments. The other
hemibrain was immersion-fixed overnight in 4% paraformaldehyde (PFA; in 0.1 M
phosphate buffer (PB), pH 7.4, 4°C), cryoprotected overnight (30% sucrose 0.1 M PB,
4°C), and then frozen in isopentane and stored at -80°C until cutting into free-floating
thick sections (25 um) on a freezing-microtome. The other subset of mice was
anesthetised with pentobarbital (80 mg/kg, i.p.) and perfused transcardially (4% PFA
solution at 4°C, ~200ml/mouse). One brain hemisphere was used for thick-sections as
described above, whereas the other was embedded in paraffin for sectioning of thin (5

um-thick) brain sections.

Vascular reactivity. PCA segments (40-70 um average intraluminal diameter) were
cannulated, pressurized (60 mmHg) and superfused with Krebs solution (37°C) for
measurement of vasomotor function using online videomicroscopy (Tong et al., 2005).
Vessels were pre-constricted sub-maximally with serotonin (5-HT; 2x10"M) for the
measurement of dilatory responses to acetylcholine (ACh; 107°-10°M), calcitonin gene-
related peptide (CGRP; 10'°-10°M), and the NO donor sodium nitroprusside (SNP,
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107'%10™*M). Contractile responses to endothelin-1 (ET-1; 10'°-10° M) and 5-HT (107'°-
10° M), and the tonic production of NO evaluated under inhibition of nitric oxide
synthase (NOS) with No-nitro-L-arginine (L-NNA; 10 M, for 35min) were measured
on vessels at basal tone. Vessel diameter changes were expressed in percentage relative to
either the basal or pre-constricted tone, and plotted as a function of agonist concentration
or time for L-NNA superfusion. The maximal vessel response (EAnax) and half maximal
effective concentration [ECsy value or pD,=—(log ECsp)] were used to compare agonist’s

efficacy and potency, respectively.

ELISA. An enzyme-linked immunosorbent assay (ELISA) (BioSource International) was
used to measure the levels of insoluble AP;49 and APi.4, species in cortex and
hippocampus from treated- and untreated-A/T mice. Tissue was homogenized by
sonication (~20s in 20mM Tris buffer containing 1 mM EDTA, 1 mM EGTA, 250 mM
sucrose, and protease inhibitors) and centrifuged (100,000 g, 60 min, 4°C). The pellet
containing insoluble AP was then sonicated (~20s) in 70% formic acid (FA) and
centrifuged (100,000 g, 60min, 4°C). The AP levels were measured as per the
manufacturer (BioSource International), and were expressed as micrograms per gram

(ng/g) of protein in formic acid (FA)-insoluble fraction.

Western blot. The levels of total soluble AP species were measured in protein extracts
(20 pg) from cerebral cortex and hippocampus loaded onto a 15% Tris/tricine SDS
PAGE, transferred to nitrocellulose membranes and detected with a mouse anti-Af;_j¢
antibody (6E10, 1:1000, Covance, Emeryville, CA, USA). The same protein extracts
were used to measure the levels of the anti-B-site APP cleaving enzyme 1 (BACE) and

neprilysin  (1:2000; Santa Cruz Biotechnology and Chemicon, respectively).
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Cerebrovascular proteins (12-15 pg) were loaded onto 10% SDS PAGE and probed with
goat anti-connective tissue growth factor (CTGF; 1:400; Abcam), rabbit anti-vascular
endothelial growth factor (VEGF; 1:500; Santa Cruz Biotechnology), mouse anti-actin
(1:8000; Santa Cruz Biotechnology A5441, Santa Cruz, CA, USA), or anti-endothelial
nitric oxide synthase (eNOS; 1:500; BD Transduction) (for details, (Tong et al., 2009)).
Blots were incubated (1h) with horseradish peroxidase-conjugated secondary antibodies
(1:2000; Jackson ImmunoResearch, West Grove, PA, USA) and visualized with
Enhanced ChemiLuminescence (ECL Plus kit; Amersham, Baie d’Urfé¢ QC, Canada)
using phosphorlmager (Scanner STORM 860; GE Healthcare, Baie d’Urfé QC, Canada).
Bands were quantified using ImageQuant 5.0 (Molecular Dynamics, Sunnyvale, CA,

USA) using actin for loading normalization.

Immunohistochemical and histochemical stainings. Thick sections were
immunostained with a rabbit anti-glial fibrillary acidic protein (GFAP) antibody, a
marker of astrocyte activation (1:1000; DAKO), visualized with a donkey anti-rabbit
cyanin 2 (Cy2)-conjugated secondary antibody (1:400; Jackson ImmunoResearch, West
Grove, PA, USA). Thioflavin S (1%, 8 min) staining of mature, dense core AP plaques
was also performed on thick sections. Dewaxed paraffin sections were used for
immunostaining of diffuse and dense-core AP plaques (6E10, 1:2000), the memory-
linked immediate early gene Egr-1/Zif268 (1:200; Santa Cruz, Santa Cruz, CA, USA) and
the marker of microglial activation ionized calcium binding adaptor molecule 1 (Iba-1, 1:
300; Wako Chemicals, Cedarlane). These were detected with species-specific

biotinylated IgGs (1h30, Vector lab) and the AB Complex (1hl15, Vector Labs), and the

123



reaction visualized with 3,3'-diaminobenzidine (DAB, brown precipitate, 6E10, Iba-1,

Vector labs) or the SG kit (blue-gray precipitate, Egr-1, Vector Labs).

Data analysis. Brain sections (2 to 3 sections/mouse, 4 mice/group) were observed under
a Leitz Aristoplan light microscope either using bright field or epifluorescence and an
FITC filter (Leica, Montréal, QC, Canada). Digital pictures were taken with a Nikon
camera (Coolpix 4500, Montréal, QC, Canada) and used for quantification using
MetaMorph 6.1r3 (Universal Imaging, Downingtown, PA, U.S.A). The areas of interest
(cingulate and somatosensory cortex, hippocampus) were manually outlined to quantify
the percent area occupied by GFAP-, thioflavin S-, and 6E10-immunostaining. The
number of immunopositive Egr-1 nuclei in the CA1 area of the hippocampus was counted
in a 0.062mm’ surface area. The intensity of Egr-1-positive nuclei in the CA1 region of
the hippocampus was measured as total gray level using MetaMorph. The surface area of
individual Iba-1-positive microglial cells and extensions (1 section/mouse, ~20 microglial
cells/section, 4 mice/group) was quantified with ImageJ (Image Processing and Analysis

in Java, NIH) and expressed as a percent of WT.

Statistical analysis. Data are expressed as means £ SEM. They were analyzed by two-
way analysis of variance (ANOVA) with genotype and treatment as the two variables
followed by Newman-Keuls post-hoc multiple comparison test (Statistica Academic,
Tulsa, OK, USA). Newman-Keuls’s p values were indicated when the interaction or at
least one factor was significant. Student’s t-test was used when two groups were
compared (GraphPad Prism 4, San Diego, CA, USA). A p< 0.05 was considered

significant.
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Results

Simvastatin and spatial memory

A/T mice were tested twice in the Morris watermaze (test 1: after 3 months of treatment;
test 2: at endpoint after 6 months treatment). In test 1, all animals located the visible
platform with ease ruling out visual or motor disabilities, and any possible lack of
motivation. During the 5 days of hidden platform training (days 4-8), A/T mice exhibited
learning impairments as depicted by their increase escape latencies relative to age-
matched WT controls (Figure 1A). This deficit, however, did not reach statistical
significance despite a clear trend on days 7 and 8. Performances during the probe trial
(day 9) indicated memory deficits of A/T mice, as illustrated by the decreased percent
time spent and distance traveled in the target quadrant, as well as the smaller number of
platform crossings (Figure 1B). These deficits occurred despite unaltered swim speed, in
agreement with previous studies (Ongali et al., 2010). In test 2, only the 5 days of hidden
platform were conducted. A/T mice were significantly impaired in both the learning and
memory phases of the test (Figure 1C, D). Simvastatin failed to improve learning and
memory performance in A/T mice treated for either 3 (Figures 1A, B) or 6 (Figures 1C,
D) months. These findings contrast with the previously reported benefit of simvastatin in
singly APP mice (Li et al., 2006, Tong et al., 2012), and indicate that memory deficits in
A/T mice are not as readily rescued, which suggests that the concurrent increases in A
and TGF-B1 in brain parenchyma added a level of complexity in the cognitive deficits of

A/T mice compared to singly APP mice.
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Simvastatin and baseline protein levels of Egr-1

The immediate early gene Egr-1 is critical for normal memory function. Its baseline
(Dickey et al., 2003, Tong et al., 2012) or induced (Blanchard et al., 2008) mRNA or
protein levels are decreased at baseline in APP mice. Consistent with these findings,
baseline levels of Egr-1 in the CA1l area of the hippocampus were lower in A/T mice
compared to WT controls, as shown by the significantly decreased number and weaker
staining intensity of Erg-1 immunostained nuclei (Figure 2). Recently, upregulation of
baseline levels of Egr-1 in the CAl area was found to correlate with memory
improvements in adult APP mice treated with simvastatin whereas aged APP mice that
did not recover memory did not display normalization of Egr-1 protein levels (Tong et
al., 2012). Correspondingly, we found that simvastatin failed to improve Egr-1-
immunoreactivity in CA1 neurons of A/T mice with persistent memory deficits (Figure

2).

Simvastatin decreased insoluble AP species and AP plaque load

In line with previous studies (Ongali et al., 2010), A/T mice featured increased levels of
AP species and AP plaque load (Figure 3). Simvastatin significantly reduced the levels of
insoluble AP;49 and APB;.4, in cortex and hippocampus of A/T mice, as measured by
ELISA (Figure 3A). Accordingly, total AP plaque load determined by 6E10
immunolabeling on thin sections was significantly decreased in cortex and hippocampus
(-59% and -53%, p<0.05, respectively) (Figure 3D, E), whereas the small decreases in
dense-core AP plaques detected with thioflavin-S staining did not reach significance in
either brain region (Figure 3B, C). The levels of soluble AP species measured by Western

blot remained unchanged after simvastatin treatment (Figure 3F), including the 4kDa
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band of monomeric AB. The protein levels of BACE and Ap-degrading enzyme
neprilysin were similarly not altered by simvastatin (Figure 3G). Together, these results
indicate that simvastatin promoted a decrease in parenchymal amyloidosis in A/T mice,
in line with some (Shinohara et al., 2010, Tamboli et al., 2010), but not all studies (Li et

al., 2006, Tong et al., 2009, Tong et al., 2012) in APP mice.

Simvastatin effects on neurovascular coupling upon whisker stimulation

Impaired functional hyperemia upon sensory activation, indicative of an imbalance
between neuronal demand and blood supply to the activated brain area, has been reported
in A/T mice of different ages (Ongali et al., 2010). We confirmed that the CBF response
to whisker stimulation was significantly impaired in A/T mice at 9 months of age
compared to WT controls, and we found that simvastatin treatment did not improve this
deficit (Figure 4). Surprisingly, there was a slight although significant deterioration in the
evoked CBF response in simvastatin-treated WT mice compared to untreated controls
(WT: 22.0£1.9% vs WTsv: 16.6+1.2%, p<0.05), an effect that was not observed in
previous cohorts of adult or aged WT mice treated with simvastatin (Tong et al., 2009,

Tong et al., 2012).

Simvastatin and neuroinflammation

Astrocytes and microglia are critical in orchestrating the immunity of the brain in
response to pathogenic molecules such as AP (Rivest, 2011). A/T mice displayed
increased GFAP immunoreactive material in cortex and hippocampus compared to WT
(p<0.001), and simvastatin did not reduce such astroglial activation in either region
(Figure 5). Microglia was also highly activated in A/T mouse brain as evidenced by the
marked swelling of microglial cell bodies and the large extent of their ramifications
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(Figure 6). Simvastatin failed to exert any protective effects in minimizing microglial

activation in both the cortex and the hippocampus of A/T mice (Figure 6).

Simvastatin, cerebrovascular reactivity and fibrosis

As reported before (Ongali et al., 2010), cerebral arteries of A/T mice featured intact
contractile responses, as shown here for ET-1, but were significant impaired in their
dilatory capacity compared to their control counterparts, as determined for ACh- and
CGRP-induced dilatations (Figure 7, Table 1). A small decrease in baseline NO synthesis
was also evidenced by the smaller diameter decrease induced by NOS inhibition with L-
NNA superfusion. However, dilatory responses to the NO donor SNP were intact in A/T
mice, indicative of a preserved capacity of the smooth muscle cells to dilate (Figure 7).
Simvastatin fully normalized constitutive NO-mediated tone by the end of L-NNA
incubation time (Figure 7), and did not affect the contractile responses induced by ET-1.
However, simvastatin significantly worsened the dilatory deficits to ACh and CGRP.
Indeed, the dilatory responses were completely abolished at low agonist concentrations
and reversed to small contractions at higher concentrations (Figure 7). Likewise, the
response to the NO donor SNP was altered in simvastatin-treated A/T mice and resulted
in constriction at low concentrations that tended towards dilatation at higher
concentrations (Figure 7). Simvastatin did not alter the arterial responses in WT mice

(Figure 7).

In search for an explanation for the aggravated cerebrovascular function in
simvastatin-treated A/T mice, we assessed simvastatin effects on markers of vascular
fibrosis and on the NO synthesizing enzyme eNOS in protein extracts of pial vessels. We

found that the levels of these proteins did not differ between 9 month-old A/T mice and
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WT controls, and that simvastatin, despite its capacity to worsen vasomotor function, did

not alter any of these proteins (Figure 8).

Discussion

We report the failure of simvastatin to salvage mnemonic, hemodynamic and
neuroinflammatory function in adult A/T mice. Interestingly, the persistent learning and
memory deficits occurred despite significant decreases in insoluble AP species and in
6E10 immunodetected AP plaque load, but with persistent elevated soluble AP species.
The results also show that simvastatin had no beneficial effects on cerebrovascular
function in A/T mice, but rather exerted aggravating effects on vasodilatory function.
These findings highlight the potential limitations for simvastatin therapy in AD patients
with a pathology not limited to AP but also encompassing TGF-B1-mediated

inflammation, cerebrovascular fibrosis and neuronal alterations.

TGF-p1 as an exacerbating factor in memory

Unlike our recent findings in adult APP mice (Tong et al., 2012), simvastatin did not
protect spatial learning and memory in adult A/T mice despite extension of treatment
duration to 6 months. These findings suggest that chronic upregulation of TGF-B1 added
a level of complexity to the AB-mediated neuronal pathology and rendered A/T mice
resistant to a pharmacological therapy proven effective in singly APP mice (Li et al.,
2006, Tong et al., 2012). Interestingly, while neuroprotective effects of TGF-B1 in AD
mice or patients have been reported (Chao et al., 1994, Tesseur and Wyss-Coray, 2006,
Tesseur et al., 2006, Caraci et al., 2008), it has also been identified as an important
contributor to AD pathogenesis (van der Wal et al., 1993, Flanders et al., 1995, Wyss-

Coray et al., 1997, Wyss-Coray et al., 2000). Particularly, chronic increases of TGF-B1
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have been associated with age-related reductions of hippocampal neurogenesis with up to
a 60% decrease in the number of immature neurons (Buckwalter et al., 2006). Although
newly-born neurons recruited into the existing neuronal circuits of the adult dentate gyrus
only account for ~10% of the granule cell population (Imayoshi et al., 2008), they
substantially contribute to hippocampal-dependent learning and memory processes (Kee
et al., 2007, Dupret et al., 2008, Deng et al., 2009). A similar causal relationship between
AB-induced neurogenesis and memory deficits has been shown in various AD mouse
models (Haughey et al., 2002, Drapeau et al., 2003, Donovan et al., 2006, Verret et al.,
2007, Lazarov et al., 2010, Valero et al.,, 2011), This interrelationship was further
highlighted by improved memory following neurogenesis-targeted pharmacological
stimulation in AD mice (Chen et al., 2000b, Butovsky et al., 2006, Rockenstein et al.,
2006, Fiorentini et al., 2010). TGF-f1 upregulation did not induce spatial memory
impairments in singly TGF mice (Papadopoulos et al., 2010, Nicolakakis et al., 2011) nor
did it result in more severe learning and memory deficits in the A/T mouse model
compared to age-matched APP mice (data not shown). Hence, TGF-mediated inhibition
of adult neurogenesis may not be sufficient to harm memory processes, but may act as an
exacerbating factor to the already impaired neurogenesis by AP in AD mice (Lazarov et
al., 2010, Valero et al., 2011), reducing neurogenesis in A/T mice to levels unresponsive

to pharmacotherapy.

Indeed, simvastatin has been shown to promote neurogenesis and improve
cognitive function through activation of the PI3k/Akt pathway (Wu et al., 2008) in
experimental models of stroke (Chen et al., 2003, Karki et al., 2009) and traumatic brain

injury (Lu et al.,, 2007, Wu et al., 2008). Simvastatin-mediated PI3k/Akt pathway
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activation was also suggested as a possible mechanism for memory normalization in APP
mice (Li et al., 2006, Tong et al., 2012). Since the PI3k/Akt signaling cascade is also
activated by TGF-B1 in the hippocampus (Zhu et al., 2004), it may have been
overstimulated in A/T mice due to chronic TGF-B1 overproduction, which might have
prevented the neuroprotective effects of simvastatin. Such hypothesis would be
compatible with simvastatin’s inability to upregulate baseline protein levels of the
memory-related immediate early gene Egr-1 in A/T mice, Egr-1 being downstream from
the PI3K-Akt signaling cascade (Jones et al., 2001, Bozon et al., 2003, Davis et al.,
2003). Baseline Egr-1 was upregulated in the CA1 area of simvastatin-treated APP with
preserved memory (Tong et al., 2012). Moreover, Egr-1 was induced in new granule
neurons of the dentate gyrus of adult mice after testing for remote spatial memory
(Trouche et al., 2009), further reinforcing the notion that incorporation of these neurons

into functional hippocampal networks is required for spatial memory processing.

Insoluble AP reduction and persistent memory deficits

Simvastatin failed to normalize cognitive performance despite significantly reduced brain
levels of insoluble AP and AP plaque load, in agreement with previous studies
(Fassbender et al., 2001, Petanceska et al., 2002). However, this finding is not undisputed
since other simvastatin studies found cognitive improvement in Tg2576 (Li et al., 2006)
and APPsyemd (Tong et al., 2012) mice, as well as in asymptomatic middle-aged adults at
risk for AD (Carlsson et al., 2008), independently from any AP plaque load reductions.
Cognitively intact elderly individuals having equivalent AP plaque densities as AD
patients further support the notion that AP plaques may be necessary for initiation but not

maintenance of progressive neurodegeneration (Davis et al., 1999). It could be argued
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that the sustained high levels of soluble AP species in simvastatin-treated A/T mice may
explain their persistent memory deficit as AP oligomers are the most harmful to neuronal
and synaptic function (Mucke et al., 2000, Lesne et al., 2008). Yet, simvastatin-treated
APP mice recovered memory without any reduction in soluble AP (Li et al., 2006, Tong
et al, 2012), and aged Tg2576 mice lacking the catalytic subunit of NADPH
oxidase (Park et al., 2008) or treated with COX-2 inhibitors (Kotilinek et al., 2008) had
preserved memory despite high levels of soluble and insoluble A, further pointing to the

dichotomy between memory impairment and amyloidosis.

