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Abstract

Accumulating evidence, both from observations in humans and mouse models, indicates that an
early dysfunction in Alzheimer’s disease (AD) is the neuronal hyperactivity of certain brain
regions. This hyperactivity was shown to be caused by soluble amyloid B (AB). Thus, in mouse
models of AD, hyperactive neurons are found even prior to the formation of amyloid plaques at
times when only the levels of soluble AB are increased, while, in wild-type mice, the application
of soluble AB-dimers can directly trigger hyperactivity. However, the cellular mechanism(s)

underlying this hyperactivity remained unknown.

In this study, we used in vivo and in vitro experiments in various mouse models of AD to
investigate this mechanism. We were initially puzzled by the observation that the application of
synthetic AP dimers can induce activity in hippocampal CA1 neurons in vivo but not in in vitro
hippocampal slices. We then discovered that the ineffectiveness of AP in brain slices correlated
with the very low levels of spontaneous activity in such in vitro preparations. After raising the
level of spontaneous neuronal activity of hippocampal slices to that observed in vivo, AR could
activate the neurons in these slices. Conversely, under in vivo conditions, AB application was
ineffective when the neuronal activity was blocked. The activity dependence was also observed
in the cortex, where AB could activate neurons in layer 5 but not in layer 2/3, indicating that the
low levels of baseline activity observed in layer 2/3 were not sufficient to make this brain area
susceptible to AB. What is the cellular mechanism underlying the baseline activity-dependence of
the AB-induced hyperactivity? We found compelling evidence in vivo and in vitro that AB blocks
the reuptake of synaptically released glutamate. First, AB had a similar hyperactivity-inducing
effect as the glutamate-uptake blocker TBOA. Second, the application of glutamate receptor
antagonists could prevent both the hyperactivity inducing effect of TBOA or AB. Third, both the
TBOA or AP effects were partially saturated in transgenic AD mice. Fourth, electrophysiology
experiments revealed that AR, just like TBOA, increased the decay time of synaptically evoked
NMDA currents but had no effect on the release of glutamate at the presynaptic site. Finally, we
confirmed that AB derived from the brains of human AD patients also potently induces neuronal
hyperactivity. This effect was observed for AB-containing full brain extract and isolated AR
dimers, but remarkably not for AB monomers, indicating species specificity of the AB-induced

effects.



In conclusion, we provide evidence that the AB-dependent suppression of the reuptake of the
excitatory neurotransmitter glutamate induces hyperactivity in neurons with already high levels
of preceding baseline activity. These findings provide an explanation for the great susceptibility
of highly active brain areas for early circuit dysfunctions in AD. Moreover, the results from this

study encourage the search for targeted anti-glutamatergic drugs against AD.
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1 Introduction

The goal of my graduate work was to determine a mechanism of amyloid-B (AB)-induced
neuronal hyperactivity in Alzheimer’s disease (AD). This chapter provides an overview of the
AD pathology with a specific focus on AB-dependent changes in the brain. | also introduce
the theoretical background needed to understand the methodology used in this study. This

chapter is partially based on a recent review article (Zott et al 2018).

1.1 Alzheimer’s disease

AD is the most prevalent cause of dementia. According to the world health organization, an
estimated 47 million patients are suffering from AD worldwide (Prince et al 2015). The
pathological changes associated with this debilitating disease were first described in 1907 by
the German psychiatrist and pathologist Alois Alzheimer in his essay “A characteristic serious
disease of the cerebral cortex” (Alzheimer 1907). In his article, Alois Alzheimer not only
outlined the symptoms of his patient, Auguste D., but also provided a detailed description of
the pathological changes in her brain, which he had examined post mortem. More than a
century after his essay, the three main pathological findings Alois Alzheimer described
remain the pathological hallmarks of AD. First, he noted the decreased volume of Auguste
D.’s brain as compared to healthy subjects. This cortical atrophy he reported is by now one of
the main criteria for the diagnosis of AD and is routinely detected in living patients by
magnet resonance imaging (MRI) (Dubois et al 2014). Second, Alois Alzheimer described a
“peculiar change of the neurofibrils”, which is now usually referred to as neurofibrillary
tangles (NFTs) (Serrano-Pozo et al 2011a). Finally, Alzheimer reported “Numerous small
miliary foci” in the brain of his patients. These are nowadays called amyloid plaques. In the