Simvastatin and neuroinflammation

The abnormal production of pro-inflammatory cytokines and chemokines by glial cells
can disrupt nerve terminal activity causing dysfunction and loss of synapses, and
eventually memory decline (Popovich and Longbrake, 2008, Frank-Cannon et al., 2009,
Ferretti and Cuello, 2011, Rao et al., 2012). Furthermore, astrocytes could be activated
by TGFpB-1 to generate more A further aggravating the pathology (Burton et al., 2002).
Thus, treatments directed at controlling the glial cell activation may be valuable to
counter AD neurodegeneration. In A/T mice, simvastatin did not display anti-
inflammatory properties as it was ineffective in silencing AP plaque-associated microglia
and astrocytes. This contrasted with our previous study in APP mice (Tong et al., 2009),
and may have thus contributed to the persistent memory deficit in treated-A/T mice.
Persistent glial activation may also account for the drug’s failure to normalize the
neurovascular coupling response to whisker stimulation that highly depends on astrocytes

for the synthesis and release of vasoactive messengers (Koehler et al., 2009).
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Simvastatin and cerebrovascular reactivity

We anticipated normalization of cerebrovascular function with simvastatin based on its
significant benefits in adult and aged APP (Tong et al., 2009, Tong et al., 2012) or TGF
(Tong et al. in preparation) mice. The most surprising finding was that incubation of
cerebral arteries from simvastatin-treated A/T mice with the vasodilators ACh and CGRP
induced no response or a small constriction at high concentrations. This unexpected
response indicated a deleterious effect of simvastation of receptor-mediated vasodilatory
responses through both endothelial and smooth muscle cells. This finding, however, was
not exclusive to simvastatin as pioglitazone-treated A/T mice similarly displayed
worsened cerebrovascular dilatory function (Papadopoulos et al. in preparation, Chapter
2 of this thesis), an effect imputed to the ability of pioglitazone to dilate blood vessels
through both endothelial and smooth muscle mechanisms. Interestingly, simvastatin also
can elicit NO-mediated dilations via direct activation of soluble guanylyl cyclase (sGC)
in retinal arteries (Nagaoka et al., 2007), and it may thus have acted as a competitive
agonist for the ACh-mediated NO signalling cascade thereby chronically exhausting the
sGC/cGMP pathway. The vasoconstriction observed during incubation with the NO
donor SNP further supports a disruption of sGC signalling as it required higher
concentrations of SNP to get activated. Whether similar effects of simvastatin on K"
channels that mediate the CGRP-induced dilation (Vedernikov et al., 2002) are involved
in A/T mouse diseased vessels will require further investigations. Upregulation of the
protein levels of the NO synthesizing enzyme eNOS has been reported in brain of APP
mice treated with simvastatin (Li et al., 2006). We did not find such an effect in A/T

mice, further pointing to the complexity of their cerebrovascular pathology.
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Conclusion

Simvastatin efficacy on neuronal pathways in APP mice is protective rather than
restorative (Tong et al., 2012) and simvastatin therapy in man has been recommended at
early stages of the disease (Arvanitakis and Knopman, 2010, Shepardson et al., 2011b).
Our results suggest that the concurrent upregulation of A and TGF-B1 in A/T mice may
represent an advanced stage of the disease, which is beyond the therapeutic window for
simvastatin efficacy (Li et al., 2010a, Butterfield et al., 2011), when AP and TGF-B1
interactions have become irreversible and resistant to therapy. Our findings further
highlight the importance of studying drug efficacy in animal models that reproduce
multiple aspects of the human AD pathology for a reliable screening of potential new

treatment strategies.
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Figure 1. Simvastatin (SV) did not improve spatial learning and memory in A/T
mice. 4, A/T mice (6 month-old, ¥) had no deficit in the visible platform session, but
displayed impaired learning during the hidden-platform testing compared to wild-type
(WT) littermates (@). Simvastatin did not improve the learning deficit in A/T mice
(treated for 3 months, V) and did not affect performance in WT mice (O). B, A/T mice
treated for 3 months displayed significant deficit in spatial memory as indicated by the
reduced percent time spent and distance travelled in the target quadrant, and fewer
crossings over the previously located platform during the probe trial. C, Extended
simvastatin treatment (6 months, V) did not improve the learning deficit in A/T mice (9
month-old, ¥) and did not affect that of WT mice (O). D, Spatial memory deficits
during the probe trial were not recovered even after this extended simvastatin treatment.
Error bars represent SEM (n=9-13 mice/group). *p<0.05, * *xp<0.01, * * *p<0.001
using two-way ANOVA followed by Newman-Keuls post-hoc test.
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Egr-1 positive nuclei/
CA1 surface area (% WT)

Figure 2. Simvastatin (SV) did not upregulate baseline Egr-1 protein levels in A/T
mice. Egr-1 immunopositive nuclei were significantly decreased in the CA1 area of the
hippocampus of A/T mice relative to WT controls (delineated by arrows in left panels
and magnified in right panels). Simvastatin failed to normalize the number and intensity
of Egr-1-positive nuclei even after 6 months treatment (n=4 mice/group). * * *p<0.001
using two-way ANOVA followed by Newman-Keuls post-hoc test. Scale bar, 50pm.
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Figure 3. Simvastatin (SV) selectively reduced insoluble A levels and AP plaque
load in A/T mice. 4, The levels of insoluble AB;.40 and AP,.4; were significantly reduced
in simvastatin- treated A/T mice, as assayed in cortex and hippocampus by ELISA. B,
Thioflavin S-stained dense-core AP plaque load was unaltered by simvastatin in cortex
and hippocampus of A/T mice (C). D, However, diffuse and dense-core AP plaques
immunostained with the 6E10-antibody in Sum-thick paraffin sections (E) were
significantly reduced in simvastatin-treated A/T mice (n=4 mice/group). F, Western blot
analysis with 6E10 antibody revealed no effect of simvastatin on soluble AP species in
cortex and hippocampus of A/T mice. G, Similarly, BACE and neprilysin protein levels
were not altered by treatment, as measured by Western blot in cortex and hippocampus of
A/T mice compared to their treated counterparts. Actin was used as a reference for
loading (n=4 mice/group). Error bars represent SEM (n=4 mice/group). *p<0.05,
* *p<0.01 for comparison to A/T mice using two-way ANOVA followed by Newman-
Keuls post-hoc test.
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Figure 4. Simvastatin (SV) did not restore the stimulus-evoked CBF increase in A/T
mice. A, Traces of averaged evoked CBF responses acquired before, during and after
whisker stimulation (WT: blue, WTsv: purple, A/T: green and A/Tsv: pink). B,
Histogram representing the maximum values of the evoked CBF responses for each
group (4-5 stimulations), as measured by LDF. The impaired hyperemic response to
whisker stimulation in A/T mice was not rescued by simvastatin (n=4 mice/group).
Values represent the percent increase of CBF response relative to baseline. Error bars
represent SEM. % p<0.05, * *p<0.01, * * *p<0.001 using two-way ANOVA followed

by Newman-Keuls post-hoc test.
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Figure 5. Simvastatin (SV) did not reduce astrocytosis. Percent area occupied by
GFAP-positive astrocytes in cortex and hippocampus of A/T mice compared WT
littermates remained elevated after simvastatin treatment. (n=4 mice/group). * p<0.05,
* % p<0.01 using two-way ANOVA followed by Newman-Keuls post-hoc test.
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Figure 6. Simvastatin (SV) did not reduce microgliosis. Simvastatin had no reducing
effects on the cell body expansion of Iba-1-positive microglial cells in cortex (Co) and
hippocampus (Hi) of A/T mice compared to WT (n=4 mice/group). Error bars represent
SEM. *p<0.05, * *p<0.01 using two-way ANOVA followed by Newman-Keuls post-
hoc test. Right scale bar, 50pum. Left scale bar, 10pum.
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Figure 7. Simvastatin (SV) worsened dilatory function in A/T mice. Concentration-
dependent contractile responses to ET-1 were unaltered in treated- (V) and untreated-
(V) A/T mice compared to treated- (@) and untreated- (O) WT controls. In contrast, the
impaired cerebrovascular dilatations to ACh and CGRP in A/T mice (V) were reversed
to weak constrictions by increasing concentrations of simvastatin (V). Baseline NO
synthesis and release measured during NOS inhibition (L-NNA, 10°M) were fully
recovered in simvastatin-treated A/T mice (V), whereas the dilatations induced by the
NO donor SNP remained impaired in simvastatin-treated A/T mice. Error bars represent
SEM. N=4 for each group. *p<0.05, * *p<0.01, * % *p<0.001 when compared to WT
using two-way ANOVA followed by Newman-Keuls post-hoc test.
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Figure 8. Simvastatin (SV) had no effect on profibrotic and eNOS protein levels.
Protein levels of VEGF, CTGF and eNOS were not altered in pial vessels from A/T mice
compared to WT controls, and simvastatin did not alter any of these proteins in either
A/T or WT mice, as measured by Western blot. Actin was used as a reference for loading
(n=4 mice/group). Error bars represent SEM. % p<0.05, * *p<0.01, * * *p<0.001 using
two-way ANOVA followed by Newman-Keuls post-hoc test.
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Table 1. Effect of simvastatin on cerebrovascular responses of A/T mice

WT WTsv A/T A/Tsv
Eamx  49.123.6 41.3+3.7 26.1£3.3% % 16.6 £13.6% %k **
ACh
pD; 8.1+0.2 8.3+0.3 7.9+0.4 ND
Eamax  46.0£3.7 35.544.1 213:1.0% k ok 14.443.9% %k K ik
CGRP
pD;, 8.24+0.2 8.3+0.3 8.6+0.1 ND
SNP  Eanm  64.1£6.1 57.843.0 58.4+3.2 3.4:£10.1%%%*
Eamax  57.3£7.0 54.2+4.2 41.6+6.8 54.1+4.7
ET-1
pD; 8.3+0.4 8.0+4.2 8.240.5 8.0+0.3
L- E 50.0+4.3 36.146.0 27.246.9% 41.846.8%
NNA Amax . . . . . . . .

Data are means = SEM (n=3-4 mice per group) and are expressed as the agonist maximal
response (EAmax) or potency (pD,, -[logECso]). EAmax is the percent maximal
dilatation to ACh, CGRP and SNP or the percent maximal diameter decrease to ET-1, 5-
HT or after 35 min inhibition with 10°M L-NNA. ND: not determined, *,* p<0.05,
* Kk k¥ p<(0.01, %k * p<0.001 when compared to untreated WT controls (%) or A/T
mice (*) by two way ANOVA followed by Newman-Keuls post-hoc multiple comparison

test.
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Preface to Chapter 5

In the previous chapter, the cognitive deficits and the evoked hemodynamic response to
whisker stimulation of young A/T mice could not be normalized by in vivo simvastatin
therapy, despite extension of treatment duration. In addition, the cerebrovascular
dysfunction was worsened. We proposed that A/T mice may represent a late stage of the
AD pathology past the therapeutic window of simvastatin efficacy. We therefore
proceeded to verify this conclusion in the chapter that follows, as a preliminary study,
using in vivo angiotensin II type 1 receptor (AT1R) antagonist, losartan in young A/T
mice. We also used two treatment doses (10 and 25 mg/kdg/day) to see if one would play

in our favour more than the other.

A rationale for angiotensin II type 1 receptor blockade was encouraged by the
capacity of ATIR antagonists to improve cognition in young (2-3 months old) but most
importantly in adult mice (12 months old) Tg2576 mice. Moreoever, previous studies
have shown the loss of cerebrovascular dilatory capacity associated with aging was
prevented in AT1-deficient mice. As you will read in this last chapter, a most exciting
finding was that losartan was modestly effective in improving spatial learning and
memory in young A/T mice, and this with the low dose. We also found that losartan
displayed dose-dependent rescuing effects on cerebrovascular reactivity, particularly on
vasodilatory responses. Nevertheless, losartan did not improve the lessened neurovascular
coupling response to sensory stimulation. Together, the positive findings with the low
dose losartan on spatial memory suggest that a longer treatment duration could
potentially result in a more complete rescue of cognitive deficits. ATIR antagonists may

be a promising therapeutic avenue for AD.

144



Chapter 5

Losartan rescued vasodilatory function and cognitive deficits in a mouse
model of Alzheimer’s disease with combined overproduction of

amyloid-p and transforming growth factor-p1

Panayiota PAPADOPOULOS, Xin-Kang TONG, and Edith HAMEL

145



Abstract

Alterations of the renin-angiotensin system (RAS) are thought to be involved in the
pathogenesis of Alzheimer’s disease (AD). Here, we used A/T mice that overexpress a
mutated form of the human amyloid precursor protein APPgsyemd and a constitutively
active form of transforming growth factor-B1 (TGF-B1) to test the efficacy of losartan, a
selective angiotensin II type 1 receptor (AT1R) antagonist, in alleviating cognitive and
cerebrovascular deficits. Losartan exerted dose-related benefits on cognitive function,
with significantly improved spatial memory at the low, but not the high dose treatment
(10 and 25mg/kg/day, respectively) with limited benefits on spatial learning. Losartan
also displayed dose-related rescuing effects on cerebrovascular reactivity, particularly on
vasodilatory responses despite no improvement in the tonic production of nitric oxide.
Nevertheless, losartan did not improve the lessened neurovascular coupling response to
sensory stimulation, and did not reduce the brain levels of soluble and insoluble AB;_40
and AP;.42, or those of TGF-B1. Together, the positive findings with the low dose losartan
on spatial memory suggest that an extended treatment duration could potentially result in
a more complete rescue of cognitive deficits. Furthermore, these results demonstrate the
capacity of losartan to improve cerebrovascular reactivity in a model of combined
amyloid-B and TGF-B1-induced cerebrovascular dysfunction. They further suggest that
losartan and, possibly, other AT1R antagonists, may be a promising therapeutic avenue
for patients with vascular diseases at high risk of developing AD, or for AD patients with

cardiovascular diseases.
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Introduction

Vascular risk factors in midlife have been linked to an increased incidence of dementia
(Launer et al., 2000, Whitmer et al., 2005) and cognitive decline in later life (Launer et
al., 1995, Carmelli et al., 1998). Particularly, hypertension has been associated with
cognitive failure and increased risk for Alzheimer’s disease (AD) (Kivipelto et al., 2001).
Interestingly, as series of epidemiological and clinical studies have reported mixed results
on the association between the use of antihypertensive drugs targeting the altered brain
renin-angiotensin system (RAS) and the incidence of AD (Guo et al., 1999, in't Veld et
al., 2001, Forette et al., 2002, Khachaturian et al., 2006). Hence, additional investigations

are needed to clarify the impact of antihypertensive therapy on AD pathogenesis.

Antihypertensive drugs such as angiotensin II type 1 receptor (AT1R) antagonists
selectively obstruct the actions of angiotensin II on its hypertension-linked AT1R sparing
those of its type 2 receptor (AT2R), both receptors being present in the brain
parenchyma. Exclusive AT2R stimulation reportedly leads to improvements of cerebral
blood flow (CBF) (Maxwell and Hogan, 2010) and neuroprotective effects on learning
and memory (Maul et al., 2008) thus demonstrating potential benefit in the context of
AD. In AD mouse models, a range of ATIR antagonists showed efficacy in improving
cognition independently or not of amyloidosis (Wang et al., 2007, Mogi et al., 2008,
Takeda et al., 2009, Tsukuda et al., 2009). However, these studies were conducted in AB;.
40 infused mice, or singly Tg2576 transgenic AD mice that recapitulate the amyloid (A)-
induced pathology of AD. Studies have yet to investigate the possibility of reversing
cerebrovascular and mnemonic impairments in mice that combine amyloidogenic

pathology with the vascular comorbidities imputed to transforming growth factor-beta 1
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(TGF-B1) (Ongali et al., 2010) as seen in AD patients (Wyss-Coray et al., 1997, Wyss-
Coray et al., 2000, Grammas and Ovase, 2002). It is therefore important that the reported
benefits of selective ATIR antagonists be further assessed in mouse models with higher

relevance to the multifaceted human pathology.

Here, we examined the therapeutic effectiveness of two doses (10mg/kg/day and
25mg/kg/day, 3 month treatment) of losartan in ~6 month-old bitransgenic A/T mice
concurrently overproducing AP and TGF-1 (Ongali et al., 2010), thereby integrating the
comorbid factor of cerebrovascular pathology to that of enhanced amyloidosis (Zlokovic,
2010). Specific AD landmarks were evaluated such as spatial learning and memory,
amyloidosis, functional hyperemia and cerebrovascular reactivity. Our findings
underscore the efficacy of the low dose losartan in partly improving cognitive and
cerebrovascular function, despite persistent amyloidosis, elevated TGF-1 expression and
functional hyperemic deficits. Enhancement of losartan therapeutic efficacy may be
possible with increased treatment duration. Together, our results bring to light the
therapeutic value of targeting the RAS and support losartan for further testing in AD

models.

Methods

Animals. Bitransgenic A/T mice (Ongali et al., 2010) co-overexpress a mutated form of
the human amyloid precursor protein (APPsyemq) driven by the platelet-derived growth
factor B promoter (line J20) (Mucke et al., 2000) and a constitutively active form of TGF-
B1 driven by the glial fibrillary acidic protein (GFAP) promoter (line T64) (Wyss-Coray
et al., 1995) on a C57BL/6J background. Identification of transgenes was done

touchdown PCR using tail-extracted DNA (Ongali et al., 2010). Three-month-old A/T

148



mice and wildtype (WT) littermates (body weight, ~30-50g) were used for this study, and
they were treated for a period of 3 months (6 months old at endpoint) with either a low
(10mg/kg/day) or a high (25mg/kg/day) dose of losartan in drinking water. Untreated WT
and A/T mice were the same for both cohorts. All animals were randomly assigned and
males and females were distributed equally in each group. Water and chow were
available ad libitum for all mice. No significant difference in body weight between the
groups was observed during the treatment period (weight gain in g: WT: 8.6+1.2 WT10:
6.2+1.5 WT25: 3.9+0.8 A/T: 5.6£1.5 A/T10: 4.4+1.6 A/T25: 3.8+0.9; 10 and 25 referring
respectively to 10 or 25mg/kg/day of losartan). Experiments were approved by the
Animal Ethics Committee of the Montreal Neurological Institute and complied with local
and national regulations in accordance to the Canadian Council on Animal Care Institute.

Morris Watermaze. Spatial learning and memory were tested in a modified version of
the Morris watermaze (Deipolyi et al., 2008). The paradigm consisted of 8 days of 2
training sessions in a 1.4 m circular pool filled with opaque water (18+1°C) located in a
quiet room with distal visual cues, followed by a probe trial on day 9. Mice were first
familiarized with the test by searching for a visible platform (days 1-3, 3 trials/day,
60s/trial), followed by a 5 day training session whereby mice have to learn the location of
a hidden platform submerged ~1cm below the surface of the water (days 4-8, 3 trials/day,
90s/trial). Platform location and distribution of visual cues were changed between the two
training sessions. A 45 min inter-trial interval was respected. Spatial memory was
evaluated during the probe trial (platform removed) on day 9 (60s/trial, 1 trial). Escape
latencies and probe trial parameters (percent time spent and distance traveled in the target

quadrant where the platform used to be located, number of platform crossings above the
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previously located platform and swim speed) were recorded with the 2020 Plus tracking
system and Water 2020 software (Ganz FC62D video camera; HVS Image, Buckingham,
UK) (Ongali et al., 2010). Additionally, the slope of the learning curve (days 5-8) was
calculated as an index of the learning capacity of each group (Drouin et al., 2011). Swim
speeds were the same for all groups (data not shown). Mice were kept warm with a
heating lamp throughout the paradigm to avoid hypothermia. Subsequent experiments

started 2 days later.