last decade, the development of novel Positron Emission Tomography (PET)-based imaging
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techniques have enabled the detection of plaques (Klunk et al 2004) and tangles (Chien et al
2014, Johnson et al 2016) in living patients. Moreover, they allow for a longitudinal analysis
of the pathologies and their propagation in the same cohort of patients (Jack et al 2009,

Kadir et al 2012, Kemppainen et al 2014).

It is now clear that these and other pathological changes can occur in the brain
decades before they cause any symptoms (Bateman et al 2012, Jack et al 2010). This gap has
led researchers and physicians to distinguish between presymptomatic stages, characterized
by pathognomonic brain pathology, mild cognitive impairment (MCI), which is now seen as
an early precursor of the disease, and Alzheimer’s dementia (Jack et al 2011, Sperling et al
2011). Clinically, AD-induced symptoms are primarily severe and specific defects in learning
and memory (McKhann et al 2011). More precisely, the memory of recent events is impaired
early in AD, while the memory of immediate recall, used for example when memorizing a
phone number, and the memory of events that happened long in the past are usually only
affected later in the course of the disease (Dubois et al 2014). Procedural memory, that is the
memory of specific tasks, is usually preserved until very late stages of the disease. Non-
mnemonic symptoms like executive dysfunction, visuospatial impairment, language deficits

and behavioral changes typically occur later on (McKhann et al 2011).

1.1.1 The role of AB in Alzheimer’s disease

Although Alois Alzheimer described the pathological and clinical signs of AD, he could only
speculate about the causal relationships between them. Currently, there are many ideas as
to what causes AD, the most prominent of which is the amyloid hypothesis (Hardy & Selkoe
2002, Selkoe & Hardy 2016). It states that increased levels of AB in the brain are the main
cause of AD and subsequently trigger other neuropathological changes. The amyloid
hypothesis has repeatedly been criticized, mostly because the number of amyloid plaques in

the brain of AD patients is not a good predictor for the severity of disease symptoms.
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However, the amyloid hypothesis still provides the most convincing model for pathological

changes in the brains of AD patients.

AB is cleaved from the Amyloid Precursor Protein (APP), a transmembrane protein
which is highly expressed in neurons. The extracellular amino-terminal domain of APP can be
cleaved by three different secretases, the a-, B- and y-secretases. Cleavage by the B- and y-
secretases results in the generation of the amyloidogenic AP peptide (O'Brien & Wong 2011),
which can aggregate and therefore accumulate in the brain, while cleavage of the a- and y-
secretases will result in secretion of a shorter, non-amyloidogenic peptide, called p3 (Haass
et al 1993). The remaining extracellular n-terminal fragments are called soluble APP-a or -,
depending on whether they have been cleaved by a-or B-secretase, while the c-terminal APP
intracellular domain (AICD) remains in the cytoplasm (Midiller et al 2017) (Fig. 1). Because y-
secretase can cleave the protein at different sites, y-cleavage can result in an AB peptide of
different lengths, the most abundant of which are 40 and 42 amino acids long (Ap1-40 and
AB1-42 respectively)(Klafki et al 1996). This is important because longer AB fragments are
more prone to aggregate than the shorter variants and an imbalance of the AB1-40/AB1-42
equilibrium is associated with AD (Bitan et al 2003, Scheuner et al 1996). Apart from this
canonical pathway described here, APP can also be cleaved by other enzymes, leading to

different peptides and molecules, which will not be discussed here (Miiller et al 2017).
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Fig. 1: The canonical pathway of APP processing. APP can be cleaved by a-secretase, inducing the
non-amyloidogenic pathway, or by B-secretase, eventually leading to the production of AB.
Abbreviations: AICD, APP intracellular cytoplasmic domain; APP, Amyloid precursor protein; CTF, C-
terminal fragment; sAPP: soluble APP. Based on (O'Brien & Wong 2011)

According to the amyloid hypothesis, either the increased production or the deceased
elimination of AP causes AD. In consequence, other pathological changes in the brains of AD
patients are a result of the ensuing increase in brain AP levels (Selkoe & Hardy 2016).
Although the hypothesis has been repeatedly criticized, the evidence supporting it is largely
overwhelming. A particularly compelling line of evidence emerges from the genetic analysis
of patients suffering from familial AD (FAD), which is a rare (~5% of all AD cases) but
especially aggressive form of the disease associated with an early onset and a quick loss of
cognitive function (Tanzi 2012). FAD patients carry mutations in either the APP gene itself or,
more commonly, presenilin (PS) 1 or 2. At first, the fact that most FAD mutations are not
located on the APP gene was puzzling. However, almost all of the PS mutations, just like the
APP mutations were reported to increase the ratio of AB1-42 to AB1-40 (Scheuner et al
1996), thus providing a direct association to AB pathology. This link was strengthened when
it was discovered that PS1 is the active site of the y-secretase protein complex and, in effect,
directly involved in APP processing (De Strooper et al 1998, Wolfe et al 1999). Further

genetic evidence comes from patients with Down syndrome, which is caused by a triplication

of chromosome 21. Since the APP is located on this chromosome, an extra copy is expected
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to result in increased AP levels. Indeed, virtually all patients with Down syndrome show
amyloid pathology over the age of 40 (Head et al 2012). In line with this, patients with a
triplication of only parts of chromosome 21 that do not contain APP did not have AD-like
pathology (Prasher et al 2004). Finally, a protective APP mutation that decreases the risk of
developing AD was detected in parts of the Icelandic population (Jonsson et al 2012). While
carriers of FAD mutations represent only a small fraction of AD patients, variants or
mutations in other genes, most notably ApoE and Trem2, are associated with a much larger
number of AD cases (Karch & Goate 2015). Even though these genes, unlike the FAD
mutations, are not directly involved in APP processing, recent studies in mice have also
linked most of them to the AP pathway. ApoE €4, the most important genetic risk factor for
AD, has been linked to a decreased amyloid clearance from the brain (Castellano et al 2011)

and mutations in Trem2 most likely interfere with plague phagocytosis (Ulrich et al 2014).

One finding, which has puzzled researchers in the past, is the observation that the
amount of amyloid plaques in the brain does not predict disease severity and dementia in AD
patients, while the number of NFTs does (Arriagada et al 1992). For a long time, this was a
major argument against the amyloid hypothesis and pointed towards NFTs as the main
culprit in AD. These tangles are formed by intracellular aggregation of tau, which is a protein
associated with stabilizing microtubules predominantly in the axon (Bancher et al 1989). In
AD, tau gets hyper-phosphorylated and aggregates into paired helical filaments and NFTs,
but the causal relationship between phosphorylation and aggregation is not entirely clear
(Goedert et al 2017) . In contrast to the abundance of NFTs in AD brains, mutations in the
tau-coding microtubule-associated protein tau (MAPT) gene do not result in an AD-like
phenotype, but typically lead to other diseases such as frontotemporal dementia (Goedert et
al 2017). This observation virtually rules out tau as the cause of AD. Also, in patients with
familial AD, tau deposition starts approximately 10 years after the first detection of

anomalies in the AP metabolism (Bateman et al 2012), suggesting that tau in fact lies
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downstream of AB. In line with these findings, studies in mice have supported the notion of
tau as an effector of AP pathology. Thus, mice that carry mutations in both the APP and
MAPT genes show higher densities of NFT tangles than mice with only MAPT mutations
(Hurtado et al 2010). Also, injection of AB drastically increased NFTs in mice expressing a
mutated form of human tau (Gotz et al 2001). Intriguingly, a complete knockout of the MAPT
gene rescued AB-dependent neuronal dysfunction and memory impairment (Roberson et al
2007) suggesting that tau is necessary for AB-dependent neurotoxicity. Together, these
findings suggest that AB is the main cause for AD and that tau might mediate the toxic
effects of the AB pathology (Bloom 2014). Moreover, AB is present in many different forms
and the fact that the plague number is not a good predictor of symptoms does not rule out a

correlation between other forms of AP and the severity of the disease.