Cerebral blood flow (CBF). Functional hyperemia or the tight coupling between CBF
and increased neuronal activity induced by whisker stimulation in the somatosensory
cortex was measured with laser Doppler flowmetry (Transonic Systems Inc, Ithaca, NY).
Mice were anesthetised with ketamine (85 mg/kg, intramuscularly (i.m.); Bioniche,
Belleville, ON, Canada) and xylazine (3 mg/kg, Haver, Etobicoke, ON) and fixed in a
stereotaxic frame. The laser doppler probe was placed on the bone of the left barrel cortex
which was thinned to translucency with a dental drill. An electric toothbrush was used to
stimulate (8-10 Hz, 20 sec) the mouse whiskers on the right snout. Body temperature was
kept stable at 37°C with a heating pad. Four to five stimulations were performed for each
mouse with ~30s interval, and the evoked CBF responses were acquired and expressed as
percent average increase relative to baseline. The experimenter was blind to the identity

of the mouse and the entire procedure lasted about 20min/mouse.

Mean arterial blood pressure: Mice except WT-treated were anesthetized with
isofluorane (5% in medical air during 2-min induction, 1.5-2%), and a small incision was
performed under local analgesia (2% xylocaine) from the third superior part to the

midline of the hindpaw, for insertion of a small catheter (SAIL, catalogue #: MAC-01) in
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the femoral artery. Mice were then placed in a small restraining cylinder, anesthesia was
switched off and mean arterial blood pressure (MAP), heart rate and body temperature
were acquired for a period of 30min (Powerlab, ADinstruments, St.-Laurent QC,
Canada). Losartan did not alter these parameters and, particularly MAP (in mmHg) at any

dose (WT: 104.8+5.9, A/T: 108.8+4.8, A/T10: 99.5+2.3, A/T25: 106.2+4.8).

Tissue collection and preparation. Upon completion of in vivo experiments, mice were
sacrificed by cervical dislocation for functional reactivity of the posterior cerebral artery
(PCA) (see below). The remaining vessels from the circle of Willis were isolated, frozen
on dry ice and stored at -80°C, together with the cortex and hippocampus from one
hemibrain for subsequent use for ELISA and western blot experiments. The other
hemibrain was immersion-fixed in 4% paraformaldehyde (PFA in 0.1 M phosphate buffer
(PB), pH 7.4; 4°C) overnight, cryoprotected (30% sucrose in 0.1 M PB; 4°C) overnight,
frozen in isopentane and stored (-80°C) until sectioning (25 pum-thick sections) on a

freezing-microtome.

Vascular reactivity. Vascular reactivity was measured in cannulated and pressurized (60
mm Hg) segments (40-70 um of intraluminal diameter) of the PCA superfused with
Krebs solution (37°C) using online videomicroscopy (Tong et al., 2005). Vasodilations to
acetylcholine (ACh; 10'°-10° M), calcitonin gene-related peptide (CGRP; 107'°-10° M)
or to the NO donor sodium nitroprusside (SNP, 107'° - 107 M) were measured on vessels
slightly pre-constricted with serotonin (5-HT; 2x107 M). Contractile responses to
endothelin-1 (ET-1; 107°-10® M) and to inhibition to the tonic production of the
vasodilator nitric oxide (NO) by superfusion of the NO synthase (NOS) inhibitor No-
nitro-L-arginine (L-NNA; 10” M, for 35 min) were performed on vessels at basal tone.

151



Changes in vessel diameter are presented in percent change from the basal or pre-
constricted tone. Results were plotted as a function of agonist concentration or time for L-
NNA superfusion. The maximal response (EApm.x) and half maximal effective
concentration (ECsy value or pD,=—(log ECsp)) were determined to compare agonist

efficacy and potency respectively.

ELISA measurement of AP species. Insoluble AP;.49 and A4, levels in cortex and
hippocampus from one hemibrain were measured using an enzyme-linked
immunosorbent assay (ELISA) (BioSource International, Camarillo, CA, USA), as
described by the manufacturer (for details, (Ongali et al., 2010)). Data are presented in

micrograms per gram (png/g) of protein in formic acid insoluble AB-fraction.

Western blot. Cortical and hippocampal protein (~20 pg of ELISA supernatant) were
loaded onto a 15% Tris/tricine SDS PAGE and transferred to nitrocellulose membranes
for the detection of total levels of soluble AP species using a mouse anti-Af1-16 antibody
(6E10, 1:1000, Covance, Emeryville, CA, USA). Hippocampal proteins (~35ug) were
also used for the detection of TGF-B1 (1:1200; Cell Sciences, Canton, MA). Membranes
were subsequently incubated (1h) with horseradish peroxidase-conjugated secondary
antibodies (1:2000; Jackson ImmunoResearch, West Grove, PA, USA) in TBST blocking
buffer (50mM Tris-HCI, pH = 7.5; 150mM NaCl; 0.1% Tween 20) containing 5% skim
milk. They were visualized with Enhanced ChemiLuminescence (ECL Plus Kkit;
Amersham, Baie d’Urf¢, QC, Canada) using phosphorlmager (Scanner STORM 860; GE
Healthcare, Baie d’Urfé, QC, Canada). Band intensity was quantifed by densitometry

with ImageQuant 5.0 (Molecular Dynamics, Sunnyvale, CA, USA) by densitometry.
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Histochemical staining. Thioflavin S (1%, 8 min) staining of mature, dense core A
plaques was performed on thick sections (3 sections per mouse, five mice per group),
which were observed under a Leitz Aristoplan light microscope using epifluorescence
and an FITC filter (Leica). Pictures were taken with a Nikon digital camera (Coolpix
4500), and were used for quantification using MetaMorph 6.1r3 (Universal Imaging). The
areas of interest (cingulate and somatosensory cortex, hippocampus) were manually

outlined for percent area occupied by thioflavin S-positive staining.

Statistical analysis. Data are expressed as means £ SEM, and were analyzed by two-way
analysis of variance (ANOVA) with genotype and treatment as the two variables,
followed by Newman-Keuls post-hoc multiple comparison test (Statistica Academic,
Tulsa, OK, USA). Student’s t-test was used to determine significance between two
groups (GraphPad Prism 4, San Diego, CA, USA). A p value <0.05 was considered

significant.

Results

Losartan and spatial learning and memory

WT and A/T mice required comparable time to locate the visible platform in the Morris
watermaze (days 1-3) ruling out visual and motor disabilities, and lack of motivation.
However, A/T mice were severely impaired in finding the hidden platform, as depicted
by their elevated escape latencies compared to age-matched WT controls (days 4-8)
(Figures 1A, D). The learning slope between days 5 and 8 (WT: -4.17+2.03, A/T:
2.46+3.13) further demonstrated their reduced learning capacity. A/T mice also displayed
memory deficits in the probe trial as illustrated by the decreased percent time spent and

distance traveled in the target quadrant, and by the few platform crossings over the
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previously located platform (Figures 1C, F). These findings are in line with our previous
studies (Ongali et al., 2010). The low and the high doses of losartan did not exert any
significant beneficial effects on spatial learning measured with the escape latencies
(Figures 1A, D). However, the learning slope of A/T-treated mice with the low — but not
high — dose of losartan equated to that of WT control littermates, indicative of improved
learning capacity although it did not reach statistical significance (A/T10: -4.57+2.97,
A/T25: -1.44+2.04) (Figures 1B, E). Moreover, the low dose of losartan, but not the high
dose, significantly improved spatial memory with slightly but significantly more time and
distance travelled in the target quadrant, despite a persistent lack of precision evidenced
by the remaining low platform crossings even after losartan (Figures 1B, D). Together,
these findings indicate that the low dose of losartan exerted beneficial effects on spatial

learning and memory in A/T mice.

Losartan did not restore functional hyperemia

The evoked CBF response induced by whisker stimulation was reduced in A/T mice
compared to WT controls (WT: 26.4+3.7% vs. A/T: 8.6+1.0%, p<0.01) (Figure 2).
Losartan failed to improve this evoked response in both the low (11.043.1%, p<0.01) and
high dose cohorts (6.9+£2.0%, p<0.01). Interestingly, the low dose losartan slightly, but
significantly, potentiated the hyperemic response in WT mice compared to non-treated

controls (WT: 26.4+3.7% vs. WTo: 36.2+6.5%, p<0.01) (Figure 2).

Losartan improved cerebrovascular reactivity in A/T mice
Isolated PCA of A/T mice displayed significantly reduced dilatory responses to ACh and
CGRP relative to WT controls (Figures 3-4), in line with previous data (Ongali et al.,

2010). Receptor desensitization did not account for these alterations since agonist

154



potencies at vascular receptors were comparable between WT and A/T mice (Tables 1-2).
Baseline NO synthesis was also decreased compared to WT controls, as shown by the
smaller diameter decrease during L-NNA superfusion (Figures 3-4; Table 1-2). In
contrast, dilations induced by the NO donor SNP were not altered in A/T mice, indicative
of preserved integrity of the smooth muscle, as also demonstrated by the intact contractile
response to ET-1 (Figures 3-4; Table 1-2). Losartan, irrespective of the dose, normalized
the ACh- and CGRP-mediated dilatory responses in A/T mice, although the recovery in
ACh-mediated dilations did not reach significance at the high dose. Losartan failed to
normalize constitutive NO release essential for maintaining resting tone (Figures 3-4,
Tables 1-2), and did not alter the contractile ET-1 and dilatory SNP responses. Losartan

did not affect vasomotor responses in WT mice (Figures 3-4, Tables 1-2).

Losartan and amyloidosis

As expected, A/T displayed high levels of soluble and insoluble A species in cortex and
hippocampus (Figure 5), and these remained unchanged after losartan therapy at either
dose as measured by Western blot (Figure 5A) or ELISA (Figure 5B). Accordingly, AP
plaque load was not reduced among groups as determined by thioflavin-S staining of
dense-core AP plaques, although the high dose showed a trend toward a decrease which
did not reach significance (Figure 5C). These results show that losartan did not alter the
progression of the amyloidogenic process in A/T mice. Interestingly, neither dose of

losartan exerted any effect on hippocampal protein levels of TGF-B1 (Figure 5D).

Discussion

The present study highlights the unique capacity of a low dose of losartan to exert

selective beneficial effects on spatial learning and memory in 6 month-old A/T mice.
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Furthermore, both the low and high doses of losartan improved arterial responsiveness to
vasodilatory agonists, despite no change in the decreased tonic production of NO in the
vessel wall. These cognitive and cerebrovascular benefits occurred with persistent

amyloidosis and lessened hemodynamic responses to increased neuronal activity.

Specific beneficial effects of losartan on cognitive function

We found that the low dose of losartan conferred some protection against the onset of
cognitive dysfunction in adult A/T mice. This cognitive beneficial effect of losartan is
highly promising as it is the first time that losartan is being tested in a complex AD
mouse model of combined amyloidosis and cerebrovascular pathology. Indeed, previous
studies that showed neuroprotective effects of losartan (Mogi et al., 2008) or other AT1R
antagonists such as olmesartan (Takeda et al., 2009) and telmisartan (Tsukuda et al.,
2009) did so using Aj.4-injected mice. Only one other study (Wang et al., 2007) used a
transgenic APP mouse model, the Tg2576 model, which bears the Swedish APP mutation
(Westerman et al., 2002).. Hence, our study supports the use of ATIR antagonism for
cognitive improvements, but is the first to additionally extend it to transgenic animals

with an AD-associated cerebrovascular pathology.

Chronic upregulation of TGF-B1, a key extracellular matrix regulator, has been
documented in the brain and the cerebral vasculature of AD patients (Wyss-Coray et al.,
1997, Grammas and Ovase, 2002, Tesseur and Wyss-Coray, 2006), as well as in patients
with ischemic stroke (Krupinski et al., 1996), hypertension and diabetes who are at
increased risk for AD (Peterson, 2005). Furthermore, studies have evidenced the
deleterious effects of chronic TGF-B1 upregulation on neurogenesis (Buckwalter et al.,

2006), a process known to substantially contribute to hippocampal-dependent learning
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and memory (Kee et al., 2007, Dupret et al., 2008, Deng et al., 2009). The harmful
contribution of long-term TGF-B1 to neuronal and cerebrovascular function is further
supported by the lack of beneficial effects of simvastatin found in A/T mice on both
spatial memory and cerebrovascular function (see Chapter 3 of this thesis), while it was
highly effective in rescuing both deficits in singly APP mice (Tong et al., 2012).
Therefore, our results with losartan bear great therapeutic significance for AD patients

overexpressing TGF-B1 and at risk for AD.

Attenuation of TGF-B1 expression by losartan has been proposed as a possible
mechanism of action in preventing or reversing disease progression in animal models of
chronic renal insufficiency (Lavoie et al., 2005), cardiomyopathy (Lim et al., 2001), and
in Duchenne muscular dystrophy (Cohn et al., 2007), all accompanied by increases of
TGF-B1 expression. However, in our study, losartan did not decrease TGF-B1 protein
levels in hippocampus, not even at the high dose, suggesting that chronic TGF-f1
overexpression in A/T mice overpowered this potential effect of losartan. Therefore, TGF
inhibition likely did not account for the learning and memory improvements seen at the

low dose of losartan.

Another possible explanation resulting from ATIR blockade may be accredited to
a concomitant restoration of memory-enhancing AT2R (Tsutsumi and Saavedra, 1991,
Maul et al., 2008) or, possibly, AT4R (Gard, 2008, Wright and Harding, 2010) to which
angiotensin IV, an active metabolite of angiotensin II, binds with high affinity. Both
receptor subtypes are distributed in cognitive-processing areas including the hippocampus
(Maul et al., 2008, Wright and Harding, 2008, 2010), and their role in memory processes
has been confirmed in AT2R-KO (Maul et al., 2008) and AT4R-KO (Albiston et al.,
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2010) mice that both featured spatial memory decline. Although the mechanisms by
which learning and memory are facilitated are still unclear, long term potentiation (LTP)
stimulation in hippocampal CA1l is thought to be involved (Wayner et al., 2001). In
contrast to previous studies with valsartan (10 and 40mg/kg/day) on aged 11 month-old
Tg2576 mice treated for 5 months (Wang et al., 2007), we did not find a dose-dependent

effect of losartan on cognitive performance.

An unexpected finding was the failure of losartan to normalize the evoked
neurovascular coupling in A/T mice, suggesting a persistent reduced delivery of oxygen
and glucose by the cerebral circulation to activated neurons of the somatosensory cortex.
As this hemodynamic response depends on thalamocortical glutamatergic afferents and
astrocytic signaling (Carmignoto and Gomez-Gonzalo, 2010), it may suggest that the
astrocytic function was still impaired after losartan, despite the reported anti-
inflammatory effects of ATIR including telmisartan in AB1-40 infused mice (Tsukuda et
al., 2009) or adult C57BL/6J male mice subjected to bilateral common carotid artery

stenosis (Washida et al., 2010).

Normalized vascular reactivity

A most fascinating finding from our current study was that both the low and high doses
of losartan improved endothelium-dependent dilatations to ACh and CGRP. This was
achieved despite no recovery of baseline NO synthesis, a response dependent on
endothelial nitric oxide synthase (eNOS), which have been reported to be increased by
losartan (Miatello et al., 2003, Taguchi et al., 2011) or valsartan via Src/PI3K/Akt-
dependent signaling cascade (Su et al., 2009). Although such effects were not detected on

baseline NO levels, the improved Ach and CGRP-mediated dilations may suggest
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normalization of receptor-mediated NO-dependent responses or, alternatively, that other
dilatory pathways are involved on which losartan also exert beneficial effects. Indeed,
cerebrovascular dilatation to ACh occurs through NO release upon m5 muscarinic
receptor activation (Elhusseiny and Hamel, 2000, Yamada et al., 2001), but also via
hydrogen peroxide (H,O) (Drouin et al., 2007), likely following activation of soluble
guanylate cyclase (sGC) as in peripheral arteries (Iesaki et al., 1999). Similarly, CGRP-
induced dilatations in mouse brain arteries are primarily mediated by smooth muscle K+
channels including Karp (Kitazono et al., 1993, Tong et al., 2009) and Ca*"activated K"
(Kca2+) channels (Hong et al., 1996, Vedernikov et al., 2002), both types of channels
being normalized by losartan, in conditions such as diabetes type 2 (Matsumoto et al.,
2010), renal failure (Koobi et al., 2003) or following AnglI inhibition (Hayabuchi et al.,

2001).

AP induces cerebrovascular dysfunction primarily through increased reactive
oxygen species, particularly O, ions that trap NO, making it unavailable for dilatation
(Tadecola et al., 1999; Park et al., 2005, 2008; Tong et al., 2005). Although antioxidants
applied in vitro on cerebral arteries of A/T mice did not suggest a major role for oxidative
stress in their impaired dilatory capacity (Ongali et al., 2010), it is still possible that the
downregulation exerted in vivo by losartan on the p47phox subunit of NADPH oxidase
(Zhu et al., 2007), the main source of free radical production in brain vessels, may have
contributed to the protective effects. Although we did not seek to further explore the
exact mechanisms underlying cerebrovascular recovery, our results unequivocally
demonstrate the effectiveness of losartan on the combined AP and TGF-BI1

cerebrovascular pathology, thus strongly supporting its use in countering AD
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cerebrovascular dysfunction imputed to alterations in both AP and TGF-f1 (Grammas

and Ovase, 2002, Peterson, 2005)

Losartan and amyloidosis

Brain levels of insoluble AP remained unchanged with losartan therapy, in contrast to
other studies that showed significant reductions in soluble or deposited AP in APj.40-
injected (Mogi et al., 2008, Tsukuda et al., 2009), APP/PS1 (Danielyan et al., 2010) and
Tg2576 (Wang et al., 2007) mice. However, a clear tendency for reduction with the
higher dose was apparent, by both Elisa and Thioflavin-S-stained plaque load
quantification. However, since soluble AP oligomer levels which reportedly are the most
detrimental to neuronal and synaptic function (Mucke et al., 2000, Lesne et al., 2008)
remained unchanged, even at the low dose losartan that exerted beneficial effects on
cognitive function, these findings underscore the lack of correlation between amyloidosis
and behavioral recovery (Mogi et al., 2008, Park et al., 2008, Tong et al., 2012). Studies
showing cognitively unaffected elderly individuals having equivalent AP plaque densities
as AD patients further support the notion that AP plaques are not good correlates of

dementia (Davis et al., 1999).