1.1.2 Soluble AP as the main mediator of A toxicity in the brain

As AB is very prone to aggregate, in the brains of AD patients there is a constantly changing
mix of differently sized AP clusters (Benilova et al 2012) (Fig. 2). Once monomers get
released into the extracellular space, they quickly aggregate to form clusters of different
sizes ranging from 4 to more than 100 kDa (Rushworth & Hooper 2011). These aggregates
can be roughly divided into two groups, namely soluble and insoluble forms. Per definition,
soluble aggregates stay dissolved in the supernatant after ultracentrifugation, while the
insoluble forms can be pelleted (Selkoe 2008). Thus, monomers, dimers, oligomers and
protofibrils, also sometimes called high molecular weight (HMW) oligomers, are seen as
soluble aggregates. A fibrils and plaques, on the other hand, are insoluble (Fig. 2). In light of
the vast number of different AB species, it is important to ask, whether these forms are
equally toxic or whether some species are responsible for most of the detrimental effects

observed in AD patients.
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Fig. 2: AP aggregation. After the subsequent cleavage by B- and y-secretase, AB monomers aggregate
in the extracellular space. They form dimers, oligomers, fibrils and eventually plaques. Abbreviations:
APP, Amyloid precursor protein; HMW, High molecular weight; LMW, low molecular weight.

Which AP species are most toxic?

Since amyloid plaques were the most striking changes in the brain of AD patients, they have
long been deemed to be responsible for the better part of the AB-induced toxicity. This
hypothesis was supported by pathological studies which reported that neuritic destruction
(Spires et al 2005, Tsai et al 2004) and glial activation (Mehlhorn et al 2000, Serrano-Pozo et
al 2011b) were particularly pronounced in the vicinity of amyloid plagues. However, this
model was in stark contrast with clinical findings. Amyloid plaques can be found in patients
that show no sign of memory impairment (Erten-Lyons et al 2009) and neuronal death can
occur in brain regions without amyloid plaques. Additionally, as mentioned above, there is
no correlation between amyloid plaque load and memory impairment (Arriagada et al 1992).

How are these findings still compatible with the amyloid hypothesis? Accumulating evidence
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indicates that the main culprits in AD are in fact soluble AB species and not amyloid plaques.
In consequence, the observed pathology around plaques can likely be explained by increased
levels of soluble AB in their vicinity rather than by a toxic effect of the plaques themselves
(Hefendehl et al 2016, Koffie et al 2009). A rapidly growing body of evidence supports the
notion that soluble oligomers are, in fact, causing most of the pathological and functional
changes in AD. Thus, mice with amyloid plaques fail to show memory deficits in
developmental phases, in which soluble AR is very low (Lesné et al 2008). Also, acutely
decreasing soluble amyloid with inhibitors of y-secretase rescued functional deficits in a
mouse model of AD without changing the amount of plaques (Busche et al 2012). Moreover,
a large number of studies have since reported that the application of soluble forms of AB in
healthy mice can cause many of the structural and functional changes observed in mouse
models of AD and AD patients’. Studying the effects of soluble AB by application in healthy

humans is obviously impossible for ethical reasons.