Conclusion

The therapeutic efficacy of low dose losartan against spatial memory and cerebrovascular
reactivity of A/T mice at 6 months of age highlights the possible involvement of the brain
RAS in the neuronal and vascular aspects of AD pathology. Moreover, its failure to fully
normalize the cognitive deficit and the functional hemodynamic response may suggest

that longer treatment may be more effective. Overall, our findings in A/T mice with
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losartan would be supportive of the benefits reported for this type of compounds in
preventing AD (Ohrui et al., 2004, Hajjar et al., 2008).
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Figure 1. Losartan on spatial learning and memory in A/T mice in the Morris
watermaze. A, A/T mice at 6 months of age (V) displayed impaired learning during
hidden-platform testing compared to aged-matched wild-type (WT) littermates (@). Low
dose of losartan did not improve the learning deficit in A/T-treated mice (V) nor change
that of the WT-treated mice (O). Visibile-platform session demonstrated proper visual
acuity and motivation levels for each group. B, The learning slope between days 5 and 8
demonstrated the reduced learning capacity of A/T compared to WT mice. The learning
slope of A/T-treated mice with the low dose of losartan equated to that of their control
littermates, indicative of a learning process. C, Low-dose-losartan exerted significant
effects on spatial memory relative to the untreated A/T mice as evidenced by the
improved percent time spent and distance travelled as well as fewer crossings over the
previously located platform during the probe trial. D, Losartan did not improve the
learning deficit in the high-dose in the target quadrant treated-A/T mice (V) nor change
that of the WT-treated mice (@). E, The learning slope of A/T-treated mice with the high
dose of losartan differed from that of their control littermates, demonstrating a lack of
learning process among these mice. F, Spatial memory deficits during the probe trial
were not recovered by high dose losartan treatment. Error bars represent SEM (n=10-12
mice/group). *xp<0.05, * *p<0.01, * * *xp<0.001 using two-way ANOVA followed by
Newman-Keuls post-hoc test.
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Figure 2. Losartan did not restore stimulus-evoked CBF in A/T mice. The impaired
hyperemic response to whisker stimulation in A/T mice was not restored by the low (A)
or the high dose (B) of losartan, and remained reduced compared to the WT controls, as
measured by LDF (n=4 mice/group). Values represent the percent increase of CBF
response relative to baseline. Error bars represent SEM. *p<0.05, * *p<0.01 using two-
way ANOVA followed by Newman-Keuls post-hoc test.
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Figure 3. Low dose losartan normalized vasodilatory function of A/T mice. The
impaired cerebrovascular dilatations to ACh and CGRP in A/T mice (V) were
normalized by losartan (V'), but this was not accompanied by a recovery of baseline NO
synthesis during NOS inhibition (L-NNA, 10°M). Dilatations induced by the NO donor
SNP remained unchanged in A/T treated with losartan. Contractile response to ET-1
remained unaltered in both treated- and untreated-A/T mice. Error bars represent SEM.
n=4 for each group. * * p<0.05, % * ** p<0.01, * * *  *** n<().001 when compared
to untreated WT controls (%) or A/T mice (*) using two-way ANOVA followed by
Newman-Keuls post-hoc test.
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Figure 4. High dose losartan improved vasodilatory function of A/T mice. Losartan
partially and fully reversed the impaired cerebrovascular dilatations to ACh and CGRP,
respectively, in losartan-treated A/T mice (V), with no recovery of baseline NO
synthesis. Similarly, dilatations induced by the NO donor SNP, remained unaltered as
contractile response to ET-1 in both treated- and untreated-A/T mice. Error bars represent
SEM. n=4 for each group. The same vessels of WT (@) and A/T (¥) mice described in
figure 2 were also utilized in this figure. * * p<0.05, * %, ** p<(0.01, % * * p<0.001
when compared to untreated WT controls (*) or A/T mice (¥) using two-way ANOVA
followed by Newman-Keuls post-hoc test.
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Figure 5. Losartan, amyloidosis and TGF-B1 expression in A/T mice. 4, Western blot
analysis with 6E10 antibody revealed no effect of losartan on soluble AB species in
cortex and hippocampus of A/T mice. Actin was used as a reference for loading. B,
Insoluble AB;.40 and AB;.4; levels in treated-A/T mice remained unchanged as assayed in
half-brain of cortex and hippocampus by ELISA, although the high dose showed a clear
trend towards decreased levels. C, The surface area occupied by AP plaque load was not
changed among groups as determined by thioflavin-S staining of dense-core AP plaques
in both cortex and hippocampus. Nevertheless, the high dose losartan also showed a
strong trend towards a decrease, but did not reach significance. D, Losartan did not yield
any changes in protein levels of TGF-B1 irrespective of the dose. Actin was used as a
reference for loading. Error bars represent SEM (n=4 mice/group). Error bars represent
SEM (n=4 mice/group). *p<0.05, * *p<0.01, * *x *xp<0.001 for comparison to A/T
mice using two-way ANOVA followed by Newman-Keuls post-hoc test.
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Table 1. Effect of 10mg/kg/day losartan on cerebrovascular responses of A/T mice

WT WT10 A/T A/T10
EAmax 46.0+2.6 49.8+1.8 20.7£1.3% % 55.1£2.1% K j**
ACh
pD» 8.1+0.2 8.1+0.1 8.0+0.2 8.8+0.1
E Amax 45.3£1.9 47.4+£2.9 21.241. 7%k k 453447 % K R
CGRP
pD» 8.3+0.1 8.1+0.1 8.3+£0.2 8.6+£0.3
SNP  Eamax 101.3+£8.3 107.8+£9.2 110.7£3.4 02.745.5%**
E Amax 54.1+#3.3 52.9+2.7 57.1+6.0 51.8+2.9
ET-1
pD» 8.7+0.2 7.4+0.1 8.1+£0.3 7.6£0.1
L-NNA  Eamax 55.1+5.2 50.0+4.4 27.6£7.2% 27.34£2.5%

Data are means = SEM (n=4 mice per group) and are expressed as the agonist maximal
response (EAmax) or potency (pD,, -[logECso]). EAmax is the percent maximal
dilatation to ACh, CGRP and SNP or the percent maximal diameter decrease to ET-1, 5-
HT or after 35 min inhibition with 10°M L-NNA. * * p<0.05, * % ** p<(0.01,
* % K FE* 5n<().001 when compared to untreated WT controls (%) or A/T mice (*) by
two way ANOVA followed by Newman-Keuls post-hoc multiple comparison test.

167



Table 2. Effect of 25mg/kg/day losartan on cerebrovascular responses of A/T mice

WT WT25 A/T A/T2S
E Amax 46.0+2.6 36.842.4 20.7£1.3% % 31.3£2.5
ACh
pD> 8.1+0.2 8.9+0.3 8.0+0.2 8.7+0.3
E Amax 45.3+1.9 38.5+4.0 21.241. 7% Kk k474440 % K FxE
CGRP
pD; 8.3+0.1 8.7+£0.3 8.3+0.2 8.0+0.2
SNP  Eamax 101.3+£8.3 107.8+£9.2 110.7£3.4 92.745.5%**
E Amax 54.1£3.3 44.3+2.8 57.1£6.0 71.4+£5.0
ET-1
pD» 8.7+0.2 8.0+0.2 8.1+£0.3 7.6£0.2
L-NNA  Eamax 55.1+5.2 45.0+5.6 27.6+7.2% 41.0+4.8*

Data are means + SEM (n=4 mice per group) and are expressed as the agonist maximal
response (EAmax) or potency (pD,, -[logECso]). EAmax is the percent maximal
dilatation to ACh, CGRP and SNP or the percent maximal diameter decrease to ET-1, 5-
HT or after 35 min inhibition with 10°M L-NNA. * * p<0.05, * *x ** p<0.01,
* %k FE* 5n<().001 when compared to untreated WT controls (%) or A/T mice (*) by
two way ANOVA followed by Newman-Keuls post-hoc multiple comparison test.
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General Discussion
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Summary and interpretation of results

We hypothesized that A/T bitransgenic mice, which feature cognitive, cerebrovascular
and glial deficits may represent a more accurate model for AD pathology. These deficits
may be reversible or curable by therapeutic intervention. If so, the effective compounds
may bear promise in AD patients. Using A/T mice, we evaluated the efficacy of
pioglitazone (20mg/kg/day), simvastatin (40mg/kg/day) and losartan (10 and
25mg/kg/day) on key clinical outcomes including spatial learning and memory (Morris
watermaze), evoked neurovascular and/or neurometabolic coupling responses,
cerebrovascular reactivity, amyloidosis and glial activation.

We provide evidence that:

[1] Concomitant overexpression of AB and TGF-B1 in A/T mice was associated with
spatial memory deficits as well as arterial and hemodynamic dysfunction (Chapter 2).

[2] The PPARy agonist pioglitazone exerted positive effects on neurometabolic and
neurovascular coupling responses to sensory stimulation, and reduced cortical astroglial
activation. Nevertheless, pioglitazone worsened vasodilatory function in A/T mice.
Spatial learning and memory in the Morris watermaze were not normalized although
modest, but significant, improvements were seen in reversal learning in the adult cohort
despite unaltered AP levels (Chapter 3).

[3] The HMG-CoA reductase inhibitor simvastatin failed to normalize spatial learning
and memory, the evoked CBF to sensory stimulation, glial activation, and it worsened
vasodilatory function in A/T mice. However, simvastatin significantly lowered brain

levels of insoluble AP and AP plaque load (Chapter 4).
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[4] The ATI1R antagonist losartan at a low dose only was able to confer some cognitive
protection as evidenced by the improved learning capacity and spatial memory and this,
despite persistent amyloidosis. Both doses of losartan tested exerted beneficial effects on
cerebrovascular reactivity, although the neurovascular coupling to sensory stimulation
was not normalized by either dose (Chapter 5).

The following sections discuss the relevance of these main findings to AD.

1. Characterizing an AD model

We investigated in chapter 2, the interactive effects of APP and TGF-f1 overexpression
in young, adult and old A/T mice on cerebrovascular reactivity, inflammation, evoked
CGU and CBF, and spatial memory. A/T mice featured progressive cerebrovascular
dysfunction insensitive to in vitro antioxidant treatment. In addition, A/T mice displayed
progressive astrocytic activation, AP pathology and impairment in evoked cerebral blood
flow and glucose uptake along with a spatial memory decline, thus bringing together
cerebrovascular, glial and cognitive aspects of AD pathophysiology.

2. Effects of pioglitazone in A/T mice

Pioglitazone reversed the impaired CBF and CGU deficits of aged A/T mice, in line with
the recovered astroglial function in the activated somatosensory area. The decreased
release of inflammatory cytokines by these astrocytic elements was suggested to also
partake to the recovery. Particularly, PPARy activation may have facilitated the ability of
astrocytes to synthesize arachidonic acid derivatives, primarily the vasodilatory
epoxyeicosatrienoic acids (EETs) that mediate a large part of the neurovascular coupling
response to whisker stimulation (Lecrux and Hamel, 2011). Together, these findings

support the hypothesis that pioglitazone can reverse glial alterations even at an advanced
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stage of the pathology benefiting neurovascular and neurometabolic coupling, responses
that depend on a healthy neurogliovascular unit (Carmignoto and Gomez-Gonzalo, 2010,
Lecrux and Hamel, 2011).

Nevertheless, as discussed in chapter 3, recovery of neurovascular coupling
response in the somatosensory cortex did not necessarily mirror that of the hippocampus.
Not only does this response depend on the associated perivascular astrocytic endfeet, but
also on specific neuronal networks within each activated area including local excitatory—
inhibitory pathways (Logothetis, 2008). As such, because of possible regional CBF
heterogeneity (Sloan et al., 2010), CBF evaluations should ideally be performed in the
hippocampus for a direct link with memory performances. However, such approaches are
invasive and perturb the brain parenchyma (Barretto et al., 2011) and because of this, we
used the whisker-to-barrel pathway, which is a well-established pathway with reduced
functional hyperemia in APP mice (Niwa et al., 2000). The same applies to the
neurometabolic coupling response (Chuquet et al., 2010). We suggest that future
investigations should include stimulation paradigms for CGU evaluations in the
hippocampus for better associative power between alterations in glucose metabolism and
cognition. For instance, instead of stimulating the whiskers for 45 min post-FDG
injection, mice may perform the probe trial of the watermaze for direct stimulation of the
hippocampus (among other areas). Limitations in terms of feasibility to this experimental
approach may exist like the physical stamina of a mouse which may require an increased
FDG-injection dose for a decreased stimulation time.

The fact that pioglitazone failed to decrease astrogliosis in the hippocampus, in

contrast to its positive effects on the cortex, may even suggest that there was no
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hippocampal CBF and CGU recovery. Such possibility could very well explain why
pioglitazone failed to recover spatial memory in A/T mice, hypoperfusion and
hypometabolism being good correlates of AD memory decline (de la Torre, 1999,
Melrose et al., 2009). Even more, astrocytes have been associated to hippocampal
homeostasis required for memory formation (Santello and Volterra, 2010). The fact that
the prolonged treatment duration demonstrated modest reversal memory benefits may
hint two things: [1] Memory recovery could have been possible if the allotted time of the
probe trial was more than 60s, i.e. prolonged to 90s like in the hidden-platform learning
session. With a delayed yet significantly improved understanding of the platform
relocation, the extended time may have been favourable for the pioglitazone-treated-A/T
mice to redirect themselves to the target quadrant. [2] The Morris watermaze paradigm,
considered stringent and stressful (Van Dam and De Deyn, 2006) may have masked
understated behavioural improvements that may have been apparent in other paradigms
like the Y-maze (Van Dam and De Deyn, 2006).

Perhaps future experimental studies attempting to normalize memory with
pioglitazone should be directed on AD-associated insulin-resistant db/db mice with
hippocampus-dependent mnemonic impairments (Takeda et al., 2010) and pathological
AD features (Jolivalt et al., 2008). Indeed, pioglitazone is primarily effective against
insulin resistance (Mrak and Landreth, 2004), an AD accelerator (Zhao et al., 2004)
partly because of its effects on synaptic plasticity (Gasparini et al., 2002). As such,
hemodynamic rescue by pioglitazone in the somatosensory cortex of db/db mice might be
enough for behavioral improvement, unlike in A/T (here) and APP (Nicolakakis et al.,

2008), but like in the human study of diabetic AD patients by Sato et al. 2011. The data
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may even call for a higher pioglitazone dose, like that used by Heneka et al. (2005) for
increased potency (40mg/kg/day). A treatment starting point at a younger age, i.e. 2
months of age instead of 6 months (here), may also prove to be beneficial for this A/T
mouse model, which may well exhibit memory impairment earlier than 6 months of age.

The findings therefore point to earlier therapeutic intervention with, possibly, a
higher pioglitazone dose, in the A/T mouse model or even more, a redirected interest
towards diabetic mice to assess the cognitive potential of pioglitazone therapy. Indeed,
the latest pioglitazone clinical trials in AD patients failed to demonstrate any efficacy
(Geldmacher et al., 2011) which, together with our findings, may disprove the hypothesis
that cognitive dysfunction is reversible with PPARy agonist therapy. Clinical and
preclinical testing should be henceforth aimed at diabetic AD patients, like in Sato et al.
2011.
3. Effects of simvastatin in A/T mice
Simvastatin ~ was inefficient in restoring mnemonic, cerebrovascular and
neuroinflammatory function in adult A/T mice, despite a significant decrease in
parenchymal insoluble AP (Chapter 4). Simvastatin also failed to rescue neurovascular
coupling and silence activated astrocytes and reactive microglia. These findings show
limitations for simvastatin therapy on specific indexes of clinical outcome in A/T mice,
and possibly in AD patients with vascular diseases defined by TGF-B1 upregulation.

As discussed in Chapter 4, some studies have shown TGF-B1-mediated
neuroprotective effects against injury, ischemia and AD pathology in mice or AD patients
(Tesseur and Wyss-Coray, 2006, Caraci et al., 2008), but others suggest #

neurodegenerative-promoting  effects, reduction in hippocampal neurogenesis

174



(Buckwalter et al., 2006), and impairment of spatial learning in AD mouse models (Town
et al., 2005, Salins et al., 2008). A study pointed to the distinction between a temporarily
limited and prolonged TGF-B1 augmentation using a tetracycline-regulated gene
expression system on a transgenic mouse model with inducible neuron-specific
expression of TGF-B1 (Ueberham et al., 2005). Neuroprotective effects were observed
after short-term expression of TGF-B1 whereas the consequences of a chronic
upregulation, like in our mouse model, were detrimental (Ueberham et al., 2005). Still,
TGF mice do not exhibit spatial learning and memory deficits (Papadopoulos et al., 2010,
Nicolakakis et al., 2011). As neurogenesis substantially contributes to hippocampal-
dependent learning and memory processes (Kee et al., 2007, Dupret et al., 2008, Deng et
al., 2009), TGF-B1 overexpression may have aggravated the already reduced
neurogenesis primed by the AP pathology (Verret et al., 2007, Valero et al., 2011) and
decreased the threshold of cognitive activation of A/T mice. Such statement may partly
explain why simvastatin was effective in restoring memory in singly APP (Tong et al.,
2012) but not A/T-treated mice (Chapter 4).

Another possible explanation, as mentioned in Chapter 4, may pertain to the
concurrent stimulation of the survival-related PI3k/Akt pathway by both simvastatin (Wu
et al., 2008) and TGF-B1 (Zhu et al. 2004). The overexpression of the latter though may
have chronically exacerbated this signaling cascade preventing in turn simvastatin from
exerting its neuroprotective effects. Thus, simvastatin and TGF-B1 may have competed

for the PI3k/Akt pathway in the expense of memory recovery of A/T mice.
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3.1 TGF-B1, a vascular obstacle? Critic of the A/T model
The Rotterdam (Ruitenberg et al., 2005) and Honolulu-Asia Aging (Freitag et al., 2006)
studies with respectively lower MCA blood flow velocity or midlife hypertension are
examples demonstrating a link between cerebrovascular insults and an increased
incidence of dementia in subjects. Vessel occlusion in rats (Farkas et al., 2007, Barros et
al., 2009) and vessel stenosis in mice (Miki et al., 2009) have induced impairments in
procedural and reference memory tasks, respectively. Nevertheless, the vascular
pathology in AD has not earned a causal role in cognitive failure. Instead, it is recognized
as an aggravating factor as highlighted by the worsening of memory deficits induced by
hypoxia in 8 month-old APP mice chronically exposed to a low-oxygen (8% O2)
environment (Sun et al., 2006). Also, rescuing the hemodynamic responses alone with
pioglitazone or together with cerebrovascular reactivity as seen after simvastatin
treatment supplemented with chitin, a natural biopolymer of N-acetylglucosamine known
to reduce CAA (supplemental Figures 1-4) did not suffice to restore cognitive function.
Vascular risk factors have been associated with cognitive decline as early as
middle age (Knopman et al., 2009). Chronic TGF-B1 overexpression in mice mimics
several aspects of the cerebrovascular AD pathology, justifying TGF-B1 overexpression
as our choice for studying the vascular comorbidity added to the amyloidosis pathology
of APP mice. The resulting cerebrovascular disturbances in TGF mice include arterial
dysfunction as early as 4 months of age (Tong et al., 2005), chronic hypoperfusion at
baseline (Gaertner et al., 2005), and impaired neurovascular coupling (Papadopoulos et
al., 2010, Nicolakakis et al., 2011). In AD patients, increased levels of TGF-B1 have been

reported at a relatively advanced age, the youngest subject being 64 years old and the

176



oldest, 88 (Wyss-Coray et al., 1997, Grammas and Ovase, 2002). Therefore, bitransgenic
A/T mice with an elevated burden of vascular pathology may represent an advanced stage
of the human AD pathology and may, possibly, have passed the critical window of
opportunity for statin efficacy.

Noteworthily, clinical studies suggest that the onset of treatment and clinical
status of the patients are important determinants of statin effectiveness in AD (Wolozin et
al., 2000, Wolozin et al., 2007, Arvanitakis and Knopman, 2010). In other words, statins
may prove to have a therapeutically favourable impact on AD only if taken early enough
in life, such as decades before the clinical manifestations of AD (Arvanitakis and
Knopman, 2010).

Nevertheless, aged Tg2576 mice (Li et al., 2006) substantially benefited from a
higher dose (50mg/kg/day vs 40mg/kg/day in our study) of simvastatin treatment, a
finding that was not reproduced by our group in aged APP mice treated with
40mg/kg/day for 6 months (Tong et al., 2012). As the Tg2576 mouse model carries only
the Swedish mutation (Westerman et al., 2002), as opposed to the APP J20 line and the
A/T mice that carry the double Swedish and Indiana mutations, the Tg2576 mice may be
more amenable to therapeutic benefits, which may point to a possible therapeutic efficacy
with simvastatin at a higher dose and/or following earlier and longer interventions. Then
again, future preclinical studies should focus on normalizing memory with simvastatin in
APP mice with diet-induced hypercholesterolemia, which exhibit worsened
hippocampus-dependent mnemonic impairments (Umeda et al., 2012) and AD features
(Refolo et al., 2000, Shie et al., 2002) compared to control transgenic mice. As a primary

target of statin therapy, but also an AD risk factor and accelerator (Refolo et al., 2000,
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Umeda et al., 2012), this study may shed light on the benefits of providing statins to mild
to moderate AD patients with elevated cholesterol or triglycerides, which are excluded
from clinical studies for safety and ethical reasons (Arvanitakis and Knopman, 2010).

4. Effects of losartan in A/T mice

A most fascinating finding from our study was the mnemonic effectiveness, although
modest, exerted by losartan (Chapter 5). Losartan efficacy was dose-specific as only the
low dose (10mg/kg/day) significantly improved spatial memory with limited benefit on
the learning capacity. Whereas neurovascular coupling to sensory stimulation was not
normalized by either dose, the low and high doses demonstrated partial beneficial effects
in cerebrovascular reactivity, and no change in amyloidosis was apparent. It remains to be
determined whether extension of treatment with the most effective dose may demonstrate
complete rescue of both cognitive and cerebrovascular deficits.

As an altered system in dementia (Kehoe et al., 2009), it appears that targeting the RAS
comes with great benefits for dementia and warrants further investigation. Losartan was
previously evaluated in other studies (Wang et al., 2007, Mogi et al., 2008, Takeda et al.,
2009), but none demonstrated its restorative effects in mice recapitulating the broad
spectrum of cerebrovascular, neuronal, glial, and cognitive alterations found in AD
patients, thereby integrating the comorbid factor of cerebrovascular pathology to that of
increased amyloidosis (van der Wal et al., 1993, Zlokovic, 2010). Further, our study
emphasized that losartan intervention is feasible in a disease associated with advanced
age. Indeed, as mentioned above, we suggest that A/T mice represent a late stage of the
pathology since TGF-B1 cytokine has only been reported in patients older than 69, and on

average 80 years of age (Flanders et al., 1995, Grammas and Ovase, 2002). Our findings
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of losartan therapeutic benefit in A/T mice are in agreement with two clinical studies that
highlighted the importance of selectively blocking ATIR as opposed to working
upstream from this receptor, with angiotensin converting enzyme (ACE) inhibitors.
Indeed, compared to ACE inhibitor lisinopril, telmisartan significantly improved episodic
memory and visuospatial abilities in elderly subjects, in parallel to lowering blood
pressure (Fogari et al., 2006). Aged subjects taking angiotensin receptor blockers (ARBs)
— including losartan — compared to those taking ACE inhibitors had greater reduction in
incidence of AD (Li et al.,, 2010b). Even more, those who switched from an ACE
inhibitor to an ARB were at significantly lower risk of incident dementia than those who
did not switch further strengthening the therapeutic value of the ARBs assessed (Li et al.,
2010b). Noteworthily, these were normotensive subjects, as were our mice (Chapter 5),
and so blood pressure changes likely do not account for these beneficial effects.

5. Amyloidosis, a bad correlate of memory recovery

The failure of simvastatin (Chapter 4) to normalize behaviour in A/T mice occurred with
significantly reduced brain levels of insoluble AP and parenchymal AP plaque load. In
contrast, losartan (Chapter 5) improved spatial memory despite persistent amyloidosis.
On the basis of these results, the lack of relationship between AP plaque load and
cognitive failure was substantiated. Moreover, these findings evidence that reducing
amyloidosis is not necessarily a protective mechanism in halting AD progression, as
reinforced in AD patients who underwent Af4, immunization (Holmes et al., 2008).
Studies showing cognitively unaffected elderly individuals having equivalent A plaque
densities as AD patients further support the notion that AP plaques are not exclusive to

cognitively impaired AD patients (Davis et al., 1999). Actually, while reductions of
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insoluble AP by simvastatin (Chapter 4) occurred despite no behavioral improvement,
memory recovery occurred in simvastatin-treated APP mice with persistent amyloidosis
(Li et al., 2006, Tong et al., 2012) .

Although not undisputed (Pedersen et al., 2006), soluble AP levels may also be
considered bad correlates of memory recovery. They not only remained elevated in
pioglitazone- and simvastatin- treated A/T mice that did not recover memory, but also in
losartan-treated A/T mice (Chapter 5) and simvastatin-treated APP mice (Li et al., 2006,
Tong et al., 2012), which displayed spatial learning and memory improvements.
Similarly, the Morris watermaze performance of aged Tg2576-treated mice with COX-2
inhibitors was improved, despite no reductions in soluble and insoluble AB40, AB42 or
AB56 levels (Kotilinek et al., 2008), the latter oligomer being associated with memory
deficits in Tg2576 mice (Lesne et al., 2006).

6. Effects of therapies on vascular reactivity in A/T mice

In A/T mice, decreases in vasodilatory capacity in response to ACh and CGRP incubation
were present in all age groups, but showed resistance to antioxidants SOD or apocynin as
assessed ex vivo, in contrast to APP mice (Nicolakakis et al., 2008). A/T mice also
showed a preserved contractile response to ET-1, and a decreased constitutive NO
synthesis (Chapter 2).

We anticipated normalization of cerebrovascular function with pioglitazone and
simvastatin based on their significant benefits in adult and aged APP (Nicolakakis et al.,
2008, Tong et al., 2009, Tong et al., 2012) or TGF (Nicolakakis et al., 2011)(Tong et al.
in preparation) mice. However, whereas pioglitazone normalized the basal levels of NO,

both pioglitazone and simvastatin worsened cerebrovascular dilatory function in treated
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A/T mice, and losartan was the only treatment to improve the dilatory responses to ACh
and CGRP. The deleterious effects of pioglitazone and simvastatin may result from their
ability to dilate blood vessels through direct activation of vasodilatory pathways shared
by ACh (Nagaoka et al., 2007, Omae et al., 2011) or blockade of K+ channels through
which CGRP induces dilatation (Vedernikov et al., 2002, Yu et al., 2011). The delayed
dilatation observed only with the high doses of the NO donor SNP further supports a
disruption of dilatory sGC signalling. The question then arises as to why were these
negative effects not seen in singly APP or TGF mice? Is there an exacerbation or
desensitization of the signaling pathways when both AP and TGF-f1 are combined?
Could it be that interactions of synergistic effects between AP and TGF-B1 increase the
complexity of the cerebrovascular alterations making them irresponsive to therapies
effective in singly transgenic models? Further investigations are clearly needed to
decipher the underlying mechanisms, but these findings likely point to the complexity of
the cerebrovascular pathology in the human disease.

Yet, losartan demonstrated positive effects on dilatory function even though the
baseline NO production was not rescued by treatment. As discussed in Chapter 5, the
multifaceted actions of losartan on oxidative stress, K+ channel signaling and several
other channels involved in vascular function (Morel et al., 1996, Akerman et al., 2003)
may contribute to these benefits.

Conclusion
As vascular risk factors in midlife have been linked to an increased incidence of dementia
(Launer et al., 2000, Whitmer et al., 2005) and cognitive decline in later life (Launer et

al., 1995, Carmelli et al., 1998), the use of A/T mice may increase the predictive value of
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compounds for AD patients with vascular pathology. As such, based on our results,
pioglitazone emerged as a promising strategy to protect altered brain hemodynamics and
glucose metabolism, but only in AD patients free of vascular pathology in view of its
negative effects on vascular reactivity. Further, our results agree with the growing
appreciation that statin efficacy is dependent on the timing of exposure to the patient. The
positive outcome of losartan incites further studies to confirm the encouraging losartan-
based improvements in cognitive and cerebrovascular function that agree with the

benefits reported in clinical studies (Fogari et al., 2006, Li et al., 2010b).
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Figure 1 supplemental: As a preliminary study, chitin (1 mg/ml solution) (Hawkes and
McLaurin, 2009) or vehicle (0.1 M phosphate buffered saline, PBS) was injected into the
lateral ventricle (icv, 10 ul delivered over 20 min) at the stereotaxic coordinates (AP:
0.46 mm, L: 1.1mm and V: 2.2 mm) of WT and simvastatin-treated A/T mice (Chapter
3), while they were anesthetized with ketamine (85 mg/kg, intramuscularly) and xylazine
(3 mg/kg). The injection syringe was left in place for 10min. Icv injections were
performed twice in 1 month with a 2-week interval, once in each brain hemisphere.
Fourteen days after the last injection, mice were used to assess CBF and vascular
reactivity.

Chitin, a natural biopolymer of N-acetylglucosamine expressed in the cell walls of
fungi, crustaceans, insects, and worms, has recently been shown to decrease CAA in
TgCRND 8 APP mice that carry the APPSwe,Ind mutations.
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Figure 2 supplemental. Combined simvastatin (sv) and chitin (ch) treatment did not
improve spatial learning and memory in A/T mice. 4, All groups of mice had a similar
ability in finding the visible platform session (days 1-3). A/T mice (®) displayed
impaired learning during hidden-platform testing compared to aged-matched wild-type
(WT) mice (@). Sv+ch did not improve this deficit of A/T-treated mice (6 month-old,
treated for 3 months,®), and simvastatin (<) or chitin (O) alone did not affect the
performance of WT mice. B, A/T mice, treated and non-treated with sv+ch displayed
significant deficit in memory retention as assessed during the probe trial in the target
quadrant. Error bars represent SEM. Averaged escape latencies from previous groups of
WT and A/T mice were used (n=10 mice/group).
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Figure 3 supplemental. Simvastatin+chitin (sv+ch) restored neurovascular coupling
in A/T mice. 4, Histogram representing the maximum values of the evoked CBF
responses for each group (4-5 stimulations), as measured by LDF. The impaired
hyperemic response to whisker stimulation in A/T mice was rescued by
simvastatin+chitin. (n=4 mice/group). Values represent the percent increase of CBF
response relative to baseline. *p<0.05, * *xp<0.01 using two-way ANOVA followed by
Newman-Keuls post-hoc test.
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Figure 4 supplemental. Simvastatin+chitin (sv+ch) normalized dilatory function in
A/T mice. The impaired dilatations to acetylcholine (ACh) and calcitonin gene-related
peptide CGRP in A/T mice (V) were normalized by sv+ch (V). Concentration-
dependent contractile responses to ET-1 were unaltered in treated- (¥) and untreated-
(V) A/T mice compared to treated- (@) and untreated- (O) WT controls. Baseline NO
synthesis and release measured during NOS inhibition (L-NNA, 10°M) were recovered
in svtch-treated A/T mice (V). The dilatations induced by the NO donor SNP were not
affected by sv+ch treatment Error bars represent SEM (n=4 for each group). *p<0.05,
* % p<(0.01, * * *xp<0.001 for comparison to WT mice, *p<0.05, **p<0.01, ***p<0.001
for comparison to untreated-A/T mice using two-way ANOVA followed by Newman-
Keuls post-hoc test.
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Selective in vivo antagonism of endothelin
receptors in transforming growth factor-g1
transgenic mice that mimic the vascular
pathology of Alzheimer’s disease'

Panayiota Papadopoulos, Brice Ongali, and Edith Hamel

Abstract: Increased levels of transforming growth factor-p; (TGF-f) induce a vascular pathology that shares similarities
with that seen in Alzheimer’s disease, and which possibly contributes to the cognitive decline. In aged transgenic mice
that overexpress TGF-p1 (TGF mice), we previously found reduced dilatory function and selectively impaired endothelin-1
(ET-1)-induced contraction. Here we studied the effects of chronic treatments with selective ETa (ABT-627) or ETp
(A-192621) receptor antagonist on cerebrovascular reactivity, cerebral perfusion, or memory performance. The dilatory
deficit of TGF mice was not improved by either treatment, but both ET-1 contraction and basal nitric oxide (NO)
production were distinctly altered. Although ABT-627 was devoid of any effect in TGF mice, it virtually abolished
the ET-1-induced contraction and NO release in wild-type (WT) littermates. In contrast, A-192621 only acted upon
TGF mice with full recovery of ET-1 contraction and baseline NO synthesis. TGF mice, treated or not, had no cogni-
tive deficit in the Morris water maze, nor did ABT-627-treated WT controls despite severely impaired vasoreactivity.
These findings confirm that ETA receptors primarily mediate the ET-1-induced contraction. Further, they suggest that
ETg receptors play a detrimental role in conditions of increased TGF-B; and that vascular dysfunction does not inevi-
tably lead to cognitive deficit.

Key words: endothelin-1, selective endothelin receptor antagonism, hypoperfusion, vasoreactivity, memory.

Résumé : Des niveaux élevés du transforming growth factor-8; (TGF-B) induisent une pathologie vasculaire semblable a
celle observée dans la maladie d’Alzheimer, et qui pourrait contribuer au déficit cognitif. Nous avons préalablement ob-
servé une diminution de la fonction dilatatrice et une altération sélective de la contraction induite par I’endothéline-1 (ET-1)
chez des souris transgéniques agées surexprimant le TGF-$; (souris TGF). Dans la présente étude, nous examinons les
effets de traitements chroniques avec des antagonistes sélectifs des récepteurs ETa (ABT-627) ou ETg (A-192621) sur
la réactivité cérébrovasculaire, le débit sanguin cérébral ou la mémoire. Les traitements n’ont pas amélioré le déficit
dilatateur des souris TGF, mais ils ont significativement modifié la contraction induite par I’ET-1 et la production ba-
sale de monoxyde d’azote (NO). ABT-167 n’a eu aucun effet chez les souris TGF alors qu’il a pratiquement supprimé
la contraction induite par 'ET-1 et la libération de NO chez leurs témoins de type sauvage (TS) de méme portée.
Par contre, A-192621 n’a agi que chez les souris TGF, rétablissant la contraction induite par 'ET-1 et la synthese ba-
sale de NO. Les souris TGF, traitées ou non traitées, n’ont montré aucun déficit cognitif dans la piscine de Morris. 1l
en a été de méme des témoins TS traités par ABT-627, malgré 1’altération importante de la vasoréactivité. Ces résul-
tats confirment que les récepteurs ETa sont les principaux médiateurs de la contraction induite par I’ET-1, soutiennent
que les récepteurs ETg ont un role néfaste en présence de niveaux €levés de TGF-f, et montrent que les dysfonctions
vasculaires n’entrainent pas forcément un déficit cognitif.

Mots-clés : endothéline-1, antagonisme sélectif des récepteurs de 1’endothéline, hypoperfusion, vasoréactivité, mémoire.

[Traduit par la Rédaction]

Introduction cerebral hypoperfusion, destabilizing substrate delivery and
waste removal, hence resulting in a meaningful mnemonic

The integrity of brain function requires an absolute main- decline (de la Torre et al. 1992; Ruitenberg et al. 2005). In
tenance of cerebral blood supply through a proficient vascu- Alzheimer’s disease (AD), progressive dementia is accom-

lature. When compromised, the latter may induce chronic panied by both neurodegenerative and cerebrovascular alter-
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ations primarily characterized by amyloid B-peptide (AP)
deposition within the vessel walls (cerebral amyloid angiop-
athy, CAA) and overexpression of inflammatory and base-
ment membrane proteins (Zarow et al. 1997). The levels of
transforming growth factor-f (TGF-8,) in AD patients have
also generated interest for their potential role in the vascular
pathology, as TGF-f, is increased in the serum (Malaguar-
nera et al. 2006), cerebrospinal fluid (Chao et al. 1994,
Wyss-Coray et al. 1997), AP plaques (van der Wal et al.
1993), and brain vessels in these patients (Grammas and
Ovase 2002). TGF-B, is also upregulated in a variety of con-
ditions including mechanical injury (Lin et al. 2005) and is-
chemic stroke (Krupinski et al. 1996), consequently
prompting fibrosis (Leask and Abraham 2004). Moreover,
TGF-B, gene polymorphisms have been considered as a pos-
sible risk factor for developing AD (Luedecking et al. 2000).

Transgenic mice that overexpress a constitutive form of
TGF-B; (TGF mice) in astrocytes mimic several aspects of
the cerebrovascular pathology seen in AD. These include
primarily structural abnormalities associated with increased
levels of extracellular matrix proteins, such as collagen, per-
lecan, and fibronectin, thickening of the blood vessel walls,
and microvascular degenerative changes (Kalaria and Pax
1995; Wyss-Coray et al. 2000; Tong et al. 2005). Addition-
ally, TGF mice exhibit reduced resting cerebral perfusion
(Gaertner et al. 2005) and glucose metabolism (Galea et al.
2006), two other landmarks of AD brain dysfunction. Func-
tionally, TGF mice display progressive impairments in endo-
thelium-dependent and -independent dilatations, as well as a
selective reduction in endothelin-1 (ET-1) contractile re-
sponse in elderly animals (Tong et al. 2005), the latter pos-
sibly reflecting an adapted response to the dilatory deficits.
These dysfunctions have been associated with reduced syn-
thesis of vasoactive molecules in the blood vessels, altered
ET, receptor signalling and upregulation of vascular ETg
receptor levels (Tong et al. 2005; Tong and Hamel 2007).
Hence, a better understanding of these alterations and how
TGF-B; selectively impairs the cerebrovascular effects of
ET-1 could have significance for the vascular pathology in
AD.

In the present study, we sought to elucidate the roles of
ET4 and ETy receptors in the impaired ET-1-mediated con-
tractile response in aged TGF mice by assessing the cerebro-
vascular reactivity in TGF and wild-type (WT) controls
treated in vivo with selective ET-1 receptor antagonists. In
addition, we tested the outcome of ET, receptor blockade
on functional hyperemia and spatial memory.

Materials and methods

Animals

Experiments were approved by the Animal Ethics Com-
mittee of the Montreal Neurological Institute and complied
with the guidelines of the Canadian Council on Animal
Care. The animals used in the study were heterozygous
transgenic mice overexpressing a constitutively active form
of TGF-B, under the control of the glial fibrillary acidic pro-
tein (GFAP) promoter on a C57BL/6J background (line T64)
(Wyss-Coray et al. 1995). Mice were screened for transgene
expression by touchdown PCR using tail-extracted DNA
(Wyss-Coray et al. 1997). TGF mice and control WT litter-
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mates were used at 16 months of age (body weight ~40 g),
males and females being in approximately equal numbers in
each group.

In vivo drug treatments

TGF mice and WT littermates were treated or not with se-
lective ET, (ABT-627 or atrasentan, 10 mg/kg per day) or
ETg (A-192621, 30 mg/kg per day) receptor antagonist for
a period of 8 weeks. Both drugs were obtained from Abbott
Laboratories, dissolved in water, and rendered basic with
NaOH for a final pH of approximately 7.5. To mask the bit-
ter taste of the solution, glucose was added to a final con-
centration of 2.5%, which did not affect cerebrovascular
reactivity (data not shown). Mice had free access to water,
water supplemented with glucose (control conditions), or
water supplemented with glucose and either drug. No signif-
icant difference in body weight gain was observed across the
different treatment groups throughout the study (data not
shown).

Morris water maze

Spatial memory was tested in the Morris water maze (a
1.4 m diameter circular pool filled with opaque water at
17 = 1°C) only in mice treated with the ET, receptor antag-
onist. The paradigm consisted of 3 successive days of visi-
ble-platform training followed by 5 days of hidden-platform
trials in which the positions of the platform and wall cues
were changed, as described previously (delpolyi et al.
2008). On day 1, all mice unable to locate the hidden plat-
form within the allotted 60 s were directed to it and allowed
to rest upon it for 10 s. For the hidden platform training,
mice were given 3 trials daily (90 s/trial, 45 min intertrial
interval). On the last day, at least 2 h after the last hidden-
platform trials, mice were given a probe trial (60 s), in
which the platform was removed. Percentage time spent and
distance traveled in the target quadrant (where the platform
was initially located), swim speed, and swim pattern were
recorded and analyzed with the 2020 Plus tracking system
and Water 2020 software (Ganz FC62D video camera; HVS
Image) (Nicolakakis et al. 2008; Tong et al. 2009). After
each trial, animals were kept under a heating lamp to dry to
prevent hypothermia.