The application of AB in wild-type mice is usually performed either in vitro or by the
direct injection into the hippocampus or the cerebrospinal fluid (CSF) (Selkoe 2008). It is
important to note that there are several ways to obtain soluble AB. First, amyloid can be
synthetically produced, most commonly as monomers or as covalently linked dimers
(Shankar et al 2008). In order to obtain larger assemblies, the monomers can be incubated
before the application to form oligomers or fibrils (Stine et al 2011). Alternatively, low
molecular weight (LMW) oligomers, such as dimers and trimers with varying lengths can be
generated by cultured Chinese hamster ovary (CHO) cells that express a mutation
determinant for FAD (Podlisny et al 1995). The third source of AB is brain extract from mouse
models of AD (Meyer-Luehmann et al 2006) or the post-mortem brains of AD patients

(McLean et al 1999, Meyer-Luehmann et al 2006, Shankar et al 2008). In these preparations,

! A detailed description of the AB-induced structural and functional pathology can be found in chapter
1.1.3.
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AB is extracted by homogenization and centrifugation of the post mortem brain tissue. All of
these ways to gain or synthesize AB have their advantages and disadvantages. Synthetically
produced AR monomers or cross-linked dimers are a very specific form of AB that can be
used in huge quantities, but may not recapitulate the full complexity of what is happening in
the brain of AD patients. AP prepared from the brains of patients suffering from sporadic AD
is relevant for pathology, but it is difficult to attribute dysfunctions to certain forms of Ap. AB
from cell cultures lies somewhat in the middle with more physiological AB levels and lengths
than synthetic AP but less pathological relevance to sporadic AD than human AB. In
consequence, it is important to use AR from all these preparations to get a full understanding

of AP toxicity.

The emerging picture from AP application studies is that the majority of the ApB-
induced toxic effects are mediated by only a small fraction of AP oligomers (Hong et al 2018,
Yang et al 2016). More precisely, an inverse relationship between assembly size and toxicity
has recently been hypothesized (Sengupta et al 2016). Thus, dimers and LMW oligomers,
which can only be found in AD brains at low concentrations, are critically responsible for the
most part of the AB-dependent pathology, while the more abundant HMW and plaque-
associated oligomers as well as insoluble forms of AP are less active. In fact, large assemblies
such as HMW oligomers or plaques could not induce deficits in synaptic plasticity, while
oligo- and dimer enriched solutions could (Shankar et al 2008). Moreover, it was recently
reported that the HMW aggregates contained smaller oligomers, which were toxic when
they were dissociated from the HMW oligomers (Yang et al 2016). Furthermore, the group of
Karen Ashe proposed two classes of oligomers in the brain based on different antibody
affinity, the highly toxic type 1 or AB*56, which impaired memory in a mouse model, and the
inert type 2 oligomers (Lesné et al 2006, Liu et al 2015), which were larger and did not

change memory performance.
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In the continuum of AP species (Fig. 2), monomers and dimers both seem to play
distinct roles. Monomers, on the one hand, have widely been reported to have very little
toxicity (Li et al 2009, Shankar et al 2008, Walsh et al 2002). They occur in the brains of
healthy patients (Shoji & Kanai 2001) and might even be neuroprotective (Giuffrida et al
2009). Dimers, on the other hand, were in a lot of cases sufficient to trigger many of the
changes in AD, and are arguably the most toxic form of AB (Busche et al 2012, Li et al 2009,
Shankar et al 2008, Walsh et al 2002). Remarkably, the transgenic expression of covalently
linked AB dimers in mouse models led to synaptic deficits and memory loss in the absence of
plague formation, neuro-inflammation or tau hyper-phosphorylation (Miiller-Schiffmann et
al 2016). In the past, there has been surprisingly little hard evidence for the existence of AR
dimers in AD patients. The most widely used tool to separate AP according to the size of
different assemblies is polyacrylamide gel electrophoresis (PAGE) using sodium dodecyl
sulfate (SDS) as a detergent (SGS-PAGE). When performing SDS-PAGE on A obtained from
human samples, but also from supernatant of AB-producing Chinese hamster ovary (CHO) -
cells, two bands are particularly prominent - the 4 kilo Dalton (kDa)-band which contains AB
monomers and a band close to 7-8 kDa which likely contains dimers, but whose exact origin
remained enigmatic (Klyubin et al 2008, Klyubin et al 2005, Welzel et al 2014). What is more,
the use of SDS-PAGE to study AP aggregates has recently come under attack because it is
prone to induce artificial oligomers that have not been present in the original sample, so it
was controversial, whether the 7 kDa band was an artefact (Benilova et al 2012, Pujol-Pina et
al 2015, Watt et al 2013). To overcome these limitations, various groups adopted the
technology of size exclusion chromatography (SEC) to separate the A oligomers according to
their molecular weight without the use of denaturing agents such as SDS (Cleary et al 2004,
Esparza et al 2016, Yang et al 2017). Using this technique, the group of Dominic Walsh
demonstrated that the 7 kDa fraction of AB exists and indeed contains amyloid dimers,