Cerebral blood flow

Laser Doppler flowmetry (Transonic Systems, Ithaca,
USA) measurements of cerebral blood flow (CBF) increases
induced by whisker stimulation were carried out 3 days after
the Morris water maze. Mice were anesthetized with ket-
amine (85 mg/kg i.p., Bioniche, Belleville, Canada) and xy-
lazine (3 mg/kg i.p., Haver, Etobicoke, Canada), and fixed
in a stereotaxic frame. The bone over the left barrel cortex
was thinned to translucency, as described previously (Nico-
lakakis et al. 2008). Body temperature was kept stable
(37°C) with a heating pad. Four or 5 recordings of CBF
were acquired before, during, and after stimulation of the
whiskers on the right side of the snout (20 s, 8—10 Hz), and
averaged for each mouse. Cortical CBF change was ex-
pressed as percent increase from baseline. The procedure
lasted less than 75 min, and the experimenter was blind to
the identities of the mice.
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Fig. 1. Effects of ABT-627 (ETa receptor antagonist) on cerebrovascular reactivity in aged TGF mice and WT controls. Aged TGF mice
displayed impaired responses to ACh, CGRP, ET-1, and L-NNA relative to age-matched WT littermates. Chronic ABT-627 treatment almost
completely ablated the ET-1 response and baseline NO release measured during NOS inhibition with L-NNA in treated WT mice, and
slightly but significantly reduced the maximal dilatation to ACh and CGRP, as compared with untreated WT controls. In aged TGF mice
treated with ABT-627, there was no improvement in any of the vasomotor deficits. Data are means = SE, n = 3-7 mice per group. *, Sig-
nificant at p < 0.05, **, p < 0.01, and *** p < 0.001 compared with untreated WT controls; *, p < 0.05, **, p < 0.01, and ***, p < 0.001
compared with untreated TGF (one-way ANOVA followed by Newman—Keuls post hoc multiple comparisons test). The vertical bar (I)
across symbols indicates that all included groups differ from untreated WT controls. Definitions as shown in Table 1.
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Vascular reactivity

At the end of the in vivo testing, mice were euthanized by
cervical dislocation and the middle cerebral artery (MCA)
was collected in cold Krebs solution (4°C, pH 7.4 = 0.1)
containing the following: 118 mmol/L NaCl, 4.5 mmol/L
KCl, 2.5 mmol/L CaCl,, 1 mmol/L MgSO,, 1 mmol/L
KH,PO4, 25 mmol/L NaHCO;3;, and 11 mmol/L glucose.
MCA segments (40-70 pm average intraluminal diameter)
were isolated, cannulated, pressurized (60 mmHg), and
superfused with a Krebs solution for evaluation of vascular
reactivity using online videomicroscopy (Tong et al. 2005).
Dilatory responses to acetylcholine (ACh; 10-19~10-> mol/L)
and calcitonin gene-related peptide (CGRP; 10-10~10-° mol/L)
were tested on vessels slightly preconstricted with seroto-
nin (5-HT; 2 x 107 mol/L, to ~10% of the basal tone).
Contractile responses to ET-1 (10710~10° mol/L) and the
tonic production of nitric oxide (NO) were subsequently
examined in vessels at basal tone, the latter assessing di-
ameter reduction during inhibition of nitric oxide synthase
(NOS) with N®-nitro-L-arginine (L-NNA; 105 mol/L, by
superfusion for 35 min). Vasomotor responses, expressed
as percent changes in vessel diameter from basal or pre-
constricted tone, were plotted as a function of agonist con-
centration or time course of NOS inhibition. The dose—
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response curves were fitted by using GraphPad Prism. The
maximal response (Eama.x) Was used to determine the ago-
nist efficacy, and the concentration eliciting half the EA .
(ECs¢ value or pD, = —log ECs), the agonist potency.

Statistical analysis

Data are expressed as means + standard error of the mean
(SE) and were analyzed by one-way ANOVA followed by
Newman—Keuls post hoc multiple comparisons test (GraphPad
Prism 4). A p value of 0.05 was considered as significant.

Results

Cerebrovascular abnormalities in aged TGF mice

In agreement with our previous findings (Tong et al.
2005), cerebral arteries of aged TGF mice displayed a re-
duced capacity to dilate to ACh and CGRP, an attenuated
baseline release of NO, as assessed by the lessened diameter
reduction during NOS inhibition with L-NNA, and a reduced
contractile response to ET-1, as compared to age-matched
WT controls (Figs. 1, 4, and Tables 1, 2). The vasomotor
deficits occurred without any change in agonist potencies
between WT and TGF mice, ruling out the possibility of re-
ceptor desensitization (Tables 1, 2).
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Table 1. Effects of ABT-627 (ETa receptor antagonist) on cerebrovascular responses to ACh, CGRP,
ET-1, and NOS inhibition with L-NNA in aged WT and TGF mice.

Agonist WT WT+ABT-627 TGF TGF+ ABT-627

ACh Enmax 53.042.1 42741 .8%% 27.5+1.5%%% 29.3+1.2%%%
pD> 7.86+0.10 7.86+0.11 7.68+0.15 7.65+0.11

CGRP Eamax 53.9+2.0 39.8:42.9%% 25.3+1.8%% 22.6+1.8%%
pD> 8.12+0.09 8.27+0.18 8.03+0.17 8.12+0.19

ET-1 EAmax 51.843.5 8.2+ 5Kk 22, 9+1.8%kk  ]7320 Thkk
pD> 8.35+0.17 8.02+0.40 8.09+0.18 8.14+0.37

L-NNA Emax 52.8+1.4 8.9 1,0% k- 29.8+2.9%xk 19.2:+4 %%k

Note: Data are means + SE (n = 3—7 mice per group) and are expressed as the agonist maximal response (E, ) Or
potency (pD,, —10gECs). E, . is the percent maximal dilatation to ACh and CGRP and the percent maximal diameter
decrease either to ET-1 or after 35 min incubation with 10~ mol/L L-NNA. *, Significant at p < 0.05, **, p < 0.01, and
*** 1 <0.001 compared with untreated WT controls; *, p < 0.05, **, p < 0.01 compared with untreated TGF (one-way
ANOVA followed by Newman—Keuls post hoc multiple comparisons test). TGF mice, transgenic mice overexpressing a
constitutive form of TGF-8,; WT, wild type; ACh, acetylcholine; CGRP, calcitonin gene-related peptide; ET-1, endothe-
lin-1; L-NNA, N“®-nitro-L-arginine; NOS, nitric oxide synthase.

Fig. 2. Effects of ABT-627 (ETa receptor antagonist) on the CBF response induced by whisker stimulation in aged WT and TGF mice. The
colour version of this figure is available on the journal Web site at http://cjpp.nrc.ca. (A) Representative recordings of CBF measured be-
fore, during, and after whisker stimulation (shaded area, 20 s at 810 Hz) in treated and untreated WT and TGF mice. Tracings show that
untreated TGF mice (lowest line in shaded area of panel A) displayed a reduced CBF response and that treatment with ABT-627 fully
normalized this response. (B) Average increases in cortical CBF in the barrel cortex contralateral to whisker stimulation. ABT-627 had no
effect on the hemodynamic response to whisker stimulation in WT mice, but it significantly improved the deficit in TGF mice. Data are
means + SE, n = 6 mice per group. ***_ Significant at p < 0.001; **, p < 0.01 (one-way ANOVA followed by Newman—Keuls post hoc
multiple comparisons test). CBF, cerebral blood flow; TPU, tissue perfusion units.
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Effects of ET, receptor antagonism (ABT-627) on
cerebrovascular function

Chronic ET4 receptor antagonism with ABT-627 did not
result in any additional deleterious effect on the impaired
ET-1 response in the TGF mice. Similarly, the reduced basal
NO release was not exacerbated by treatment, and there
were no beneficial effects on the impaired ACh and CGRP
vasodilatations (Fig. 1). However, such chronic ET, recep-
tor antagonism drastically reduced the ET-1-induced con-
traction in WT controls and the basal NO release measured
during NOS inhibition with L-NNA, as compared with un-
treated controls (Fig. 1). Treatment did not generate any
changes in agonist potencies (Table 1).

In WT controls, whisker stimulation elicited the character-
istic increase in CBF in the barrel cortex, a response signifi-
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cantly reduced (22%; p < 0.001) in aged TGF mice (Fig. 2).
Chronic ET, receptor antagonism with ABT-627 did not al-
ter this functional hyperemic response in WT controls, but it
significantly improved it in aged TGF mice (Figs. 2A, 2B).

Effects of ET, receptor antagonism (ABT-627) on spatial
memory

Considering that aged TGF mice exhibited a reduced
baseline perfusion (Gaertner et al. 2005), impaired cerebro-
vascular reactivity (Fig. 1), and decreased CBF response to
increased neuronal activity (Fig. 2), conditions that can con-
tribute or exacerbate mnemonic dysfunction in AD (de la
Torre et al. 1992; Ruitenberg et al. 2005), we tested the out-
come of these deficits on spatial learning and memory. In
the visible platform pretraining, thought to reduce the stress
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Fig. 3. Effects of ABT-627 (ETa receptor antagonist) on spatial learning and memory in aged WT and TGF mice in the Morris water maze.
(A) None of the groups displayed deficit in the time needed to find the visible (day 1-3) or hidden (day 4-8) platform. (B-D) Similarly, all
groups exhibited comparable swim speed, swim time, and traveling distance in the target quadrant during the probe trial after removing the

platform. Data are means + SE, n = 9—12 mice per group.
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levels associated with the novelty of the task and environ-
ment, all mice performed identically, discarding visual or
motor deficits in aged WT and TGF mice. In the hidden
platform and probe trials, the escape latency curves and the
inclination for the target quadrant (percentage time spent
and distance traveled where the platform used to be located)
did not differ between aged TGF mice and WT controls
(Fig. 3). Chronic ET, receptor blockade with ABT-627 did
not affect any of the parameters in any of the groups (Fig. 3).

Effects of ETg receptor antagonism (A-192621) on
vasomotor reactivity

Chronic blockade of ETg receptors with A-192621 had no
effect on the ET-1-induced contraction or basal NO release
in WT controls, and it only slightly but significantly reduced
the response to ACh at high concentrations (Fig. 4). How-
ever, such treatment fully normalized the ET-1 contractile
response and baseline NO release in aged TGF mice, the re-
sponses reaching levels equivalent to those of control WT
littermates. In contrast, treatment did not improve the im-
paired vasodilatory responses to ACh and CGRP (Fig. 4).
There were no agonist potency differences between any of
the groups (Table 2).
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Discussion

The results demonstrate that chronic ET, receptor antago-
nism with ABT-627 drastically altered the contractile re-
sponse to ET-1 and basal NO release of WT mice—two
important regulators of cerebrovascular basal tone—to levels
below those of aged TGF mice. The treatment, however, did
not exacerbate the reduced ET-1-induced contraction or res-
cue the impaired endothelium-dependent and -independent
dilatations of TGF mice, although it largely normalized the
CBF response upon whisker stimulation. Despite severe vas-
cular dysfunctions and suboptimal hemodynamic responses
to increased neuronal activity, aged TGF mice did not dis-
play any learning or memory deficits in the Morris water
maze. Importantly, chronic blockade of ETy receptors with
A-192621 in aged TGF mice selectively restored both ET-1
-induced contractions and basal NO release.

Effects of the ET, receptor antagonist ABT-627 on
cerebrovascular reactivity

The capacity of the ET, receptor antagonist ABT-627 to
ablate the ET-1 response and basal NO release in WT mice
even more severely than the deficits seen in TGF mice un-
equivocally confirmed that ET, receptors are the primary
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Fig. 4. Effects of A-192621 (ETg receptor antagonist) on cerebrovascular reactivity in aged TGF mice and WT controls. Chronic A-192621
treatment had no beneficial effect on the impaired dilatory responses to ACh and CGRP in aged TGF compared with WT littermates. How-
ever, A-192621 normalized the reduced ET-1 contractile response and basal NO release in TGF mice. In WT mice, A-192621 slightly but
significantly reduced the dilatation to ACh. Data are means + SE, n = 5 mice per group. *, Significant at p < 0.05, **, p < 0.01, and

*** 1 < 0.001 compared with untreated WT controls; *, p < 0.05, **, p < 0.01, and *** p < 0.001 compared with untreated TGF (one-way
ANOVA followed by Newman—Keuls post hoc multiple comparisons test). The vertical bar (I) across symbols indicates that all included

groups differ from untreated WT controls or TGF mice.
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Table 2. Effects of A-192621 (ETg receptor antagonist) on cerebrovascular responses to ACh, CGRP,
ET-1, and NOS inhibition with L-NNA in aged WT and TGF mice.

Agonist WT WT + A-192621 TGF TGF + A-192621

ACh EAmax 58.8+2.3 4962 4k sk 25.9+]1.7%%% 29.8+1.4%**
pD> 8.04+0.11 7.45+0.13 8.06+0.18 7.64+0.12

CGRP EA max 61.2+1.5 63.8+1.8%%* 28.7+1.5%%* 26.5+1.5%*%
pD2 8.69+0.06 8.17+0.07 8.64+0.14 8.35+0.13

ET-1 EAmax 63.7+1.3 56.1£2 2%k 32.7+1.1%%% 5472 (koo
pD2 8.48+0.06 8.59+0.11 8.85+0.09 8.80+0.10

L-NNA EA max 56.0+3.4 58.2+1 .4%** 30.3£2.2%%% 46.8+2 3%

Note: Data are means + SE (n = 5 mice per group) and are expressed as the agonist maximal response (E ,,,) OF
potency (pD,, —1ogECs). E, . is the percent maximal dilatation to ACh and CGRP and the percent maximal dia-
meter decrease either to ET-1 or after 35 min incubation with 10~ mol/L L-NNA. *, Significant at p < 0.05, **, p <
0.01, and *** p < 0.001 compared with untreated WT controls; ***, p < 0.001 compared with untreated TGF (one-
way ANOVA followed by Newman—Keuls post hoc multiple comparisons test). Definitions as in Table 1.

mediators of the ET-1-induced contraction in cerebral blood
vessels of several species, including human (Nilsson et al.
1997; Pierre and Davenport 1998; Widder et al. 2000; Tong
and Hamel 2007). These results also indicate that ETg re-
ceptors contribute insignificantly to the ET-1-mediated con-
traction in mouse cerebral arteries, thereby substantiating
that they primarily correspond to endothelial receptors, as
previously reported (Szok et al. 2001). Additionally, the
fact that ABT-627 exerted a small, but significant, reducing
effect on the maximal dilatory responses to ACh and CGRP

in WT mice, responses that, respectively, depend entirely
(Elhusseiny et al. 2000; Yamada et al. 2001) or partly
(Rosenblum et al. 1993; Akerman et al. 2002) on endothelial
NO, suggested that not only basal NO release, but also re-
ceptor-mediated dilatory responses, were altered by chronic
ET, receptor antagonism. These findings imply that chronic
blockade of ET, receptors diverted ET-1 towards endothe-
lium ETg receptor-mediated NO synthesis and release
(Feger et al. 1997; Nilsson et al. 1997; Szok et al. 2001), re-
sulting in a decreased capacity of NOS to produce NO upon
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receptor activation. The fact that basal NO release was liter-
ally abolished in treated WT mice implies that reduction in
endothelial NO synthase (eNOS) activity was exacerbated or
eNOS protein levels were reduced by chronic ABT-627
treatment. Interestingly, in TGF mice that display decreased
eNOS protein levels (Tong et al. 2005), the reduced ACh-
and CGRP-mediated dilatations were not worsened by
ABT-627 treatment, suggesting that eNOS-mediated func-
tions were already maximally impaired. Previous studies
with chronic ET, receptor blockade in rat basilar arteries
found an increased sensitivity to ET-1 and no effect on
ACh dilatations (Widder et al. 2000; Harris et al. 2008).
These apparent discrepancies could be explained by the use
of different vessels, species, antagonists or, possibly, experi-
mental protocols. Indeed, in contrast to our study in which
receptor blockade was still effective during our reactivity
measurements—on the basis of the plasma half-life of
ABT-627 (Wessale et al. 2002)—other studies discontinued
treatment 36 h before reactivity measurements, most likely
clearing the antagonist from the receptor sites (Widder et al.
2000). In line with these dissimilarities, in diabetic rat basi-
lar artery segments, ET, receptor antagonism completely re-
stored ACh-induced relaxation (Harris et al. 2008), a
response not improved in TGF mice, further pointing to dif-
ferent effects dependent on models or pathology.

Effects of the ET, receptor antagonist ABT-627 on
hemodynamic responses and cognition

It has been previously reported that TGF mice display
cerebral hypoperfusion at baseline in specific brain areas as
early as 9 months of age (Gaertner et al. 2005). Here, we
found that aged TGF mice also exhibited an impaired hy-
peremic response to whisker stimulation, reflecting dysfunc-
tion in the neurogliovascular unit responsible for coupling
blood flow to increased neuronal activity (Hamel 2006;
Haydon and Carmignoto 2006). As this glutamate-induced
neurovascular coupling response is essentially mediated by
dilatory arachidonic acid derivatives released from cortical
neurons (Niwa et al. 2000) and astrocytes (Koehler et al.
2009) and modulated by neuronal NO (Dirnagl et al. 1993;
Ayata et al. 1996), it is likely that the impaired response re-
sults from increased neuroinflammation in brains of TGF
mice exemplified by astroglial activation (Lacombe et al.
2004). The capacity of chronic ET4 blockade to significantly
improve this neurovascular coupling response in TGF mice,
despite its failure to rescue vascular reactivity, may be due to
a beneficial effect on astroglial activation, as shown in rat
glial cell cultures (Filipovich and Fleisher-Berkovich 2008).

Although aged TGF mice exhibited cerebral hypoperfu-
sion (Gaertner et al. 2005) and cerebrovascular dysfunction,
they performed normally in both the learning and memory
aspects of the Morris water maze. A previous study in 13-
week-old rats with intracerebroventricular administration of
TGF-B; for 3 months similarly found no impairment in the
learning aspect of the test, but reported memory deficits in
the probe trial (Nakazato et al. 2002). Chronic cerebral hy-
poperfusion appears as an early and important contributing
factor to AD pathogenesis (Iadecola 2004). In animal mod-
els of cerebral hypoperfusion, recent studies indicated that
the manifestation of cognitive impairments is highly depend-
ent on the intensity of the perfusion deficit and the age of
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the animals (Farkas et al. 2007; Barros et al. 2009; Miki et
al. 2009). Together with our findings, these observations
point to an insufficient level of hypoperfusion in selected
brain regions of aged TGF mice (at most 30%, Gaertner et
al. 2005) to trigger the cascade of events that lead to cogni-
tive dysfunction. Alternatively, reduced cerebral perfusion
could be an aggravating factor of an already existing pathol-
ogy, as suggested from studies in memory-impaired AD
mice submitted to hypoxia (Sun et al. 2006). The fact that
ABT-627-treated WT controls with severe impairments in
vascular reactivity exhibited intact memory performance and
functional hyperemic response to whisker stimulation further
highlights the importance of other underlying pathology or
more severe hypoperfusion to alter cognitive function.

Effects of the ETyg receptor antagonist A-192621 on
cerebrovascular reactivity

In contrast to ET, receptor antagonism, which had no
beneficial effects in aged TGF mice and detrimental ones in
WT controls, ETg receptor antagonism fully normalized the
ET-1 contractile response and largely restored the basal NO
synthetic capacity of the vessels in TGF mice without alter-
ing these responses in WT controls. This treatment, however,
did not rescue the impaired ACh and CGRP dilatations in
TGF mice, and only slightly reduced the ACh response in
controls. These data in TGF mice suggest that chronic block-
ade of ETp receptors, which are increased in aged TGF
mice, allows recovery of the ET, receptor-mediated contrac-
tile response regardless of their impaired signalling (Tong
and Hamel 2007), possibly by hindering the counteracting
ETg-mediated dilatation (Feger et al. 1997; Nilsson et al.
1997). The results further indicate that receptor-mediated
NO synthesis and release, as required for ACh and, to some
degree, CGRP dilatations, were not rescued by ETg receptor
blockade, pointing to incomplete normalization of endothe-
lial NO functions. Alternatively, the lack of beneficial ef-
fects of chronic ET, and ETp receptor blockade on other
mediators of vasodilation, such as hydrogen peroxide (H,O,)
in the ACh response (Drouin et al. 2007) and smooth muscle
ATP-sensitive K* channels that mediate most of the CGRP
dilatory response (Kitazono et al. 1993; DeWitt et al. 2001),
could explain the failure to restore these functions.

Conclusion

Together these findings underscore the importance of the
ETA receptor in maintaining homeostasis between ET-1-
mediated contraction and basal NO dilatory tone in cerebral
blood vessels. Our results showed that counteracting the
ETg-mediated NO production in brain vessels of aged TGF
mice with reduced ET4-induced contraction and basal NO
release may provide a means to rescue this homeostasis. In
the context of diseased vessels with increased TGF-8;, al-
tered ET, receptor signalling, and increased ETgy receptor
levels, as seen in TGF mice, these findings suggest that
ETg receptor antagonism may be able to restore the ET-1/
NO balance. Moreover, the data imply that the cerebrovas-
cular pathology in TGF mice, which bears similarities to
that found in AD brains (Wyss-Coray et al. 2000; Tong et
al. 2005), does not result in a cerebrovascular dysfunction
that is severe enough to impair cognitive function.
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Transgenic Mice Overexpressing APP and
Transforming Growth Factor-B1 Feature Cognitive
and Vascular Hallmarks of Alzheimer’s Disease
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High brain levels of amyloid-f3 (AB) and transforming
growth factor-f31 (TGF-$1) have been implicated in
the cognitive and cerebrovascular alterations of Alz-
heimer’s disease (AD). We sought to investigate the
impact of combined increases in AB and TGF-1 on
cerebrovascular, neuronal, and mnemonic function
using transgenic mice overproducing these peptides
(A/T mice). In particular, we measured cerebrovascu-
lar reactivity, evoked cerebral blood flow and glucose
uptake during brain activation, cholinergic status,
and spatial memory, along with cerebrovascular fi-
brosis, amyloidosis, and astrogliosis, and their evo-
lution with age. An assessment of perfusion and meta-
bolic responses was considered timely, given ongoing
efforts for their validation as AD biomarkers. Relative to
wild-type littermates, A/T mice displayed an early pro-
gressive decline in cerebrovascular dilatory ability, pre-
served contractility, and reduction in constitutive nitric
oxide synthesis that establishes resting vessel tone. Al-
tered levels of vasodilator-synthesizing enzymes and fi-
brotic proteins, resistance to antioxidant treatment,
and unchanged levels of the antioxidant enzyme, super-
oxide dismutase-2, accompanied these impairments.
A/T mice featured deficient neurovascular and neuro-
metabolic coupling to whisker stimulation, cholinergic
denervation, cerebral and cerebrovascular Af3 deposi-
tion, astrocyte activation, and impaired Morris wa-
ter maze performance, which gained severity with
age. The combined AB- and TGF-f1-driven pathol-
ogy recapitulates salient cerebrovascular, neuronal,
and cognitive AD landmarks and yields a versatile
model toward highly anticipated diagnostic and ther-

apeutic tools for patients featuring Af3 and TGF-f31
increments. (Am J Pathol 2010, 177:3071-3080; DOI:
10.2353/ajpath.2010.100339)

Alzheimer’s disease (AD) features neuronal and synaptic
dysfunction, abnormal cerebral protein deposits, activated
glia and progressive cognitive decline.” AD patients also
exhibit structural cerebrovascular alterations,** and early
deficits in resting and evoked cerebral glucose uptake and
cerebral blood flow responses, which can undermine opti-
mal brain function, and aggravate an ongoing pathogenic
process.® 8 These changes have been linked to increased
levels and deposition of amyloid-8 (AB) in brain paren-
chyma (senile plagues) and blood vessel walls (cerebral
amyloid angiopathy; CAA),®'° and to up-regulation of the
profibrotic transforming growth factor-g1 (TGF-B1), perhaps
a key molecular mediator of the AD cerebrovascular
pathology. ' '®

Transgenic mice overproducing AB and TGF-B1 (A/T
mice) were originally developed to study the possible
modulatory role of TGF-81 on amyloid deposition.’"'®
These early studies reported decreased plaque burden
and accelerated vascular AB accumulation in young and
adult A/T animals.’™'® More recently, reduced parenchy-
mal and vascular AB deposition was demonstrated when
TGF-B signaling was genetically blocked in old transgenic
AD mice."” Though contradictory, these studies collectively
suggest that TGF-B1 may regulate amyloid pathology in the
AD brain, an idea supported by the correlation between
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TGF-B1 mRNA levels and CAA scores in patients.” Al-
though the amyloid pathology has been partially character-
ized in A/T animals, data are completely lacking on their
cognitive and cholinergic status, functional cerebrovascular
integrity, and evoked perfusion and metabolic responses to
neuronal activation. Such results would aid in the validation
of A/T mice for the study of AD. It is therefore all the more
surprising that this information is unavailable given the
known detrimental cerebrovascular effects of A and TGF-
B1,1518-20 and the current interest in activity-driven brain
hemodynamics and metabolism as clinical predictors or
markers for AD therapeutic efficacy.

We sought to characterize the progression of cerebro-
vascular and cognitive markers with age in A/T mice. Par-
ticularly, we studied arterial reactivity and responsiveness to
antioxidants in vitro, and investigated vascular proteins re-
lated to vasomotor function, oxidative stress and fibrosis.
Additionally, we examined glial activation, amyloidosis, and
indicators of neuronal/cognitive integrity, ie, the cholinergic
innervation, the neuronally-driven cerebral blood flow and
glucose uptake responses during whisker stimulation, and
performance in the Morris water maze. Our novel findings
highlight A/T mice as a most suitable model in which to
explore therapeutic strategies against cerebrovascular and
neuronal alterations of AD pathophysiology.

Materials and Methods
A/T Transgenic Mice

All experiments were in compliance with the Animal Eth-
ics Committee of the Montreal Neurological Institute and
the guidelines of the Canadian Council on Animal Care.
A/T animals were generated from the crossing of mice
overexpressing mutated human amyloid precursor pro-
tein (APPSwe,Ind) driven by the platelet-derived growth
factor B promoter (APP mice, line J20)2" and mice over-
expressing constitutively active TGF-B1 under the control
of the glial fibrillary acidic protein (GFAP) promoter (TGF
mice, line T64)?? on a C57BL/6J background. Approxi-
mately equal numbers of female and male heterozygous
transgenic A/T mice and age-matched wild-type (WT) litter-
mates were used at 6-8 (young), ~12 (adult), and ~18
(old) months of age. Singly transgenic APP or TGF mice of
the same ages, either littermates of the A/T mice or from
different cohorts, were used for comparisons with A/T mice
in some experiments, and were similarly prepared. Trans-
genes were detected with touchdown PCR on tail-extracted
DNA."® Mice were housed under a 12-hour light-dark cycle,
in a room with controlled temperature (23°C) and humidity
(50%), with food and tap water available ad libitum.

Vascular and Brain Tissue Collection

Mice were killed by cervical dislocation. Middle cerebral
arteries were immediately tested in reactivity studies,
while vessels of the circle of Willis and their branches,
along with cortex and hippocampus were collected,
snap-frozen and stored (—80°C) for subsequent Western
blot and enzyme-linked immunosorbent assay studies.

Separate mouse cohorts were perfused intracardially
(4% paraformaldehyde in 0.1 mol/L phosphate-buffered
saline, pH = 7.4) under deep anesthesia (65 mg/kg
sodium pentobarbital, intraperitoneally), and brains post-
fixed overnight. Some hemibrains were cryoprotected,
frozen in isopentane and stored (—80°C) until cutting into
25-um-thick free-floating coronal sections on a freezing
microtome. Others were embedded in paraffin and cut 5
wm thick for use in immunohistochemistry.

Vascular Reactivity

Isolated, pressurized and submaximally preconstricted
(serotonin, 2 X 1077 mol/L) middle cerebral artery seg-
ments were tested for dilatation to acetylcholine (ACh;
1079 to 107° mol/L) or calcitonin gene-related peptide
(107"° to 107° mol/L) using on-line videomicroscopy.'®
Constriction to endothelin-1 (107 '° to 107° mol/L) or di-
ameter decrease during nitric oxide (NO) synthase (NOS)
inhibition with N“-nitro-L-arginine (10~° mol/L; 35 min-
utes) were tested on vessels at basal tone. In some
vessels, dilatation to ACh was tested before and after
incubation (30—60 minutes) with the free radical scaven-
ger superoxide dismutase (SOD; 120U/ml; Sigma,
Oakville ON, Canada) or an inhibitor of NADPH oxidase
(apocynin; 1 mmol/L; Sigma), the main enzymatic source
of superoxide (O3 in brain vessels of APP mice.?° Per-
cent changes in vessel diameter from basal or precon-
stricted tone were plotted as a function of agonist con-
centration or time course of NOS inhibition. The maximal
response and the concentration eliciting half of the max-
imal response (ECg, value or pD, = —[log ECg,]) gener-
ated by GraphPad Prism software (version 4, San Diego,
CA) were used to evaluate agonist efficacy and potency,
respectively.

Western Blot

Vessels were sonicated in Laemmli buffer for protein
extraction, as described.'® Proteins (12-15 ug) were
separated by SDS-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes, which were
incubated (1 hour) in TBST blocking buffer (50 mmol/L
Tris-HCI, pH = 7.5, 150 mmol/L NaCl, 0.1% Tween 20)
containing 5% skim milk, then incubated overnight with
either rabbit anti-SOD2 (1:2000; Stressgen, Ann Arbor,
MI), -connective tissue growth factor (1:300; Abcam,
Cambridge, MA), -vascular endothelial growth factor
(1:500; Santa Cruz Biotechnology, Santa Cruz, CA), -ma-
trix metalloproteinase 9 (1:1000; Millipore, Temecula, CA)
or mouse anti-endothelial NOS (1:500; BD Transduction
Laboratories, San Jose, CA), -cyclooxygenase-2 (1:200;
Santa Cruz Biotechnology), or -B-actin (1:10000; Sigma).
Membranes were further incubated (2 hours) with horserad-
ish peroxidase-conjugated secondary antibodies (1:2000;
Jackson ImmunoResearch, West Grove, PA), and proteins
visualized with enhanced chemiluminescence (ECL Plus kit;
Amersham, ON, Mississauga, Canada) using a phosphor
Imager (Scanner STORM 860; GE Health Care, Piscataway,



NJ), followed by densitometric quantification with Image-
Quant 5.0 (Molecular Dynamics, Sunnyvale, CA).

Enzyme-Linked Immunosorbent Assay
Measurement of AB

Levels of soluble and insoluble AB_4o and AB;_4, Were
measured in hemicortices using an enzyme-linked immu-
nosorbent assay (BioSource International, Camarillo,
CA), as previously described in full,?® and results ex-
pressed as nanomoles per gram of protein in the super-
natant or formic acid-soluble fraction.

Histochemistry and Immunohistochemistry

Dewaxed thin sections (5 um) were stained with 1%
Sirius red (~30 minutes) to reveal total collagen in the pia
and intracortical microvessels (MVs) or were pretreated
with 1% H,O, (10 minutes) and incubated overnight at
room temperature with goat anti-collagen | (1:300; Milli-
pore), -choline acetyltransferase (ChAT; 1:250; Millipore)
or mouse anti-Ap (6E10 targeting total AB; 1:3000; Co-
vance, Emeryville, CA) followed by species-specific bio-
tinylated 1gG, the avidin-biotin complex, and the reaction
visualized with 0.05% 3,3’-diaminobenzidine-nickel (Vec-
tor Laboratories, Burlingame, CA). ChAT immunostaining
was tested only in adult and old A/T mice when cholin-
ergic innervation is preserved in TGF mice,?* but signif-
icantly reduced in singly transgenic APP mice.?®>5 Free-
floating thick sections were stained with 1% Thioflavin S
(8 minutes) to reveal mature, dense core amyloid plaques
or incubated with rabbit anti-GFAP (1:1000; DAKO, Mis-
sissauga, ON, Canada), followed by donkey anti-rabbit
cyanin 2 (Cy2)-conjugated secondary antibody (1:400;
Jackson ImmunoResearch) for the detection of activated
astrocytes. Sections were observed under light micros-
copy or epifluorescence (Leitz Aristoplan microscope,
Leica, Montréal, QC), and digital pictures acquired (Cool-
pix 4500; Nikon, Tokyo, Japan). Double immunodetection
of activated astrocytes and AB plaques was performed
with simultaneous incubation of rabbit anti-GFAP and
mouse 6E10, followed by donkey anti-rabbit Cy2- and
anti-mouse Cy3-conjugated secondary antibodies.

Staining Quantification

Digital images (two or three sections/mouse, three to five
mice/group) taken under the same conditions were ana-
lyzed with MetaMorph (6.1r3, Universal Imaging, Down-
ingtown, PA). Collagen | and Sirius red staining intensities
of the pia and intracortical MVs (four to 13 vessels/
mouse) were quantified in magnified images and ex-
pressed as an optical density ratio against the intensity of
the adjacent parenchyma. The areas of interest (somato-
sensory/cingulate cortex, hippocampus) containing Thio-
flavin S- and GFAP-positive elements were manually out-
lined in low-power images, while high-power microscope
images of layers Il to IV of the somatosensory cortex were
used for quantification of ChAT-immunoreactive fibers
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(cell bodies were excluded). The number and/or area
occupied by Thioflavin S-positive plaques, GFAP-positive
astrocytes, and ChAT-positive cholinergic fibers was
quantified and expressed as number or surface area
occupied in the delineated areas of interest.

Morris Water Maze

The ability of mice to learn and remember the location of
a hidden platform located in a predefined (target) quad-
rant using visuospatial cues was tested for 5 consecutive
days in a circular pool filled with water (25°C, clouded
with powdered skim milk), as previously described.?® At
least 2 hours after the last hidden platform trial on day 5,
mice were submitted to a 60-second probe trial (platform
removed), followed by a cue trial (30 seconds) testing
visual acuity and motivation, which required escape to a
visible platform in at least one of two trials. Mice that
failed to reach the visible platform were excluded from
the analysis. Daily escape latencies to the hidden plat-
form, as well as percent time spent and distance traveled
in the target quadrant during the probe trial, along with
swim speed, were measured with the 2020 Plus tracking
system and Water 2020 software (Ganz FC62D video
camera; HVS Image, Buckingham, UK). Animals were
dried under a heating lamp after each trial, and all ex-
periments were started at the same time every day.

Laser Doppler Flowmetry

In all age groups, laser Doppler flowmetry measurements
of evoked cerebral blood flow (Transonic Systems Inc.,
Ithaca, NY) in response to sensory stimulation were car-
ried out one week following the Morris water maze in
anesthetized mice (ketamine, 80 mg/kg intraperitoneally;
Wyeth, St-Laurent QC, Canada) fixed in a stereotaxic
frame.2® Cerebral blood flow was recorded before, dur-
ing and after whisker stimulation (20 seconds at 8-10
Hz), with four or five recordings acquired every 30 to 40
seconds and averaged per mouse. Cortical cerebral
blood flow change was expressed as percent increase
relative to baseline. The entire procedure was performed
blind to the identity of the mouse.

['®FIFluoro-2-Deoxy-p-Glucose-PET

Eighteen-month-old A/T mice and WT littermates were
fasted overnight and scanned for cerebral uptake of
["8F]fluoro-2-deoxy-b-glucose induced by whisker stimu-
lation (8—10 Hz, electric toothbrush, 45 minutes) under
isoflurane sedation (1 to 2% in medical air) in a CTI
Concorde R4 microPET scanner (Siemens Preclinical So-
lutions, Knoxville, TN), as previously described.?® Ani-
mals were kept warm with a heating lamp, while cardiac
and respiration rate were maintained stable through on-
line monitoring (Biopac Inc., Goleta, CA). Glycemia levels
were measured before and after scans, and were similar
in both WT and A/T groups (not shown). Functional met-
abolic images were reconstructed using a maximum a
posteriori probability algorithm, and coregistered to re-
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spective high-resolution WT or A/T mouse structural MRI
templates. MR images were acquired in separate groups
of mice (WT, n = 5 and A/T, n = 4) with a 7 T Bruker
Pharmascan system (Bruker Biospin, Ettlingen, Ger-
many) using a 28-mm inner diameter quadrature volume
resonator, and a 3D True FISP sequence with the follow-
ing parameters: matrix size = 128 X 128 X 64, field of
view = 1.8 cm X 1.8 cm X 0.9 cm, spatial resolution =
140 pm X 140 um X 140 um, excitation flip angle = 30°,
repetition time = 5.2 ms, echo time = 2.6 ms, number of
excitations = 4, number of phase cycles = 4, total scan
time = 35 minutes. The images were reconstructed using
a maximum intensity algorithm and the population aver-
ages generated using the approach described else-
where.?® Regions of interest were drawn on the somato-
sensory cortices and the magnitude of activation
expressed as the ratio of ['8F]fluoro-2-deoxy-p-glucose
standard uptake value in the activated contralateral rel-
ative to the ipsilateral cortex.?” Final images represent
the standard uptake value obtained by correcting indi-
vidually for animal body weight and injected radioactivity
dose.

Statistical Analysis

Data are means + SEM, and were compared by Stu-
dent’s t-test or one-way analysis of variance followed by
Newman-Keuls posthoc tests. Morris water maze latency
curves were analyzed by two-way analysis of variance
followed by Bonferroni posthoc test, with day and geno-
type as factors. All statistical analyses were performed
with GraphPad and P < 0.05 was considered significant.
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Results

A/T Mice Develop an Early Progressive Decline
of Cerebral Arterial Function

Isolated middle cerebral arteries from young and adult A/T
mice displayed ~50% loss of their ability to dilate to ACh
and calcitonin gene-related peptide relative to vessels of
age-matched WT littermates (Figure 1; Supplemental Table
1 at hitp.//ajp.amjpathol.org). By 18 months of age, A/T mice
further exhibited significantly impaired maximal diameter
decrease during NOS inhibition with N“-nitro-L-arginine,
indicating a decline in constitutive endothelial NO syn-
thesis that is crucial for establishing resting vessel tone.
There was no contractile deficit to endothelin-1 in A/T
arteries at any age (Figure 1; Supplemental Table 1 at
http.//ajp.amjpathol.org). The progressive deficits in arterial
responsiveness could not be attributed to desensitization of
cerebrovascular receptors, as agonist potencies (pD, val-
ues) were comparable between WT and A/T mice at all
ages (Supplemental Table 1 at http://ajp.amjpathol.org). Ce-
rebrovascular impairments of similar magnitude have been
consistently measured in singly transgenic APP and TGF
mice. Noteworthy was the lack of a synergistic A and
TGF-B1 effect in A/T arteries, as evidenced in the qualitative
comparison with reactivity data from APP and TGF arteries.
(Supplemental Figure 1; Supplemental Table 1 at http.//
ajp.amjpathol.org).®23242829 This was particularly well il-
lustrated in A/T mice by their preserved contractile re-
sponse to endothelin-1, in contrast to the deficit in TGF
arteries; milder calcitonin gene-related peptide deficit rela-
tive to that in aged TGF animals; and later decline in N*-
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Time (min) Figure 1. Age-related impairment in cerebro-
vascular reactivity in young (6—8 months), adult
(~12 months), and old (~18 months) A/T mice
60 (inverted triangles) relative to age-matched WT
50 littermates (circles). Early dilatory deficits to ACh
840 and calcitonin gene-related peptide (CGRP) in
% 30 young and adult A/T mice were accompanied by
2 a late decline in constitutive NO synthesis in old
'320 A/T animals, as seen with N*-nitro-L-arginine-
<10 mediated inhibition of NOS (L-NNA, 10~> mol/
0 L-NNA L). Constriction to endothelin-1 (ET-1) was preserved
0 10 20 30 40  at all ages. Error bars represent SEM. Number of
Time (min) animals are indicated in Supplemental Table 1 at

btip/ajp.amjpathol.org. Comparison to WT using
Student’s ttest. *P < 0.05, *P < 0.01, **P < 0.001.
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nitro-L-arginine response versus its early onset in the singly
transgenic lines.