which, surprisingly, are covalently crosslinked (Dominic Walsh, personal communication).
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Together with the recent indication of crosslinked AB dimers by antibodies in the brains of
AD patients (Vdzquez de la Torre et al 2018), there is now substantial evidence that AB

dimers indeed play a large role in AD pathology.

In light of the great toxicity of AB dimers, | have chosen to focus my study on
investigating the effects of Ap dimer application in the brain of wild-type mice. For most
parts of my experiments, | used synthetic crosslinked dimers (Shankar et al 2008). To validate
that AB derived from the brain of AD patients had the same effects as synthetic AB, |
repeated key experiments with dimers which had been extracted from patients with sporadic
AD. Furthermore, | tested the action of human monomers and human brain extract

containing a mix of soluble AP species.

1.1.3 Ap-induced structural and functional pathology

AD is a very complex disease which affects many cell types in the whole brain (De Strooper &
Karran 2016). Since the scope of my PhD work was to determine the mechanism of ApB-
induced neuronal hyperactivity, only the neuronal pathology will be discussed here, while
other cell types will be omitted. This chapter summarizes the structural changes, i.e.
neuronal cell loss and synaptic atrophy, as well as the functional neuronal changes which are
a consequence of impaired neuronal signaling. Also, all of these pathological changes will be

put in relation to AB and, more specifically, soluble AP species.

Neuronal death

Later disease stages of AD are characterized by marked brain atrophy, which is the
macroscopic reflection of neuronal cell death. This atrophy was already described by Alois
Alzheimer (Alzheimer 1907, Alzheimer et al 1995) and can by now be readily detected with
noninvasive methods such as MRI (Dickerson et al 2009, Jack et al 1999). Atrophy and cell

death are most prominent in the medial temporal lobe which includes the hippocampal
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formation and can be used as a diagnostic tool (Dickerson et al 2011). It has been repeatedly
reported that AP can induce cell death, most likely by inducing oxidative stress (Jang & Surh
2002, Kadowaki et al 2004, Xie et al 2013). However, significant neuronal cell death can
surprisingly hardly be found in mouse models of B-amyloidosis (Jankowsky & Zheng 2017). A
possible explanation for these observations might be that AP is not toxic enough to cause
neurodegeneration within the relatively short lifespan of mice. In mouse models that
develop tau tangles, neuronal death is prominent even in relatively young animals (Ramsden

et al 2005, Santacruz et al 2005, Spires et al 2006).

Loss of synapses

Another structural impairment that is typically observed in AD patients is synapse loss. Post-
mortem studies in AD patients have reported a decreased number of synapses, especially in
the hippocampus. Remarkably, synapse loss was the strongest pathological correlate of
memory impairment and is a better predictor of disability than plaques, tangles or neuronal
cell death (DeKosky et al 1996, Masliah et al 1994, Terry et al 1991). In consequence, the
guantification of synapse loss in vivo would be a valuable staging tool for AD patients.
Recently, a radio ligand for the quantification of synapse density in PET studies was

developed and could possibly lead to a diagnostic breakthrough in AD (Finnema et al 2016).

Unlike neuronal death, the loss of synapses can be readily reproduced in mouse
models of B-amyloidosis (Jacobsen et al 2006, Malthankar-Phatak et al 2012). The loss of
synaptic spines is a very early sign of AD a