A/T Mice Display Arterial Dysfunction Not
Related to Oxidative Stress

We sought to elucidate the mechanism of cerebrovascu-
lar impairment in aged A/T mice by treating arteries with
SOD or apocynin, which respectively scavenges O, and
abrogates its production. Antioxidants have been shown
to normalize cerebrovascular responses of APP,'5:18:23.30
but not TGF mice,?* and we wished to determine whether
free radicals accounted for the cerebrovascular dysfunc-
tion in the A/T model. These in vitro antioxidant ap-
proaches were ineffective as they were unable to restore
ACh-mediated dilatations (Figure 2A). Furthermore, no
significant change was detected in A/T vessels at any
age in the levels of the antioxidant enzyme SOD2, which
is induced by O, and can be used as an indicator of
enhanced oxidative stress (Figure 2B). Instead, pial ves-
sels from A/T mice exhibited changes in enzymes syn-
thesizing vasodilators, ie, reduced levels of cyclooxygen-
ase-2 beginning as a trend in young, and becoming
significant in adult and old mice, as well as significant
up-regulation of endothelial NOS in young mice. A/T ar-
teries also featured robust increases in levels of growth
factors (vascular endothelial growth factor, connective
tissue growth factor) involved in vascular fibrosis, starting
in young and persisting in old mice. Arteries also exhib-
ited late up-regulation of matrix metalloproteinase 9, an
enzyme involved in the breakdown of the extracellular
matrix during vascular remodeling (Figure 2B). Further-
more, A/T mice featured significant collagen accumula-
tion in penetrating MVs and in the surface pial mem-
brane, resulting in its greater thickness (Figure 2C). Sirius
red staining intensity was markedly augmented in the pia
(81%) and MVs (39%) compared to the adjacent paren-
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Figure 2. A/T mouse vessels were characterized
by resistance to antioxidants, alterations in vascular
signaling molecules and cerebrovascular fibrosis.
A: The impaired ACh-mediated dilatation of aged
A/T (inverted filled triangles) relative to WT mice
(circles) was not improved in A/T arteries after in
vitro incubation (inverted open triangles) with the
O scavenger SOD or a blocker of its synthesis,
apocynin (n = 3-4 mice/group). B: Disturbed
levels of vasodilator-synthesizing enzymes, endo-
thelial NOS eNOS and cyclooxygenase-2 (COX-2)
and of markers related to vascular remodeling,
vascular endothelial growth factor (VEGF), con-
nective tissue growth factor (CTGF), matrix metal-
loproteinase 9 (MMP-9) but not of the oxidative
stress marker SOD2, as measured by Western blot
in pial vessels of A/T relative to WT mice. Actin
was used to normalize loading variation (72 = 3-6

<%
S

% change from WT

-50

-100 mice/group). C: Collagen accumulation in the pia

(thick arrows) and intraparenchymal microves-
oid sels (MVs, thin arrows) of 18-month-old A/T rel-

ok ative to WT mice, measured as an optical density

100 % (OD) ratio of the vessel intensity to that of adjacent
s parenchyma in Sirius red-stained (top) and colla-

50 gen Timmunoreactive (bottom) 5-um-thick paraf-
fin sections (7 = 3-9 mice/group). Scale bar = 20

0 pm. Error bars represent SEM. *P < 0.05, *P <

skok 0.01, **P < 0.001 when compared with WT using
S D8 8 QLI Student’s ~test or one-way analysis of variance
S [CINOIRN .

& QOA!'@ & \4\@ %00 followed by Newman-Keuls posthoc test.

chyma of 18 month-old A/T mice, with substantially
smaller increments in WT animals in these respective
vascular beds (pia: 29%, MVs: 21%). Analogous collagen
| increases were seen in the pia (74%) and MVs (42%) of
A/T mice (Figure 2C), which likely accounted for the
increased rigidity of their vessels perceived during dis-
section, handling, and cannulation. In contrast, collagen
| immunostaining was very weak in WT mice, being in-
creased by 14% in the pia but barely detectable in MVs
(1%) relative to the parenchyma (Figure 2C), confirming
our previous report of collagen | up-regulation in the
context of vascular pathology.'® Collectively, these data
argue against oxidative stress as the main pathogenic
mechanism of vascular dysfunction, and point to distur-
bances in enzymes and proteins underlying vascular
structure and signaling. We cannot rule out that chronic in
vivo antioxidant treatment might be effective. However,
based on the recent failure of this approach in TGF mice
featuring similar cerebrovascular fibrosis, vascular pro-
tein alterations, and in vitro resistance to antioxidants,?*
we are inclined to consider alternate mechanisms of vas-
cular dysfunction in A/T mice, ones most likely shared
with the TGF model.

A/T Mice Exhibit AD-Like Neuropathological
Changes

A/T mice exhibited an increase in levels of soluble and
insoluble AB,_,o and AB,_,, between 6-8 and 12 months,
with further increases in levels of AB4_,0, but not of AR, 45
at 18 months of age, as measured in the cortex by en-
zyme-linked immunosorbent assay (Figure 3A). They also
displayed age-dependent AB plaque deposition in the
cortex and hippocampus, shown by a gradual increase in
the number and surface area (plaque load) occupied by
Thioflavin S-positive dense core plaques from young to
adult animals (Figure 3B). Between 12 and 18 months,
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Figure 3. Progressive amyloidosis in A/T mice. A: Levels of soluble and
insoluble AB, 4, and AB, 4, increased as a function of age in A/T mice, as
assayed in hemicortices by enzyme-linked immunosorbent assay. B: Gradual
increase in the number and load (percentage of surface area) of Thioflavin
S-positive amyloid plaques in the cortex and hippocampus of A/T mice. No
such deposits were seen in WT animals (not shown). y, young; a, adult; o,
old. C: Extensive CAA in the vasculature of aged A/T mice, as respectively
seen from left to right, in surface pial vessels, a penetrating cortical artery,
arterioles with associated extraluminal deposits (arrows) and hippocampal
arteries (inset), and in hippocampal arterioles and capillaries, next to which
parenchymal AB plaques can be seen. Scale bars = 20 um. Error bars
represent SEM (7 = 4 mice/group). TP < 0.05, P < 0.01, P < 0.001 for
comparison to young mice or *P < 0.05, **P < 0.01 for comparison to adult
mice using one-way analysis of variance followed by Newman-Keuls posthoc
test.

plague number reached a plateau in the hippocampus,
or slightly decreased in the cortex, while plague load
continued to expand or stayed the same in these respec-
tive areas, indicating an increase in the size of certain
plaques during this period. Together with the significant
increments in soluble and insoluble AB_,o from 12 to 18
months, this finding suggests that existing AB plaques
may have acted as seeds for additional AB,_,, deposi-
tion. In comparative experiments, we found a trend for
diminished plaque load in young A/T relative to APP
mice, which became significant in adult and aged ani-
mals (Supplemental Figure 2 at http://ajp.amjpathol.org).
This would support the argued modulatory effect of
TGF-B1 on amyloid deposition, and suggest a clearance
phenomenon, as previously observed in young and old
A/T mice."™"® Its occurrence later in our model may
reflect the higher AB levels of the J20 APP line®' used to
generate A/T mice, instead of the previously used J9.'":1¢
Finally, inspection of AB immunoreactivity in thin sections
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Figure 4. A: Enhanced astrocyte activation seen as clusters and diffuse
GFAP-positive material in the brains of A/T mice with a smaller age-related
activation also detectable in WT littermates. Astrocyte activation was ex-
pressed as the percent cortical area occupied by GFAP-positive cells. Scale
bar = 20 wm. B: Activated astrocytes (green) were found associated with AB
deposits (red) in the parenchyma (left) and with cerebral vessels (right).
Note, in yellow, the contact points between astrocytic processes and an A3
plaque (thick open arrow) or an amyloid-laden vessel (CAA) (thin
arrows) (1 = 3—7 mice/group). Scale bars: left, 40 wm; right, 20 wm. Error

WT using Student’s t-test.

from 18-month-old A/T mice revealed parenchymal AB
senile plagues and widespread CAA in pial, intracortical,
and hippocampal brain vessels (Figure 3C), confirming
previous reports in young and adult A/T animals.”"'©

In addition, A/T mice displayed an inflammatory re-
sponse characterized by activated GFAP-positive astro-
cytes. The GFAP-positive area in the cortex increased
from young to old A/T mice, with a smaller age-depen-
dent activation in WT animals. Activated astrocytes in A/T
mice distributed in clusters as well as diffusely through-
out the cortex (Figure 4A), and surrounded AB plaques
and amyloid-laden vessels (Figure 4B). Interestingly, this
pattern was reminiscent of both the cluster-like activation
of APP mice®® and diffuse, perivascular astrocytosis of
TGF mice.'1:22:24

Neuronal and Cognitive Impairments in
A/T Mice

Adult and aged A/T mice featured a ~22 to 23% reduc-
tion (P < 0.05 for both ages) in the number of cortical
cholinergic fibers (Figure 5A). Further, [®F]fluoro-2-de-
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Figure 5. Neuronal dysfunction in A/T mice. A: Decline in the number of
cortical cholinergic fibers in paraffin sections from adult (left) and old
(right) A/T mice, relative to WT littermates, as detected with ChAT immu-
nohistochemistry. Scale bar = 20 wm. Values above histograms indicate the
percentage of fiber loss compared to control animals. B: Decrease in the
cerebral glucose uptake response to whisker stimulation in the somatosen-
sory cortex (arrows) of 18-month-old A/T relative to WT mice (7 = 3-5
mice/group). Standard uptake value (SUV) scales were adjusted to match the
local activation spots in the two groups rather than the global brain uptake.
The activation ratio is the corrected SUV in the activated contralateral relative
to the ipsilateral somatosensory cortex. C: Gradual decline in the activity-
driven hemodynamic response to whisker stimulation in A/T mice (blue)
compared to age-matched WT controls (green), as measured by laser Dopp-
ler flowmetry (12 = 4—5 mice/group). Values above histograms indicate the
percent loss of the response compared to control animals. Error bars repre-
sent SEM. Comparisons to WT, *P < 0.05, **P < 0.001 using Student’s #test.

oxy-D-glucose-PET scans following whisker stimulation
revealed a significant impairment of glucose uptake in
the activated somatosensory cortex of aged A/T animals
(activation ratio A/T: 0.99 + 0.01 versus WT: 1.06 + 0.02,
P < 0.05) (Figure 5B) that may have derived from the
observed alterations in vascular, astroglial and neuronal
compartments.®' Moreover, there was a gradual loss of
the neuronally-driven hemodynamic response to sensory
stimulation, which was significant in adult (=31%, P <
0.001) and progressively more severe in aged animals
(—41%, P < 0.001) (Figure 5C). The extent of the deficit
compared well to that seen in APP mice, although it was
more progressive (Supplemental Table 2 at http./ajp.
amjpathol.org). Finally, A/T mice showed increased laten-
cies to locate the hidden platform in the Morris water
maze at 6—8 months of age, whereas performance in the
probe trial was lower but not significantly different from
that of control mice, indicating a learning deficit but no
clear memory impairment at this age. A significant deficit
in probe trial performance emerged in 12-month-old and
continued in 18-month-old A/T animals (Figure 6), which
was not due to differences in swim speed, visual acuity,
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Figure 6. Progressive decline in Morris water maze performance in A/T mice
(inverted triangles) compared to aged-matched WT counterparts (circles).
Young mice featured impaired acquisition during hidden-platform testing,
but only a trend toward decline in memory retention during the probe trial.
Significant probe trial deficits appeared in adult and old A/T mice. Error bars
represent SEM (7 = 8—16 mice/group). Comparisons to WT, *P < 0.05, P <
0.01, **P < 0.001 using two-way analysis of variance followed by Bonferroni
posthoc test (latency curves) or using Student’s -test (probe trial histograms).

locomotor defects or lack of motivation, as demonstrated
by successful escape onto the visible platform. Compar-
atively, APP mice showed deficits in both the learning
and memory components of the test at all ages, as shown
at 6 months, whereas TGF mice performed as well as WT
mice in this task up to 18 months of age (Supplemental
Figure 3 at http://ajp.amjpathol.org).

Discussion

Since the original development of transgenic mice over-
producing both AB and TGF-p1,""° this is the first char-
acterization of their cerebrovascular, neuronal and mne-
monic integrity. More importantly, our study provides
novel functional data on activity-induced changes in ce-
rebral glucose uptake and cerebrovascular status that
are in line with current research initiatives to develop
markers for early diagnosis and treatment efficacy. As a
result, the A/T model may be used to better assess inter-
actions between AB and TGF-B1 in AD, and to develop
therapeutic strategies that can rescue both cerebrovas-
cular and mnemonic hallmarks of AD pathophysiology.

AD-Like Cerebrovascular Pathology in A/T Mice
and Therapeutic Implications

An appealing characteristic of A/T mice is the develop-
ment of a functional and structural cerebrovascular pa-
thology, simultaneously triggered by soluble AB, TGF-81,
CAA, and basement membrane thickening, as seen in
human AD.**3233 The interaction between vascular fi-
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brosis and CAA is of interest, as matrix proteins such as
collagen and perlecan accumulating in AD basement
membranes®® have the ability to bind AB and enhance its
fibrillogenesis.®** CAA may thus result from the enhanced
capacity of thickened vessels to amass AB. This would
agree with the ability of TGF-B1 to prompt vascular AB
deposition when overexpressed in the brains of young
APP mice (2 to 3 months), as CAA was not seen in singly
transgenic APP animals of equivalent age.”” It is also in
line with the reported correlation between TGF-B1 mRNA
levels and CAA scores in AD brains.”' CAA may addi-
tionally result from vascular wall alterations that hinder
vessel pulsations believed to drive AB clearance along
the perivascular drainage route within arterial and arte-
riolar basement membranes.®® Such a scenario is sup-
ported by the perivascular accumulation of AB seen here
in concentric circles around some A/T brain vessels (Fig-
ure 3C). A/T mice thus offer the opportunity to test
whether strategies that can reverse or attenuate exces-
sive matrix protein accumulation and vascular stiffness
will diminish CAA. Used in conjunction with AB immuno-
therapy, these could help counter the transient increase
in CAA and risk of cerebral microhemorrhages reported
with vaccination in AD models®® and human trials.®” In
addition, attenuating CAA could improve the function of
astrocytes, key intermediaries in neurovascular cou-
pling.®® CAA can induce loss of the water channel aqua-
porin 4 and of various potassium channel subtypes in
astrocytic end-feet®® that, combined with the progressive
astrocyte activation measured here, could have contrib-
uted to the age-related impairment of perfusion re-
sponses. Normalizing CAA could thus ameliorate glial
function and perfusion.

Therapies against the deleterious vasoactive proper-
ties of soluble AB would be most useful.*® Indeed, the
peptide potently deregulates vascular function, even in
young APP mice devoid of CAA, by activating vascular
NADPH oxidase and O3 synthesis, which results in the
sequestration of vasodilators and free radical damage to
vascular enzymes and receptors.'® 82930 These dys-
functions are promptly reversed by antioxidants in vitro
and in vivo, even in arteries from aged APP mice.'®2341 A
caveat to pure antioxidant therapy is warranted by its
inefficacy when applied to fibrotic TGF arteries, and
here, to A/T arteries. Both the O, scavenger SOD, and
NADPH oxidase inhibitor, apocynin, were unable to re-
store ACh-mediated dilatations. Though chronic in vivo
antioxidant treatment would be ultimately conclusive, it
was ineffective in TGF mice,?* suggesting that a com-
bined approach with compounds targeting structural al-
terations or vasodilatory signaling pathways should be
favored.

The relevance of the A/T model for the study of altered
brain hemodynamics in AD is strengthened not only by
reports of TGF-B1 up-regulation in the brain and vascu-
lature of AD patients,'''*%2 put also in elderly individu-
als who have suffered a stroke*® and in subjects with
hypertension and diabetes,** conditions that acutely or
chronically limit cerebral blood flow and increase the risk
for developing AD,®4® especially if they co-occur in the
same individual.*® In at-risk patients, TGF-B1 could con-

ceivably regulate AB production directly. This is sug-
gested by the presence of a TGF-B1-responsive element
in the APP promoter and TGF-B1-stimulated release of
endogenous AB4_4040 PEPtides by cultured human astro-
cytes.*” Alternatively, TGF-B1 production may be trig-
gered by AB,*® or both peptides may be up-regulated
concomitantly in neurons, glia, and vascular cells by
acute ischemic events or chronic cerebrovascular insuf-
ficiency.*®%° In A/T mice, AB and TGF-B1 are overpro-
duced from birth and throughout the lifespan, and it
seems that their interaction is responsible for the progres-
sive hemodynamic deficit of A/T animals. This deficit
appears later than in APP or TGF mice, and surpasses
that of TGF animals but reaches that of APP mice (Sup-
plemental Table 2 at http://ajp.amjpathol.org?*2°). In all,
this emphasizes the usefulness of the A/T model as a
platform for pursuing strategies aimed at counteracting
impaired brain hemodynamics that could promote or re-
sult from AB and TGF-B1 elevations.

Contribution of AB versus TGF-B1 to the
Neuronal and Cognitive Status of A/T Mice

The cholinergic, metabolic and cognitive deficits of A/T
mice reflect mainly an AB-driven process, as they are not
exhibited by singly transgenic TGF mice,?* and the def-
icit severity matches that of APP mice.?22%28 Namely, the
loss of cortical ChAT-positive fibers, a landmark of AD®’
reproduced in APP mouse models®®°2%4 put not in TGF
mice,?* has been attributed to the cholinotoxic effects of
soluble AB.5° It seems unrelated to AB deposition, since
no relationship could be established between the pres-
ence and location of AB plaques and denervation sever-
ity.2® However, despite the increase in soluble AB oli-
gomers from adult to old A/T mice, the cholinergic
denervation did not gain in severity with aging. This sta-
bilization could result from a TGF-B1 protective effect on
neurons. In support of such a role is the delayed probe
trial deficit in 12-month-old A/T mice relative to its earlier
onset in 6-month-old APP animals, known for their early
synaptic and cognitive dysfunction.®¢57 TGF-g1-medi-
ated neuroprotection has been suggested during isch-
emic and A injuries*®°%-58 through the regulation of pro-
and antiapoptotic proteins or factors that counter the
effects of AB, such as collagen VI.#8585° However, evi-
dence for a TGF-B1 neurodegenerative action has also
been presented.’”®° Further, neuronal malfunction was
apparent in A/T mice, in the form of impaired stimulus-
evoked cerebral glucose uptake and eventual spatial
memory decline. Moreover, given the detrimental cere-
brovascular effects of TGF-B1,1%:19.242961 gjternative
neuroprotective approaches should be considered. For
example, therapies aimed at the cellular and molecular
underpinnings of the impaired metabolic response may
hold promise. These include key glycolytic enzymes or
neuronal (GLUT3) and vascular/astrocytic (GLUT1) glu-
cose transporters that are reduced in AD.%?



Conclusion

The present study highlighted the progressive circulatory
and neuronal deficits resulting from A and TGF-B1 co-
overproduction. As both elements coexist and interact in
the AD brain, and altered brain hemodynamics are re-
ceiving renewed attention in AD pathogenesis, the cur-
rent study provides new data on a unique mouse model
with which to test strategies aimed at rescuing disrupted
neuronal, glial, and vascular networks.
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